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Samenvatting van het Onderzoek 
 

 

 

 

 

 

Methodes en Criteria voor Energetische en Ecologische Renovaties van Historische en 

Beschermde Gebouwen: Diagnose en Evaluatie  

 

De bestaande gebouwenvoorraad in Europa biedt een grote mogelijkheid om het primaire 

energieverbruik te verminderen, waardoor Energetische Renovaties (ER) van bestaande 

gebouwen relevant zijn. In de Europese Unie neemt het aantal ingrepen toe met als doel het 

energieverbruik van historische en erfgoedgebouwen (Historic Built Environment, HBE) te 

verminderen. 

Wanneer ER in de HBE worden ondernomen, ontstaat er een impliciete methodologische 

moeilijkheid bij het samenbrengen duurzaamheidseisen op vlak van milieu en cultuur. Dit komt 

omdat het verminderen van de operationele energie van het gebouw, volgens de beschrijving in 

de EPBD's, de primaire voorwaarde is van een ER. 

Wanneer men echter ingrijpt bij HBE, kan de verwezenlijking van deze doelstelling een conflict 

vormen met het streven naar een correct behoud van het gebouw zelf. 

De impliciete prioriteit van de EPBD's in het streven naar maximale energiebesparing samen 

met de vaag geformuleerde technische grenzen bij interventies voor ER, verhinderen juist het 

voortzetten van een vooruitziende duurzame ontwikkeling van de HBE op basis van culturele 

aspecten en betreffende het milieu. Dientengevolge, worden op dit moment vaak conventionele 

(niet op het gebouw afgestemde) aanpassingsmaatregelen geïmplementeerd. 

Dergelijke conventionele maatregelen zijn niet gericht op een verbetering van de gehele 

gebouwenprestaties in al zijn facetten, maar alleen op het minimaliseren van hun 

energieverbruik. Er bestaan echter aspecten van bouwprestaties die een invloed hebben op het 

energieverbruik van het gebouw, maar toch verwaarloosd worden, b.v. het binnenklimaat van 

het gebouw en de mate van instandhouding van de gebouwschil. Deze aspecten worden 

genegeerd tijdens zowel de diagnose als de beoordeling van het gebouw. In feite zijn deze 

aspecten uitgesloten van de ER-scopes en de besluitvorming. 

Gezien de onderlinge verwevenheid van deze verschillende prestatieaspecten en hun invloed op 

de gehele prestaties van het gebouw, werd in dit onderzoek een geïntegreerde 

diagnoseprocedure voor gebouwen ontwikkeld (als voorbereiding op een ER-ontwerp). De 

relaties tussen de genoemde aspecten worden geïdentificeerd en hun invloed gekwantificeerd op 

zowel de energieprestaties als het binnenklimaat van het gebouw. De geïntegreerde diagnose 

die in dit onderzoek geïntroduceerd is geweest, is niet alleen nuttig om gelijktijdig kennis te 

nemen van de verschillende aspecten van de prestaties van gebouwen, maar ook om het mogelijk 

te maken duurzamere renovaties te ontwerpen. 

Aangezien historische en erfgoedgebouwen roerende of onroerende cultuurhistorische objecten 

kunnen huisvesten welke aanzienlijk bijdragen tot de waarde van het gebouw zelf, moet een veilig 

binnenklimaat (Indoor Microclimate Quality, IMQ) worden gegarandeerd om een optimale 

behoud mogelijk te maken. Tegelijkertijd moet ook het thermisch comfort voor de gebruikers van 

het gebouw worden geoptimaliseerd. Het is begrijpelijk dat renovaties bij HBE, niet alleen 

gericht moeten zijn op verbetering van de energieprestaties, maar op een algehele verbetering 

van de gebouwprestaties, waaronder de milieuprestatie.  

Gezien de mogelijke conflicten tussen de eisen voor het binnenklimaat die gesteld worden door 

mensen en door objecten die zich in het gebouw bevinden, heeft de IMQ-controle en -beheer in 
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HBE een multidimensionaal karakter. Momenteel worden de twee aspecten van 

microklimaatprestaties onafhankelijk beoordeeld, wat resulteert in een moeilijk beheer en 

optimalisatie van het binnenklimaat. 

Dit onderzoek bestudeert de betrouwbaarheid van beoordelingsprocedures op lange termijn 

(standaard gebaseerd) voor de IMQ-certificering voor zowel gebruikers als objecten. Verder 

introduceert het onderzoek een multicriteria IMQ-certificeringsmethode om een simultane 

controle mogelijk te maken over het thermisch comfort en de microklimaatveiligheid van 

gebouwgebruikers en hygroscopische culturele objecten. 

 

Tot nu toe worden ER geselecteerd op basis van hun initieel verwachte energiebesparingen. 

Vaak wordt aangenomen dat de initiële energiebesparing (die mogelijk is door de implementatie 

van energetisch renovaties) onveranderd blijft tot het einde van de levensduur van het gebouw. 

Materialen ondergaan verouderings- en verslechteringsprocessen waardoor de technische 

prestaties van bouwcomponenten (ook die van de ER) na verloop van tijd verminderen. 

Aangezien dit momenteel verwaarloosd wordt in de beoordeling van ER, bestaat het risico dat 

de milieuvoordelen van de ER op lange termijn overschat worden. Dit risico is nog groter in de 

HBE, waar het cumulatieve verslechteren van de (historische) materialen in de bouwschil er 

voor kan zorgen dat de afname van de technische prestaties van de ER versnelt. 

Het genoemde aspect wordt verwaarloosd in de huidige evaluatiemethoden van de ER. Dit omdat 

er geen methode bestaat om de invloed te kwantificeren van de verslechtering van materialen op 

de verandering van het operationeel energiegebruik van het gerenoveerde gebouw tijdens de 

volledige levenscyclus. Deze problemen zijn er ook bij het beoordelen van de milieuvoordelen 

van de ER bij LCA-modellering. 

Om deze beperking te vermijden, wordt er binnen het onderzoek een modelleringsprocedure 

geïntroduceerd voor de verhouding tussen het verouderen van materialen en de ER technisch 

prestatievermindering op de lange termijn. En dus voor het modelleren van de invloed van ER 

technisch verval op de verandering van het operationele energieverbruik over de levenscyclus 

van het gerenoveerde gebouw. Deze modelleringsprocedure werd in het LCA-raamwerk 

geïntegreerd om op een meer dynamische manier het operationele energieverbruik tijdens de 

levenscyclus (beïnvloed door ER technisch verval) en de impacten eigen aan de ER te kunnen 

benaderen. 

In zijn geheel introduceerde het onderzoek een kader voor een holistisch ER-ontwerp met focus 

op de HBE. Nieuwe theoretische en methodologische aspecten voor pre-interventie en post-

interventie ontwerp en evaluatie zijn geïntroduceerd geweest. 
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Summary of the Research 
 

 

 

 

 

 

The existing European building stock offers significant opportunity for reducing primary energy 

consumption. This makes the energy retrofit of existing buildings relevant. Retrofitting 

interventions aimed at reducing building operating energy demand are growing across the 

European countries, with regard to historic and heritage buildings (Historic Built Environment, 

HBE). Including when these interventions are undertaken in the HBE, there arises a 

methodological difficulty in linking together environmental and cultural sustainability 

requirements. This is because, as envisaged by the EPBDs, the primary scope of any energy 

retrofitting intervention is to maximize building operating energy reduction. However, when 

intervening in the HBE, the accomplishment of this objective may contrast with the one of 

pursuing correct preservation of the building itself.  

In fact, the implicit priority set by the EPBDs in striving for energy savings maximization on the 

one hand, and the vaguely formulated energy retrofitting intervention technical boundaries on 

the other hand, prevent a farsighted HBE sustainable development based on the embracement of 

both environmental and cultural aspects. As a result, currently, conventional (non building- 

tailored) retrofitting measures are often implemented.  

 

Such conventional measures are not targeted at a global buildings performance improvement, 

but solely at minimizing their operating energy consumption. However, there exist aspects of 

building performance, e.g. building indoor microclimate and state of conservation of the building 

envelope, which, though having a bearing on the building energy consumption, are neglected 

both during building diagnosis and during assessment. In fact, these aspects are excluded from 

the ERI objectives and decision making.  

However, given the mutual interrelation of these different performance aspects and given their 

influence on the overall building performance, this research develops an integrated building 

diagnostic procedure (preparatory to ERI design) for identifying the relations between the 

mentioned aspects, and for assessing their influence on both building energy performance and 

IMQ. The integrated diagnosis introduced in this research is not only helpful for permitting a 

simultaneous understanding of the different aspects of building performance but also for 

allowing the design of more durable retrofitting actions. 

 

Since historic and heritage buildings may contain movable and/or immovable cultural heritage 

objects, and since these objects are considerable being part of the building significance, should 

be guaranteed a safe indoor microclimate for allowing their optimal preservation. 

Simultaneously, thermal comfort for building users should also be optimized. Hence, when 

retrofitting interventions are undertaken in the HBE, they should not solely be aimed at energy 

performance improvement but at a global building performance enhancement, including  

environmental one (Energy Environmental Retrofitting Interventions). 

However, given the possible conflict between indoor performance requirements for building 

users and cultural heritage objects, the IMQ control and management in historic and heritage 

buildings takes on a multi-dimensional nature. Currently the two aspects of microclimate 

performance are assessed independently, making microclimate control (assessment) and 

optimisation difficult.  
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This research, provides two studies for assessing the reliability of long- term assessment 

procedures for the IMQ certification for both building users and cultural heritage objects. Then 

it introduces a multi-objective based IMQ certification methodology for allowing a simultaneous 

control of the IMQ, which considers both building users thermal comfort and hygrothermal 

requirements for preventing climate-induced mechanical deterioration of hygroscopic objects.  

 

So far, energy retrofitting measures are selected on the basis of their initial expected energy 

savings. It is generally believed that the initial energy savings allowed from energy retrofitting 

measures implementation will remain invariate until their End Of Life. Nevertheless, because 

materials undergo aging and deterioration processes, the technical performance of building 

components (e.g., the ones used for building retrofitting) tends to decay over time. As the latter 

aspect is currently neglected in ERIs assessment, there might exist the risk of a general 

overestimation of the long-term ERIs environmental benefits. This risk is even larger in the HBE 

where the cumulative deterioration process of historic buildings envelope materials may speed 

up the ERI technical performance decay. 

This aspect is neglected in the current ERIs assessment methodologies because they lack a 

method for quantifying the influence of retrofitting materials physical deterioration on the 

alteration of the life cycle operating energy of the retrofitted building. For this reason, the issues 

remain unexamined also when assessing life cycle environmental benefits from ERIs by means 

of a LCA modelling. 

To meet this deficiency, the research introduces a modelling procedure for relating building 

components deterioration with ERI technical performance decay over the long-term. And 

subsequentially  for modelling the influence of ERI technical decay on the life cycle operating 

energy alteration of the retrofitted building.  

Such a modelling procedure was successively integrated within the LCA framework for 

modelling in a more dynamic approach the life cycle operating energy (affected by ERI technical 

decay) and the intervention embodied impacts.   

 

In its totality, the research provided a framework for allowing a holistic EERI design when 

targeted at the HBE. More specifically, novel theoretical and methodological aspects for pre-

intervention and post-intervention design and evaluation, have been introduced.  
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Nomenclature and Terminology 
 

φth Environmental parameter 

𝜇(𝜑) Mean value of environmental parameters sampled in different point of the space 

𝑎(𝜑) Requested/ desirable environmental parameter measurement accuracy  

∆Temp Absolute Temperature difference between two points 

∆RH Absolute Relative Humidity difference between two points 

∆(Temp, day) Daily Cycle Temperature (°C) 
∆(RH, day) Daily Cycle Relative Humidity (%) 

∆(RH, plast) Cycle Relative Humidity causing plastic deformation (%) 

∆T Temperature gradient inside-outside (°C) 

∆R Relative Humidity gradient inside-outside (%) 

𝑇𝑖 Air Dry Bulb Temperature internal (°C) 

𝑇𝑒 Air Dry Bulb Temperature external (°C) 

𝑇𝑔 Temperature of glass transition 

𝑇𝑑 Dew Point Temperature (°C) 

𝑇𝑠𝑖 Surface Temperature internal (°C) 

𝑇𝑠𝑒 Surface Temperature external (°C) 

𝑇𝑠𝑚 Surface Temperature minimum (°C) 

MR Mixing ratio (g/kg) 
Vp Water Vapour pressure (Pa) 

Vps Saturation Pressure of water Vapour (Pa) 

Ptot Total Air Pressure (hPa) 

𝑚𝑣 Vapour mass (g) 

𝑚𝑎 Mass of dry air (g) 

RH Relative Humidity (%) 
OT Operative Temperature (°C) 

MRT Mean Radiant Temperature (°C) 

E Illuminance (lux) 
U Thermal Transmittance (W/m2K) 

R Thermal Resistance (m2K/W) 

Λ Thermal Conductance (W/m2K) 

ℎ𝑟 Radiative coefficient of heat transfer (W/m2K) 

ℎ𝑐 Convective coefficient of heat transfer (W/m2K) 

Ƞ50 Air infiltration rate at 50Pa (h-1) 
Ƞnat Standardized air Infiltration rate (h-1) 

Nu Nusselt number (-) 

RSD Root Squared Deviation 
RMSD Root Mean Squared Deviation 

CMA Cantered Moving Average 

SE Standard Error 
CI Confidence Interval 

R2 Coefficient of determination (-) 

𝐸𝑠𝑎𝑣 1 Energy saving obtained by the ERI in its initial state (%) 

𝐸𝑠𝑎𝑣 2 Energy saving obtained by the ERI in its decayed state (%) 

𝐸𝑠ℎ𝑎𝑟𝑒 Share of the LC embodied emission (%) 

𝐸𝐸 Emissions related to the LC Embodied impacts (kg) 

𝐸𝑂1 Emissions related to the LC operating impacts before the ERI (kg) 

𝐸𝑂1 Emissions related to the LC operating impacts after the ERI (kg) 

YEPDR Yearly Energy Performance Decay Rate (%/y) 

𝜇(𝑠) Surface temperature factor (-) 

𝜇(ℎ) Heterogeneity surface temperature factor 

𝜇(𝑠𝑚) Minimum surface temperature factor 

(spatial) With reference to the mean value of measurement points 

(i) With reference to a measurement point 

(t) With reference to a time interval 
(in) Inside 

(out) Outside 

(min) Minimum 
(max) Maximum 
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(σ) Mean 

q Quasi in contact 

N1, N2… 
Sampled data population. If  considering more than one string, N1 refers to string 

1; N2 refers to string to 2 etc. 

X1, X2 
Physical properties with regard to building assemblies or components initial (1)  
and deteriorated (2)state of conservation 

ERI Energy Retrofitting Interventions 

EERI Energy Environmental Retrofitting Interventions  
EPBD Energy Performance Building Directives 

LC Life Cycle 

LCA Life Cycle Assessment 
LCIA Life Cycle Impact Assessment 

LCI Life Cycle Inventory 

SL Service Life 

EOL End Of Life 

EOSL End Of Service Life 

RSP Reference Study Period 
BDT Blower Door Test 

ACH Air Change per Hour (h-1) 

IRT Infrared Thermography 

 

Terminology used by the author: 

 

 IMQ Assessment or Certification: systematic verification of given microclimate 

parameters fulfilment to intervals of quality, performance, safety, or steadiness.  

In the thesis the author considers IMQ assessment or certification as synonyms when 

developed on the basis of the same verification model. The implicit difference between 

IMQ assessment and certification is that the first is used for internal purposes, e.g. for 

building microclimate management and control and the second for external ones, e.g. 

IMQ comparison between two or more buildings or the comparison between an ex-ante 

and ex-post condition (e.g. upon ERIs selection). However, in the text the two terms are 

used interchangeably.  

 Historic building: a building whose its historic merit is recognised, but which is not 

listed (or protected). In the Belgian-Flemish regulatory context, the definition of historic 

building may be extended (but not limited) to the buildings included in the Onroerend 

Erfgoed database (geïnventariseerde gebouwen).   

 Heritage building: a building recognised for its historic (or architectural) merit and 

listed (or protected) by Law. The definition as considered in this thesis is independent 

from the statutory level of protection (local, regional, national or international). In the 

Belgian-Flemish regulatory context, the definition of heritage building may be extended 

to the buildings protected by Onroerend Erfgoed (beschermde gebouwen).   

 

The above definitions only have a clarifying purpose and are meant for easing the thesis reading; 

they are not meant to be legally- correct.  

 

Terminology from EN 15898:2011 [1]. 

 

 Movable and immovable heritage: (immovable) tangible cultural heritage (e.g. a 

building or structure), (movable) tangible cultural heritage (e.g. archival document, 

works of art, collection). In this thesis the author refers to immovable heritage also with 

regard to historic building components with significance. 

 Significance: combination of all the values assigned to an object;  

 Value: aspect of importance that individuals or society assign(s) to an object; 

 Object: single manifestation of tangible cultural heritage. In this thesis the author refers 

to object only with regard to movable heritage;  
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 Cultural heritage: tangible and intangible entities of significance to present and future 

generations;  

 

For a more comprehensive terminology with regard to the terms listed in this section, refer to [2] 

and [3][4].





 

Part I 
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1 Introduction 
 

 

 

 

 

 

Existing building stock in Europe is responsible for 40% of final energy consumption [5][6]. 

Since 80% of existing buildings will still exist in 2050, their energy-retrofit is the sole currently 

envisaged possibility for achieving the 2050 European greenhouses gas emissions objectives [7]. 

However, 30% of the existing buildings stock is constituted by historic and heritage buildings, 

known as European Historic Built Environment (HBE)[8].  

Upon energy retrofitting of HBE, a possible incompatibility between sustainable development 

aspects and environmental aspects may arise, and the latter may override the former. In order 

to avoid this, it is of paramount importance to consider an integrated building diagnostic 

methodology (preparatory to retrofitting design) and successive multi-objective retrofitting 

intervention assessment.  

The introduction of such a comprehensive framework, considering both building diagnosis 

(preparatory to retrofitting design) and successive assessment, is the main goal of this doctoral 

research and it is covered respectively in Part 1 (Diagnosis) and Part 2 (Assessment) of this 

thesis. 

This Chapter discusses the aims of energy-retrofitting interventions when undertaken in the HBE 

and the reasons calling for an integrated diagnostic and assessment framework as introduced in 

this doctoral research. Moreover, the Chapter briefly describes the current state of the art and 

its methodological limits with regard to each aspect (criteria) considered in this research. 

Accordingly the objectives of this research are stated. It should be mentioned that a more 

detailed literature review for each one of the developed aspect is given per Chapter. 
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1.1 RESEARCH BACKGROUND 

15 years after the first EPBD, in 2017 the EN 16883: “Conservation of Cultural Heritage - 

Guidelines for improving energy performance of historic buildings” was published [9].  

The standard, though only theoretically, endorses the need for developing a unique 

methodological framework wherein energy saving requirements and historic building 

preservation principles shall converge. Moreover, it introduces a definition of technical 

boundaries for energy retrofitting measures when undertaken in historic and heritage buildings. 

As observed by the author in [10], the lack of this definition was the main reason for the current 

methodological arbitrariness and speculation when undertaking energy retrofitting in the Historic 

Built Environment (HBE). In this respect, the standard states that the main scope of energy 

retrofitting interventions in the HBE should be the improvement of both building Indoor and 

Outdoor Environmental Quality.  

By Indoor Environmental Quality, the standard refers to the Indoor Microclimatic Quality of the 

building considering both building users and housed movable and immovable cultural heritage. 

By Outdoor Environment Quality, the standard refers to the global environment and the impact 

of the retrofitting intervention on it.  

In the author’s opinion, the theoretical mind shift introduced by EN 16883, will change the 

approach to energy retrofitting the HBE in the coming years. However, despite the valuable 

theoretical contribution, the standard does not offer a methodological framework for achieving 

the  desired results. For this reason, it implicitly calls for tailored scientific research such as the 

present one. 

 

The aim of this doctoral research, is to offer a novel methodological framework for allowing 

both building diagnosis (Part 1 of the thesis) and assessment (Part 2 of the thesis) when 

retrofitting interventions are designed for the specific case of historic and heritage buildings.  

1.2 PROBLEM FRAMING 

The finding that the existing European building stock is responsible for 40% final energy 

consumption, as first mentioned in the 2002/91/CE [5], and the consequent envisaged 

opportunity offered by energy retrofitting [7][11], has driven massive scientific, legislative and 

industrial interest on the matter [12][13][14][15][16][17].  

Perhaps there would not be a need for applied research such as the present thesis, if within the 

European existing building stock -undergoing energy-retrofitting- there would not be almost one 

third of buildings having historic and very often architectural significance [8] and if the problem 

of how to deal with them had already been solved.  

The HBE should not only be viewed as visible sign of the past. Rather, it is a resource for the 

future. Like natural sources, HBE must be managed carefully on the behalf of the future 

generations. HBE is reusable, but not renewable [18][19].  

On the other hand, the environmental pressure caused by operating existing and historic 

buildings- is high. Considering that 80% of buildings that will exist in 2050 has already been 

built [20], reducing the environmental pressure of the building sector means intervening 

effectively on the existing building stock.  

The only step to be undertaken for preserving the HBE throughout this Century is that of fully 

aligning the principles and practices of buildings conservation with the ones of sustainability 

[18]. The urgency of finding appropriate methodologies for accomplishing such an alignment is 

evidenced by the exponential increase of still ongoing studies on the matter [21].  
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Despite its apparent simplicity, there is an inherent complexity in this goal due to the possible 

conflict between two aspects of sustainable development: the environmental and the cultural1 

[22]. For this reason any intervention, carried out in historic buildings for upgrading their 

performance according to current standards (e.g energy efficiency) takes on a multidimensional 

nature. As such, it needs to be introduced into a multidisciplinary framework in which building 

performance improvement requirements are related with building preservation requirements 

[23][24][25][26][27][28]. Understandably, within this multidisciplinary framework, conflicts 

may arise. 

Often, this multidimensional problem is solved by subordinating one aspect of sustainability to 

another. Opting, in fact, for a “weak sustainability” wherein interchangeability between aspects 

occurs2 [29][30][31]. In this regard, the attempt to reduce environmental burdens from historic 

buildings Life Cycle (LC) operation, is pursued at the expense of their correct preservation. The 

consequences are not easy to predict, but may include loss of building cultural and economic 

value. 

To avoid conflicts and unsafe design choices, in the author’s opinion, a multidisciplinary 

building diagnostic approach prior to any historic building retrofitting design should be followed 

[32][33]. Such a comprehensive methodology, lacking in current practice, would aim at 

performing integrated historic building diagnosis, analysing simultaneously the different aspects 

of building performance and their mutual relationships.  

Instead, in current practice, the different aspects of building performance are assessed 

individually. This practice, does not give a holistic picture of the global building performance. 

For instance, building energy audits are usually performed independently from IMQ diagnosis, 

building envelope diagnosis, HVAC system diagnosis and analysis of the relation between 

building use and indoor microclimate stability. In turn, IMQ diagnosis is currently not performed 

on the basis of methods allowing a simultaneous verification of thermal comfort for building 

users and microclimate safety for the movable and immovable heritage object preservation. 

Independent diagnostic approaches, do not allow us to obtain a picture of the building 

performance as a whole and do not distinguish the interactions between the different aspects of 

performance. In other words, they not always allow a distinction between cause and effect of an 

occurred building performance failure. For example, if in a heritage building a continuous poor 

IMQ (likely to endanger a housed collection and to cause people thermal discomfort) is observed, 

it is not possible to understand –by means of independent building diagnosis- if the observed 

circumstance is likely to be caused by a slight failure of the installations, by the specific 

deterioration of the building envelope, by an improper building use or by the combined effect of 

the three. Moreover, if the reasons for the given microclimate quality reduction are multiple, it 

is even less possible to distinguish which aspect of performance quality has triggered the 

deterioration of the others. Though the different aspects of building performance are usually 

assessed separately, they are in fact strongly interrelated, and this relationship is likely to cause 

chain- effects. An integrated diagnosis may not only yield to obtain detailed information on the 

different aspects of building performance, but also the development of building-tailored 

retrofitting solutions based on the specific building problems and potentials and respectful of the 

historic building integrity. 

The absence, in current practice, of such a comprehensive imprint, is mainly caused by the lack 

of a holistic vision within the European Energy Performance Directives (EPBDs). Indeed, within 

them, the likelihood of a given energy retrofitting measure ensuring energy savings 

maximization dominates the decision-making problem. The other aspects of performance 

(though related to the building energy performance) are ignored.   

                                                           
1 Culture values are part of the social Sustainability 
2 Weak sustainability: the total capital shall remain constant; natural capital stock can be diminished as long as it is 
compensated by gains in the man-made stock (substituibility concept); Strong sustainability: natural capital shall be kept 

constant, independent of man- made capital (non substituibility concept) [30][31]  
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Moreover, the lack of attention within the EPBDs to the retrofitting intervention cultural 

sustainability [34], is explained by the non-competence of the EU jurisdiction on the architectural 

heritage safeguard [34][35][36], however they do include the rational use of energy. This 

situation generates a jurisprudential and methodological gap whose consequences are paid by 

historic buildings. 

 

Further, the EPBDs, generate a common misunderstanding regarding the environmental 

effectiveness of retrofitting measures. The EPBDs suggest a false equivalence between building 

energy consumption reduction and environmental gain [37]. This occurs because EPBDs are 

mainly focussed on the building operating stage which constitutes only one segment of the entire 

building life cycle.  

Actually, although the largest impact throughout buildings life cycle is the one occurring due to 

their operation (see chapter 10), there are still other aspects playing a relevant role in defining 

the environmental validity of a given retrofitting intervention. These aspects, such as the 

relationship between initial and recurrent retrofitting embodied impacts over the considered 

Reference Study Period (RSP), actual materials durability and retrofitting intervention 

environmental pay- back time are neglected within the currently available frameworks for 

assessing the environmental impact of energy retrofitting interventions in the built environment. 

Currently, within the international framework of LEED and BREEAM environmental 

certification schemes, ad-hoc assessment procedures are being developed for evaluating the 

environmental effectiveness of energy- retrofitting interventions designed for the specific case 

of historic and heritage buildings [38][39][40]. In these certification procedures, different aspects 

of building performance such as thermal comfort for building users, microclimate safety for the 

movable and immovable cultural heritage, building energy performance, environmental benefits 

allowed by the retrofitting intervention implementation, are evaluated by means of credits on a 

categorical scale. A similar evaluation procedure is also introduced by the EN 16883:2017 [9]. 

However, in this standard, the assessment procedure is performed not by means of points 

attributed to each assessment category, but instead by means of expert judgment that 

progressively filter out the measures if found to be inappropriate or dominated by more 

performing ones.  

Despite the comprehensive approach considered in the mentioned certification or supporting-

decision procedures, there is not, in fact, the possibility of performing an integrated building 

diagnosis and evaluation: the scores or judgment per each assessed aspect of quality, are 

considered independently from each other. No knowledge of the influence of a given aspect of 

building performance on another one is acquired. 

 

Moreover, point-scale or judgment- based certification schemes as mentioned above, do not offer 

the possibility to quantify the effectiveness of an intervention. Indeed, according to the 

mentioned certification procedures, a given retrofitting intervention may cumulate points if, e.g., 

recycled materials are included in the intervention or if a building maintenance plan is provided. 

However, the real LC environmental benefits gained by the use of these specific recycled 

materials or by that specific maintenance plan stays unknown. In other words, the intervention 

can gain points just because “good environmental practices” are respected. However, results 

from this doctoral research, show that generalisations about environmental effectiveness of 

“good environmental practices” are rarely valid. Indeed, although maintenance or use of recycled 

materials are generally considered good environmental practices (as also stressed within the EN 

16883), interventions based on large maintenance frequency or specific recycled materials may 

generate even larger environmental impacts. This circumstance needs to be evaluated case by 

case. No absolute benefits are attributable to these practices.  
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Another aspect currently neglected in the available environmental assessment schemes (even 

when LCA-based), is the consideration of the retrofitting technical performance in the long term. 

Currently, the assumption is that a given retrofitting intervention has unchanged its technical 

performance until the End Of Life (EOL). However, due to retrofitting materials aging and 

deterioration, the environmental benefits offered by any retrofitting intervention, may decay over 

time. In the case of historic buildings, retrofitting materials physical deterioration (at the basis 

of the intervention technical decay), can even be speeded up by the cumulative deterioration 

process of the historic building materials themselves, e.g. physical deterioration of the building 

envelope.  

It is easy to see that the underestimation of such a circumstance, as currently, may lead to an 

overestimation of the long-term environmental benefits likely to be obtained by retrofitting 

actions. In the worst scenario, if the technical performance of a retrofitting measure decays 

beyond the level that justified its implementation before its expected EOL, it may create the risk 

of environmental burdens shift. Moreover, because the modelling of retrofitting interventions 

technical decay is currently not taken into account, the actual materials durability cannot be 

assessed and properly evaluated. Indeed, so far, both durable and non-durable materials are, in 

fact, considered to deliver identical life cycle environmental benefits.  

In conclusion, according to the current LC energy modelling, the long-term life cycle 

environmental benefit allowed by energy retrofitting implementation, stays unknown.  

1.3 ENERGY AND ENVIRONMENTAL RETROFITTING IN THE HISTORIC BUILT 

ENVIRONMENT 

Energy and Environmental Retrofit Interventions (EERIs) fall within a broader family of 

practices generally included under the umbrella of building adaptation [41]. 

Adaptation derives from the Latin “ad” (to) and “aptare” (fit) [42]. Typically, this definition 

refers to interventions ranging from change of intended building function to performance 

improvement [41][42]. Often the term adaptation is also utilized as a broader definition of: 

renovation, adaptive reuse, refurbishment, restoration, remodelling, reinstatement, conversion, 

transformation, rehabilitation, modernisation and even building –recycling [42]. 

 
Figure 1.1; Building interventions targeted at performance management; adapted from J. Douglas [41] 
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More recently, the mentioned terms are used in combination with “energy” and/or 

“sustainability” for clarifying the intended aim of intervening on the building energy 

performance (hence building environmental impact) and not on the variation of building use or 

capacity3 [43][44][45][46]. When the scope of the intervention is the improvement of its 

performance, e.g. energetic, seismic, environmental  etc., it is often referred as refurbishment or, 

as in this thesis, retrofit [42][47][36][48]; see Fig. 1.1. 

As mentioned in the previous section, when the performance improvement measures are 

undertaken in historic and heritage buildings, they should be included in the specific frame of 

building preservation. This framework is aimed at preserving the building substance and 

testimonial value.  

In order to avoid confusion between intervention categories such as Retrofit (or Refurbishment) 

and the ones generally foreseen under the umbrella of historic buildings preservation 

(conservation and restoration), it is worth giving a short definition of each one.  

 

Conservation or Maintenance interventions: by allowing a set of technical ordinal-interventions, 

these activities have the dual aim of ensuring constant preservation to the building and reducing 

the need for building restoration4. The main focus of conservation activities is the building 

integrity and its material preservation (safeguard) [49][50][4]. Conservation or maintenance 

measures do not include changes to the building and are meant to safeguard. 

 

Restoration interventions: by allowing a set of technical ordinal or non-ordinal interventions, 

these activities have the aim of keeping intact the building testimonial value to the future 

generations. The main focus of restoration is the building testimonial value qualification and 

retention of building accessibility [49][50][4]. Since restoration other than conservation is based 

on a critical anamnesis of the building, it may allow non-conservation measures whenever they 

are aimed at ensuring (compatible) building use. Restoration measures, although they may 

include changes to the building, are equally meant to safeguard the building. It should be noted 

that the definition of restoration here (consistent with the theory of restoration) slightly differs 

from the one given in (2011) EN 15978 [51] in which restoration is considered part of a 

refurbishment (or retrofitting) project. 

 

Retrofitting (or Refurbishment) interventions: by allowing a set of technical amelioration 

strategies, these activities have the aim of improving building performance(s). The main focus 

of the intervention is the building performance improvement5.  

 

Energy-Environmental Retrofitting (or Refurbishment)  intervention: by allowing a set of 

technical amelioration strategies, these activities have the aim of improving both building energy 

and Indoor Environmental Quality performance. The latter it is referred in the text as Indoor 

Microclimate Quality (IMQ).  

1.4 CURRENT PRACTICE LIMITS AND RESEARCH OBJECTIVES 

EERIs in historic and heritage buildings as conceived in this research (in accordance with the 

EN 16883), are aimed at both preserving buildings testimonial value (including movable and 

immovable cultural heritage) and improving building energy and environmental performance.  

                                                           
3 However, exceptions may be encountered given the larger economic profitability due to the combination of 

performance-improvement measures with other measures [437]. 
4 By definition, each restoration activity is invasive for the building and should be limited to the strictly necessary. 
5 This intervention category might allow some building alterations, however any building integrity alteration should be 

strictly avoided; see [438]. 



33 

 

According to this guiding principle, EERIs shall allow on the one hand the reduction of the life 

cycle environmental impacts due to building operation and, on the other hand, IMQ enhancement 

for both building users and possible movable or immovable cultural heritage and building 

materials. Most importantly, in the author’s opinion, the mentioned environmental benefits 

should be assessed over time.  

 

Because cultural heritage objects should be safeguarded as being part of the building significance 

[52], it is necessary to verify the microclimate safety for their correct preservation.   

 

Until recently, safe indoor microclimate for the cultural objects was mainly synonym for indoor 

hygrothermal stability. From this perspective, assessment of the safety of cultural objects 

consisted in a plain verification of the hygrothermal parameters deviation from fixed 

hygrothermal thresholds [53]. Later, on the basis of three decades of studies [54], the (2010) EN 

15757 introduced a novel microclimate management and control methodology based on the 

concept of building historic microclimate and cultural objects acclimatisation theory [55]. The 

standard, currently largely in use in the EU countries, introduced the idea that no risk of 

microclimatic-induced mechanical deterioration occurs to hygroscopic cultural objects6 if the 

microclimate history the objects have experienced from the past (historic microclimate) is 

respected. 

According to the standard, in order to define the optimal microclimate to be maintained in a 

building space (target microclimate), as well as the permissible hygrothermal fluctuations (target 

range), hence to prevent microclimate- induced mechanical deterioration to the cultural objects, 

it is necessary to discover what is the historic microclimate of space. More specifically, in the 

standard methodology, the historic microclimate is determined on the basis of a hygrothermal 

monitoring of each objects proximity with a duration of at least 13 months. The standard- 

hypothesis is that 1 year monitoring is sufficient for acquiring the historic hygrothermal 

variability experienced by the objects.  

On the basis of the acquired relative humidity (and possibly temperature) readings, the target 

microclimate is calculated as the 30-days Centred Moving Average (CMA) of the readings. Such 

average represents the seasonal (long-term) hygrothermal fluctuations of the given space. 

Successively, the short-term fluctuations are calculated as the difference between seasonal 

fluctuation and current readings. From the dataset of the short-term fluctuations, the upper and 

lower percentile are calculated. The percentiles represent the maximum allowable hygrothermal 

variability. On their basis, the HVAC systems set-points can be adjusted.  

For performing the data analysis, the standard suggests to filter out the readings from the 

monitored periods where “excessive microclimate disturbances” occurred. However, the 

standard neither provides a definition of “excessive microclimate disturbance”, nor considers the 

possible effect of their removal on the target microclimate alteration. 

Further in the standard it is observed a methodological requirement that may make complicated 

both the infield data acquisition (prior to the target microclimate definition) and the successive 

building microclimate management.  

As already mentioned, besides methodological issues with regard to data acquisition, in the 

standard are observed two methodological issues that may influence the percentiles calculation, 

hence the target microclimate calculation and finally the adjustment of the building installations 

set-points: the temporal representativeness of the monitoring for inferring the historic 

microclimate, and the filtering of the “excessive microclimate disturbances”. 

 

With regard to the data acquisition, the standard advises instrumental monitoring of each object 

microclimate proximity. Although this choice is understandable from a theoretical viewpoint, it 

                                                           
6 Hygroscopic objects are the ones most sensitive to hygrothermal variations 
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may result in a “hyper-precision” that does not necessarily translate to a more accurate definition 

of the target microclimate. Furthermore, a heritage buildings or museums where several objects 

may be scattered in different parts of the same space, it may be difficult to undertake a monitoring 

of each object microclimate proximity. Further it is even more difficult to enable a separated 

microclimate control for each object when they are located in the free air and the space is 

equipped with centralized heating, cooling or mechanical ventilation. 

With regard to the data processing issues, the standard foresees the monitoring for a minimum 

of one year for obtaining the historic microclimate. However, it is not clear if 1-year 

measurement can be representative of the historic microclimate of a given space. Indeed, since 

the calculated target microclimate (according to the standard methodology) is data population- 

dependent, it is unlike that the target microclimate obtained from 1-year monitoring is equally 

representative as the one obtained from 10-years monitoring. It is clear that the standard 

introduced the 1-year cut-off for responding to practical purposes. However, the temporal 

representativeness of the monitoring campaign should be verified. Still with regard to the second 

issue, the standard suggests to filter-out from the dataset the readings from periods characterized 

by excessive microclimate fluctuations. However it is not clear if the practitioner should interpret 

these excesses in terms of amplitude or frequency of hygrothermal deviations. Moreover it is 

also not clear what effect this filtering might have on the target microclimate definition.  

 

According to what has been discussed so far, and with the aim of verifying the methodological 

assumptions within the standard, this research conducted two different type of studies. The 

performed studies, presented in chapters 3 and 8, wanted to respond to the specific objectives 

reported below. 

 

 Assessing the influence of monitoring duration and indoor microclimate fluctuations on 

the alteration of the target microclimate. This study, presented in chapter 3, was 

performed in the museum Mayer van den Bergh for which long-term hygrothermal data 

records were available.  

 Assessing the target microclimate spatial variation in large volume museum exhibition 

halls. More specifically, the study wanted to assess the microclimate target deviation 

when calculated in proximity of the exhibit objects or on the basis of the hygrothermal 

readings spatial average. This study, presented in chapter 8, was performed in two 

exhibition halls of the Vleeshuis museum. Moreover this aspect, since it also influences 

a possible IMQ certification is further discussed in chapter 7. 

 

Both the studies provide insights about the use of the EN 15757 standard methodology for both 

microclimate management and control and certificative purposes. 

 

Assessment of people Indoor Thermal Comfort (ITC), often employs the methodologies 

provided by the (2005) ISO 7730 and the (2007) EN 15251; respectively for assessing people 

thermal comfort in mechanically controlled and free running indoor environment [56][57].  

The mentioned standards-based methodologies allow quantification people thermal sensation 

either on the basis of a predicted mean comfort sensation (the first) or on the basis of categories 

of comfort calculated by establishing a relationship between indoor operative temperature and 

outdoor free running mean temperature (the second).  

Unless simplifications, the first mentioned approach based on the calculation of the Predicted 

Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD), because it is developed on a 

thermal physiological model, resorts to the measurement of numerous physical quantities. 

Indeed, for the PMV calculation, four environmental physical parameters (air temperature, mean 

radiant temperature, air velocity, relative humidity) and two person-related parameters 

(metabolic rate and clothing thermal resistance) need to be acquired.  
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This circumstance largely constrains the possibility of performing extensive monitoring 

campaigns. Moreover, in historic and heritage buildings, the thermal sensation acquired in a 

given space cannot be straightforwardly standardized to the entire building. This, because of 1) 

the possible significant geometrical difference between spaces, and 2) the possible different 

temperature set-point and installations schedule between spaces for responding to dissimilar 

needs of cultural objects preservation.  

This difficulty, often reported in the Literature [58][59], leads to assessing people thermal 

comfort only for short periods of time and/or in few spaces of the investigated building. As such, 

the people thermal comfort assessment obtained for a given building is, unavoidably, 

characterized by low temporal and spatial representativeness.  

More recently, for obtaining a picture of the current indoor building thermal comfort, some 

authors have proposed thermal comfort assessments based on the administration of 

questionnaires and successive statistical modelling. This approach is defined as subjective 

thermal comfort assessment [60]. The advantage of this approach is that thermal comfort is 

quantified by directly asking people about their comfort sensation. In such a way it is possible 

to obtain the actual thermal sensation experienced by building users rather than a predicted mean 

one. In this way, the possible thermal adaptation exerted by people is implicitly included in the 

questionnaire answer, making possible an understanding of the different levels of adaptation 

practiced by respondents for controlling their thermal comfort. Moreover, by means of subjective 

assessment, it is possible to quantify people thermal sensation by measuring fewer environmental 

parameters than the ones foreseen by thermal physiological models. Upon prediction of people 

thermal sensation by means of subjective assessment, H. Djamila et.al in [61] concluded that the 

sole measurement of air temperature was sufficient for allowing prediction of participants 

thermal sensation. Indeed, air temperature was the sole significant parameter in the compared 

predictive models. 

These advantages make subjective thermal comfort assessment appealing for its use in historic 

buildings and museums where often temperature and relative humidity are continuously 

monitored in each space, but where the continuous monitoring of several microclimate 

parameters in each building space for a long time period would be an unsustainable practice. 

However, as this assessments approach relays on predictive models rather than on validated 

thermal physiological models, it is not free of inaccuracies. Indeed, the (regression) models used 

for predicting the thermal sensation, as well as the semantic variations within the thermal 

sensation scale provided in the questionnaires, may bias the results.   

 

In line with this discussion, and with the general objective of testing the value of subjective 

thermal comfort models for the prediction of thermal sensation in HBE, this research performed 

1-year microclimate monitoring coupled with administration of questionnaire to visitors of a 

museum building. The study, first tested the robustness of the subjective thermal assessment 

from a questionnaire-design and statistical modelling viewpoint and, secondly, performed an 

analysis for testing participants willingness to sacrifice part of their thermal comfort for a better 

preservation of cultural objects. The performed study, presented in chapter 4, wanted to respond 

to the specific objectives reported below.  

 

 Quantifying the indoor temperature likely to cause thermal sensation variation for the 

participants; 

 Quantifying the magnitude, in terms of thermal sensation vote variation, attributable to 

the semantic variation of the multiple-choice categorical scale provided in the 

questionnaire; 

 Analysing the sensitivity of thermal sensation vote variation experienced by people to 

stepwise temperature increase or decrease; 
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 Testing the willingness of museum visitors to sacrifice part of their own thermal 

comfort for better preserving museum collection. This part of the study aims to shed 

some light on the still ongoing debate about thermal comfort priorities conflicts in 

historic, heritage buildings and museums [62]. 

 

In the author’s opinion, given the manifold purpose of an EERI implemented in the HBE, it is 

fundamental to undertake a diagnostic approach that allows understanding simultaneously the 

different aspects of building performance and to verify how these aspects mutually interact and 

affect each other.  

Currently, such an integrated diagnostic approach is missing both in the specific literature and 

daily practice. Indeed, most commonly the building diagnosis prior to the design of retrofitting 

interventions is performed considering one aspect of performance at time. Therefore, building 

envelope technology, HVAC typology and efficiency, building energy consumptions, IMQ for 

people, IMQ for cultural objects, effect of building use and HVAC schedule on the indoor 

microclimate stability etc., are objects of independent diagnostic activities. Often, the results 

from these diagnosis are only a- posteriori jointly evaluated.  

However, because these aspects of performance are strongly connected, they dynamically 

influence each other. Therefore, if they are not simultaneously evaluated, it is difficult (if not 

impossible) to understand a-posteriori their reciprocal influence. Moreover, the building 

dynamic behaviour cannot be understood and most likely cannot be properly simulated. 

Furthermore, basing the  retrofitting measures design on a series of separated building audits, 

may result in trivial retrofitting measures that respond to single building performance aspects 

improvement, but not necessarily to the effective enhancement of the global building 

performance.  

For instance, allowing energy consumption reduction is only possible if it simultaneously 

improves IMQ [63][64]. This consideration holds true independently from building technology, 

building age or HVAC system typology [65][57][66]. Indeed, unsatisfactory thermal quality 

might diminish or even nullify the benefit of a given energy management strategy due to 

continuous building occupants microclimate control-equipment adjustment7 [64][67]. On the 

contrary, satisfactory thermal quality can bring in itself to outstanding energy demand reduction 

without necessarily resorting to physical building modification or HVAC adjustments [68]. 

Indeed, as concluded by H. Ben et. al. [69], by F. Moran et.al. [70] and by A.L. Pisello et. al. 

[68] a correct IMQ management, the implementation of building passive strategies or human-

based energy retrofitting measures, may themselves allow large building energy savings without 

resorting to building physical modification.  

The examples reported above, show how strong the relationship between IMQ and building 

energy consumption is. Moreover, they implicitly demonstrate that, because of the unavoidable 

relation between building performance aspects, there should not necessarily resort to e.g., HVAC 

system improvement for allowing building energy consumption reduction. Instead, the 

performance improvement of another related aspect (e.g. IMQ) which reverberates its positive 

effect on the other aspects of building performance (e.g., energy performance) can be proposed.  

Moreover, since historic buildings were often designed optimizing the eco-systemic interaction 

between indoor and outdoor environment [71][72][73], the IMQ is not only dependent on the 

use of HVAC systems, but is especially related to the building technological features as well as 

to the building envelope state of conservation. R. Cantin [71] and La Gennusa et.al [74], observed 

that indoor microclimate in historic buildings is strongly related to the outdoor climate even if 

these buildings are fully equipped with mechanical control systems. Once again, in the author’s 

opinion, there is a need to perform an integrated building diagnosis on which basis internal and 

                                                           
7 The typical phenomena of overheating in winter or overcooling in summer caused by continuous set points adjustments 

is the commonest response to poor Indoor Thermal Quality.  
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external heat and mass transports, as well as current envelope performance, energy and indoor 

microclimate variations, can be studied in a comprehensive manner. 

 

Based on this discussion, and with the aim of overcoming the limiting approach given by 

conventional building audits, this research aims at introducing an integrated diagnostic 

methodology to be performed preliminary to EERI design in historic and heritage buildings. The 

proposed integrated building diagnosis wanted to answer to the specific objectives reported 

below: 

 

 Assessing the influence of historic building envelope physical deterioration on the 

alteration of the envelope energy performance. The aim of this study, presented in 

chapter 5, is to explore the relation between materials deterioration and loss of energy 

performance of historic buildings envelope (the specific case investigates a traditional 

brick masonry).  

The study provides a non-destructive diagnostic methodology based on the integration 

of: iterative IRT, quasi in contact environmental monitoring and in contact heat flow 

metering that, in the author’s opinion, should be performed prior to any retrofitting 

design. Indeed, not only the building deterioration influences the current building 

energy performance, but it may also alter (if not resolved beforehand) the energy 

performance of the retrofitted building and even anticipating retrofitting materials EOL. 

 Assessing the simultaneous effect of: outdoor climatic variations, building envelope 

materials decay, HVAC operating, presence of building users, operating of the building 

entrance door on the IMQ alteration. The aim of this study, presented in chapter 6, is to 

explore the effect of the possible sources of microclimate alteration on the indoor 

microclimate quality and stability. Moreover, the study was aimed at verifying if indoor 

microclimate alteration constituted hazards for the preservation of the housed movable 

and immovable cultural heritage. 

The study provides a microclimate diagnostic methodology based on statistical analysis 

supportive to identify the effect of different microclimate alteration sources on the 

indoor hygrothermal stability.  

 

The foregoing shows that IMQ management, in the HBE, takes on a multidimensional nature 

calling for simultaneous assessment of indoor thermal comfort for people and microclimate 

safety for movable and immovable heritage objects.  

In the Literature, methodologies for heritage buildings and museums environmental diagnosis 

(targeted at assessing cultural objects safety) are widely diffused [75][76][77][78]. However 

microclimate assessment or certification models incorporating both people thermal comfort and 

cultural heritage safety are not yet available, notwithstanding their potential validity for 

supporting a comprehensive building management and microclimate control. 

Upon development of IMQ assessment (or certification) models, methodological pitfalls may 

arise both 1) during infield data acquisition process and/or 2) during the development of the 

model itself.  

 

This research, was aimed at developing a multi-objective model for simultaneous IMQ 

assessment of people thermal comfort and cultural objects microclimate safety. Prior to the 

model development, a theoretical analysis was performed to highlight the possible 

methodological pitfalls emerging during data acquisition and model development. In its totality, 

the study wanted to answer to the objectives reported below: 

 

 Analysing from a theoretical viewpoint the possible methodological concerns related to 

multi-objectives IMQ models development. This analysis, presented in chapter 7, was 
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aimed at discussing methodological assumptions and undertakings that may influence 

the certification results. The first part of the analysis focusses on the data acquisition 

and on the data quality requirements to be inputted in the certification model. This 

analysis especially focusses on temporal and spatial representativeness and resolution 

of the measured data. The second part of the analysis focusses on how the model 

architecture influences the certification results. This analysis especially focusses on: 

model design, environmental criteria selection and weighing and aggregation 

procedures. The study presented in chapter 7, is discussed solely from a theoretical point 

of view. 

 Introducing a multi-objective based IMQ certification model developed on the basis of 

the study described in chapter 7 and tested in a case-study (the Vleeshuis museum was 

selected for the analysis). The aim of this study, presented in chapter 8, is to provide a 

model to be utilized for a comprehensive IMQ control in heritage buildings and 

museums. The developed model was tested with regard to current and environmental 

retrofitting scenarios. 

With regard to cultural objects, the microclimate categories are based on the EN 15757, 

while with regard to people comfort, they are based on the ISO 7730 and EN 15251 

standards. Inter alia, the study analyses the variation of the people thermal comfort 

categories (based on the standards) as a consequence of spatial microclimate 

heterogeneity. 

 Assessing the validity of reducing summer overheating in the hypogeum exhibition hall 

of the investigated building by means of passive cooling. The effectiveness of the 

simulated environmental-retrofitting is tested on the basis of the developed multi-

objective IMQ certification model. 

 Introducing a methodology for testing the microclimatic heterogeneity of the monitored 

space. This methodology allows verification of the possibility for assessing (and 

certifying) the cultural objects safety on the basis of the EN 15757 standard by 

considering the hygrothermal readings from the spatial mean instead of each object 

microclimate proximity. 

 

This study provides a methodology for testing the possibility of implementing the microclimate 

control as introduced by the EN 15757 in the space free air instead of at each object microclimate 

proximity. Moreover, the study offers a multi-objective IMQ model that can be used for both 

assessment and certification when it is necessary to simultaneously evaluate compliance with 

comfort and safety requirements respectively for people and cultural objects. With regard to 

movable and immovable heritage it should be mentioned that the introduced model is limited to 

the assessment of the risk of microclimate- induced mechanical deterioration for hygroscopic 

objects. The effect of short term hygrothermal fluctuations on the likelihood of plastic 

deformation is also taken into account.  

The study is targeted to painted timber panels as representing one of the most common cases of 

cultural objects exposed to the free air in heritage buildings and museums. Indeed, frequently, 

painted timber panels (one-dimension hygroscopic objects) can be found in heritage buildings 

and museums in the form of painted artworks, historic furniture, finishes and other building 

decorative apparatus. These objects, differently from artworks with paper or other fragile 

supports (kept in showcases), are left to the free air. Because of this reason, they face more 

frequently indoor space microclimatic variability, and hence a risk of mechanical deformation. 

 

It was mentioned earlier that historic buildings materials deterioration may alter building 

envelope energy performance. For this reason chapter 5 explores the relation between materials 

deterioration and loss of energy performance of the historic buildings envelope. However, 
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materials decay not only affects the performance of existing buildings, but it may provoke a 

progressive alteration of the initial ERI technical performance, e.g. thermal performance.  

Microclimate is the factor most responsible for building materials deterioration. For instance, 

building envelope deterioration mechanisms are, up to 70%, triggered by climate conditions and, 

more specifically, by moisture dynamics [79]. These microclimate dynamics can also cause 

technical performance loss of retrofitting components. For instance, water absorption or 

interstitial condensation may reduce thermal insulation panels resistance because of the 

increased thermal conductivity [80][81]. It is understandable that in this case the building energy 

saving fraction supposed to be saved at the moment of the retrofitting implementation may fall 

[82][83]. Moreover, in historic buildings, the cumulative deterioration of the building masonries 

(as discussed in chapter 5), may also trigger EERIs materials technical decay (reducing their 

expected performance) or even causing their premature technical failure [84].  

Technical failure occurs when the retrofitting assemblies, e.g. insulating panels, Insulating Glass 

Units etc. reach a performance level (e.g. thermal transmittance, U) lower than the one set during 

the ERI design. Clearly, from this moment onwards, the technical performance of the retrofitting 

intervention (thermal insulation, replacement insulating window etc.) drops below the 

performance level that had initially justified their selection and installation. Obviously, from this 

moment onwards, the retrofitting measure no longer performs according to its initial expectation. 

Consequentially, its effectiveness from a LC operating energy viewpoint as initially calculated 

drops, hence the EERI environmental benefit will be reduced.   

Although EERIs technical decay may constitute a big environmental concern, because of the risk 

of alteration of the LC operating energy savings, there have been not found studies addressing 

this issue. Up to now, the LC environmental effectiveness of ERIs is quantified only on the basis 

of the initial percentage of Operating Energy (OE) savings. In other words, it is assumed that 

EERIs hold constant technical performance until their End Of Life (EOL). This hypothesis, 

though largely diffused also within LCA studies invites scepticism. In the author’s opinion, it is 

fundamental to evaluate the energy savings obtained by the EERIs implementation, not as fixed 

percentage of initial savings, but as a percentage variable throughout the entire interventions Life 

Cycle.  

 

For responding to the mentioned objective, this research introduced a methodology for modelling 

the influence of EERI technical performance decay on the LC operating energy over the 

retrofitting intervention Service Life. The introduced modelling approach, presented in chapter 

9 and 10, by means of a theoretical description and a case study, wanted to answer to the specific 

objectives reported below: 

 

 Developing a metric for quantifying LC operating energy alteration likely to be caused 

by retrofitting intervention materials technical decay. The developed metric, introduced 

in chapter 9 on the basis of energy- retrofitting scenarios, represents the yearly building 

energy savings decrease occurring due to EERI technical decay. The final aim of the 

developed metric and methodology is to integrate this theoretical concern within the 

LCA modelling methodology. 

 Analysing, by means of a complete LCA study (applied to the same case study as in 

chapter 9), the LC environmental impact likely to be caused by EERI technical decay. 

The study, presented in chapter 10, seeks to point out the significance in terms of LCA 

results of modelling the EERIs technical decay and to establish an interaction between 

LC operating energy modelling and LC embodied impacts modelling.  

The introduced modification to the current LCA modelling approach allows taking into 

account on the one hand the effect of EERI technical decay on the alteration of the LC 

operating energy, and on the other hand, the effect of materials repair and replacement 

on the control of the mentioned LC operating energy alteration.  
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 Assessing the validity of fenestration energy performance improvement for reducing 

historic buildings life cycle energy consumption and environmental impacts (the 

Schoonselhof Kasteel was selected for the analysis). The effectiveness of the simulated 

scenarios is tested by including the developed methodology for taking into account of 

retrofitting interventions technical decay (see chapter 9). The simulated retrofitting 

scenarios (ranging from windows maintenance to windows replacement) are modelled 

in LCA considering the introduced life cycle operating energy modelling method 

(chapter 10).  

 

The mentioned studies together, introduce a novel LCA modelling approach that allows to: 1)  

model more cautiously the retrofitting scenarios (because retrofitting intervention technical 

decay is accounted); 2) model in a mutually influential connection LC operating impacts and LC 

embodied impacts;  3) model the actual durability of retrofitting materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 Energy Retrofitting in HBE: 
Policy 

 

 

 

 

 

 

After the Energy Performance Building Directives (EPBDs) entered into force, public bodies 

and privates owners have shown increased interest in undertaking interventions aimed at 

improving the energy and Indoor Microclimate Quality (IMQ) performance of existing buildings. 

However, undertaking such interventions in the Historic Built Environment (HBE) requires an 

ad-hoc methodological framework different from the one to be considered in non-historic 

buildings. This is because the regulations concerning the preservation of HBE and the ones 

promoting the rational use of energy in the existing buildings need to be linked to each other.  

However, such an integrated framework is still lacking. Consequentially, the retrofitting 

interventions in historic and heritage buildings are carried out with high arbitrariness and in 

contradiction with the principles of a fully sustainable architectural heritage development. Such 

a Policies discrepancy is giving rise to unjustified speculative mechanisms with the consequent 

risk of jeopardising the European architectural heritage. 

This chapter gives an overview of some of the EU Regulations across the years concerning the 

preservation of Architectural Heritage and rational use of energy in buildings. Moreover, it 

briefly discusses the current legislative and methodological state of the art and the possible risks 

arising because of the mentioned integrated EU Policy deficit. 
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2.1 ENERGY RETROFIT IN HISTORIC AND HERITAGE BUILDINGS BEFORE THE 

ENERGY PERFORMANCE BUILDINGS DIRECTIVES (EPBDS)  

Although the minimum energy requirements for new and existing buildings were formally 

introduced by 2002/91/CE in 2002 [5], the environmental improvement of European existing 

and heritage buildings stock was already discussed before that time.  

The first conference of ministers for heritage and monuments in Brussels (1969) has to be 

considered the starting point of this matter. In this conference, the concept of cooperation at 

legislative level in order to allow a HBE sustainable development was widely debated. 

Unanimously the importance of integrating the principles or architectonic preservation within: 

“a framework of a general policy for town and country planning, in particular by means of 

permanent co-operation at all levels between the authorities responsible for the protection of the 

cultural heritage of monuments and sites, on the one hand, and for town and country planning, 

on the other” was highlighted [85]. 

The issue of integrating building protection in town planning policies was also debated in 1975 

during the conference of Amsterdam [86] and later in 1985 during the conference of Granada 

[52]. In Granada, cooperation between town planners, developers and conservationists8 was 

envisaged as fundamental for the economic and sustainable development of the HBE. As 

discussed later in the text, the Granada conference also focussed on the legal protection of 

historic buildings for which it proposed a more cautionary approach.   

 

In order to achieve combined preservation for architectural heritage and environment, the 

Helsinki conference in 1996, urged a joint protection in the context of an “International 

ecological approach to spatial management”9. For this purpose, coordinated policies for heritage 

conservation and spatial planning were recommended. According to the Helsinki convention 

[87], the establishment of a European strategy for the HBE sustainable development had to be 

based on practices aimed not only at architectonic preservation10, but at a whole assessment of 

the environmental validity of retrofitting historic buildings. Retrofitting historic buildings rather 

than demolishing them for constructing new ones was among the programmatic conclusions of 

the conference11. 

The proposals introduced in Helsinki were developed during the Hanover conference (2000) 

which solicited a more comprehensive life cycle-thinking approach. This approach solicited in 

Hanover was oriented to a more complex urban ecosystem management based on optimizing 

water, energy and wastes12 [88]. 

 

The novel conception of historic buildings sustainable development originated from a better 

definition of historic buildings significance itself. Indeed, the original definition of architectural 

significance formulated during the World Conference on Cultural Policies in Mexico City (1982) 

[89], was extended during the Granada Conference (1985) from the single monument (heritage 

building) to groups of building and sites of peculiar interest even if not yet interested by single 

official protection (historic buildings).  

                                                           
8 Resolution 2. B, on the promotion of the cultural heritage in socio-cultural life and as a factor in the quality of life, pp 

31-32 [52]    
9 Final decision D, The cultural heritage in the process of sustainable development; pp 45; [87] 
10 “…not only conservation of the past is at stake”; in Enhancing and protecting natural resource and natural heritage; 

Principles of planning policies for sustainable development in Europe; pp 9-10; [88] 
11 Resolution 2, on the cultural heritage as a factor of sustainable development, pp 48-49; [87] 
12 Spatial development measures for different type of European regions-Urban areas, pp 12- 13; in Guiding Principles 

for sustainable spatial development on the European continent, Hanover 2000 [88]  
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This was in line with the considerations reported in a study from A. Knoepfli et.al.in [90] 

commissioned by the European Council. The study concluded on the always-ongoing process of 

heritage buildings inventorying. This aspect was also discussed in the conference: “Architectural 

Heritage inventory and documentation in Europe” in Nantes in 1992.  

Since, across the European countries, the heritage buildings inventory process is different and 

always ongoing, the Granada Convention has prudently extended the level of building protection 

also to buildings not yet under the monumental regime of protection13. 

Moreover, during the conference, the extension of the transnational protection also for the 

movable heritage housed in the historic buildings themselves14 was proposed. Hence, not only 

the buildings but also their interiors started being considered part of the unanimously defined 

“European Architectural Heritage”.  

 

Thus, the conferences held from 1969 to 2000 (summarized in Table 2.1.1), raised awareness 

and developed knowledge in order to set a comprehensive and integrated Statutory framework 

for the sustainable development of the European HBE. However, this 30 years- process was not 

effectively translated within the 2002/91/CE [5], the first Energy Performance Building 

Directive (EPBD). Indeed, the technical issues related to the retrofitting technical feasibility 

within the HBE were not addressed and led to a vague article of derogations, Article 415 (see 

section 2.2). 

The reason for this step back, is because architectural heritage safeguard policies, though 

advocated by the EU, do not belong to its jurisdiction.   

In 2005, during the Faro convention [91], solutions were proposed to overcome the separation 

of interested policy frameworks and, an integrated action between EU regulations and 

architectural heritage conservation principles, was explicitly solicited [91].  

However, in 2010 when the 2010/31/CE [6] was published (2002/91/CE recast, second EPBD), 

the original weak points were not solved. The derogations at Article 4, discussed in the next 

paragraph, stayed unvaried.  

 

Conference Authority Year City Key-conclusions 

Conference of EU Ministers  1969 Brussels  
Request of cooperation at legislative levels for 

allowing HBE sustainable development 

Conference of EU Ministers  1975 Amsterdam  Integration HBE protection and Town Planning 

ICOMOS Conference  1979 Burra 

Definition of Cultural significance  

Guidance on the conservation and management 

of places of cultural significance 

UNESCO Conference 1982 Mexico City 
Formulation of building architectural 

significance 

Conference of EU Ministers  1985 Granada  

Request of cooperation between town planners, 

developers and conservationists for HBE 

protection, sustainable and economic 
development;  

Extension of the concept of historic building 

significance from single building to group of 

buildings of peculiar interest (even if not 
interested by single official protection); 

                                                           
13 For buildings interested by a project proposal and for which a protection procedure was instituted  
14 Art 1, Definition of Architectural Heritage, pp 2; ETS 121, Convention for the protection of the architectural heritage 
of Europe, Granada 1985 
15 Art 4.3; CE.91.2002; Art 4.2.a; CE.31.2010   
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Extension of building significance also to 

internal movable and immovable heritage; 

Council of Europe 1992 Nantes 
Architectural Heritage inventory and 
documentation always ongoing 

Conference of EU Ministers  1996 Helsinki 

International ecological approach to spatial 
management including coordinated policies for 

HBE preservation and spatial planning 

Not only HBE preservation but verification of 

environmental validity of HBE retrofitting 
(instead of demolition) 

Conference of EU Ministers  2000 Hanover 
Life Cycle thinking approach for interventions in 

the HBE 

Council of Europe 2005 Faro 

Explicit request of an integrated Policy action 

EU regulation and architectural heritage 
conservation principles 

Table 2.1.1; non- exhaustive list of conferences held between 1969 and 2005 relevant for the development of the 

EU Policy for HBE sustainable development  

 

2.2 EPBD AND DEROGATION TO THE MINIMUM ENERGY PERFORMANCE 

REQUIREMENTS: ARTICLE 4  

Article 4 in both the EPBDs [5][6] states that the EU members may derogate the buildings 

minimum energy requirements for: “buildings officially protected as part of a designated 

environment or because of their special architectural or historical merit, in so far as compliance 

with certain minimum energy performance requirements would unacceptably alter their 

character or appearance” [5][6]. 

The article foresees exceptions limited to the officially protected buildings (1), only in case, the 

energy retrofitting implementation would unacceptably alter their character or appearance (2). 

Terms and boundaries of the intervention’s technical feasibility are not discussed. The derogation 

regime is entrusted to the statutory position of the building itself (legal protection) and to the 

loose interpretation of the term “unacceptable building alteration”.  

Given that the latter is not defined by the norms, the derogation regime as introduced by the 

EPBDs leaves room for interpretation. Indeed, not only are historic (not yet) protected buildings 

not considered under the derogation regime, but also officially protected buildings (e.g. 

monuments) may be altered as long as their alteration is not considered unacceptable.  

Considering that officially protected buildings account for a negligible share of the Built 

Environment, generally less than 5%16, the possible threat arising from inappropriate retrofitting 

interventions, is related overwhelmingly to historic buildings not protected as monuments [92].  

The latter consideration is even more significant as recent studies have shown that listing historic 

buildings, is not always a good indication of the value of an historic area in the cities. Ensembles 

are sometimes as important as individual buildings or monuments and a large share of urban 

character (value) is not directly allocable to historic officially protected buildings [93]. If this 

aspect is not considered within the decision-making, large part of value may be lost. 

In Europe thee are estimated to be 210 million buildings [94], one third of this stock was built 

before 1945 [8], having very often historic and architectonic merit. In Belgium, the percentage 

of buildings built by 1945 is 37.9% and in the Province of Antwerp it is 27.15%. This share 

                                                           
16 For instance, in the UK, only 5% of the historic buildings is officially protected [22]; in Italy historic buildings 

constructed before 1945 and officially protected are 1.8% [109] 
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reaches 50.5% in the Municipality of Antwerp; see Fig. 2.2.1. In Antwerp, out of this 50.5%17 

only 2% of buildings are listed as monuments (beschermde gebouwen) and 7% are inventoried 

because of their architectonic or historic value (geïnventariseerde gebouwen)18.  

 

 
Figure 2.2.1; Cumulated frequency existing building stock per year of construction in Belgium, Antwerp 

Municipality and Antwerp Province; on the “y” axis cumulated frequency of constructed buildings and on the “x” 
axis intervals for year of construction; data source [95] 

 

However, considering that the heritage inventory is a continuous process as defined during the 

conference of Nantes (1992), the lists of inventoried buildings are in continuous updating. The 

importance of continuous updating of the cultural heritage was also expressed by the Council of 

Europe in [96]: “the process of collecting is never finished since a collection is never finished, 

therefore we should endeavour in the compilation of inventories to ensure the perpetuity of 

knowledge of the heritage along with the perpetuity of the heritage itself”19.  

The general approach from the Flanders Heritage Agency to the EPBDs requirements is to 

exonerate the protected buildings (beschermde gebouwen) from the minimum energy 

requirements, while not the valuable not protected buildings (geïnventariseerde gebouwen).   

That the largest possible risk from improper retrofitting implementation, is thus related to this 

second group of buildings, also defined minor architecture [92]. Nevertheless, because in Article 

4 is specified that retrofitting interventions should be avoided (only) in case their implementation 

constitutes an unacceptable alteration to buildings character or appearance, in Europe the actual 

tendency is to undertake energy retrofitting both in protected and non-protected buildings 

[97][98]. This consideration calls for prudence when intervening in historic building, this 

because a building currently non officially protected may become so in the future. 

Beside the debatable appropriateness of altering protected buildings (monuments) for making 

them meeting current energy requirements acknowledging the negligible (global) environmental 

advantage20 and the large cultural costs, it is a fact that both listed and non listed buildings are 

called for energy performance improvement. Therefore, this issue can only be constructively 

addressed by imposing a perspective shift: from a statutory building categorisation viewpoint to 

a more technical feasibility-related one [99].  

In this sense, becomes crucial to define unequivocally what “unacceptable alteration” means. 

Which kind of interventions should be considered detrimental for the building itself? How should 

the bodies in charge define the acceptability of alteration upon historic buildings retrofitting? 

                                                           
17 63530 buildings according to a 2014 census [95] 
18 These percentages can be inferred by crossing the data from the 2014 census [95] with the ones from the Inventaris 
Onroerend Erfgoed. In the latter, were considered “bouwkundig relicten”, typology “gebouwen en structuren” filtered 

per age.   
19 Paragraph 7.1, Coherence of the Inventory, pp 45; The inventory as a continuing process; in Guidance on Inventory 
and documentation of the cultural heritage; 2010 
20 Given that less than 5% of existing buildings is protected  
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Despite the large amount of CEN and ISO standards aimed at providing methodologies for 

energy performance calculation and auditing in new and existing buildings [100], no standards 

or methodologies have been delivered in order to homogenize the retrofitting evaluation 

protocols and, thus, systematize the technical boundaries of historic buildings energy retrofitting.  

In the past, several efforts were made to provide common systems and approaches (through the 

EU countries) for systematizing both buildings classification and assessment of building works 

in historic buildings [96][101][102]. Although these instruments, e.g. the Preliminary Technical 

Assessment21, were not directly tailored at the assessment of energy retrofitting interventions, 

they could have been amended in order to bring about a merging of energy efficiency and 

Architectural preservation framework and to solve the unclear (and risky) concern of the building 

acceptable/unacceptable alteration.  

This has not been done. For 15 years the assessment of historic buildings retrofitting measures 

has been delegated to local protocols. The latter condition rises on the one hand the awareness 

of local bodies, but on the other hand, leads to a different elasticity in the intervention evaluation. 

Consequentially, a given retrofitting measure can be considered acceptable in one city and 

unacceptable in another one. Not only is this circumstance far away from the perspectives set by 

the International agreements and antithetical to the definition of “European Architectural 

Heritage” (Granada 1985), but it may implicitly encourage speculative mechanisms.  

2.3 ENERGY RETROFIT IN HISTORIC AND HERITAGE BUILDINGS AFTER THE 

ENERGY PERFORMANCE BUILDINGS DIRECTIVES  

After the EPBDs publication, the discussion about the significance of reducing existing 

building’s energy demand by means of energy retrofitting, was newly voiced by the 

112/2011/EU  Communication [103] and by the 27/2012/EU, also known as European Energy 

Directive (EED) [7]. The latter identified existing buildings stock as: “the single biggest potential 

sector for energy savings […] crucial to achieve the EU objective of reducing greenhouse gas 

emissions by 80-95 percent by 2050 compared to 1990” [7].  

Studies from Building Performance Institute and Ecofys concluded that in the existing building 

stock, only deep renovation could achieve the 90% CO2 emission reduction by 2050 as ratified 

by the 112/2011/EU  Communication22[104][105]. Moreover, BPIE, concluded that in historic 

and heritage buildings23, independently from their legal protection, minor or moderate ERIs can 

always be allowed in order to reduce their energy demand by up to 60% [97]. Similar 

considerations were also reported in the final report of the EU URBACT II Project, wherein the 

validity of excluding officially protected buildings from the EPBDs minimum energy 

requirements was questioned [8].  

The delicate position of historic buildings and the related sustainable perspective, though largely 

debated from a scientific perspective [34][106][107][108][11], was not at all clarified from a 

statutory viewpoint. Indeed, the (2012) EED just confirmed the derogations at Article 4 as 

reported in the EPBDs without amendments or additions24. 

Nevertheless, the interest in the incorporation of the HBE within a more sustainable building 

management was evidenced by a large, and increasing, number of studies assessing the statutory 

framework for making possible the integration of the European energy policy with the 

architectural preservation Principles [15][36][12][109][110][111].  

                                                           
21 PTA, Preliminary Technical Assessment was developed within the frame of the EU joint program on the integrated 

rehabilitation project plan/survey on the architectural and archaeological heritage; IRPP/SAAH 2010    
22 In the BPIE report, the deep renovation scenario is considered the only one allowing 90% CO2 reduction by 2050 

together with the “two-stage renovation path” that foresees a deep renovation during a second iteration of the energy 

renovation measure; see Overview of the renovation models; pag. 112; in [97] 
23 Meaning the ones built up to 1900, Art. 2 in [105] 
24 In (2012) EU 27 the text from Art.4 (as present in [5][6]) is quoted at Art 5. 
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Finally in 2017, 15 years after the first EPBD promulgation, the European Technical Committee 

(TC 346) published the EN16883, “Conservation of Cultural Heritage: Guidelines for Improving 

the Energy Efficiency of historic buildings” [9]. The standard has the aim of setting a simplified 

framework for evaluating Energy Retrofitting Interventions (ERIs) on the basis of a given set of 

(performance) criteria relevant for the specific case of historic buildings. It is not within the 

scope of the standard to offer a methodology or guidance for assessing each considered aspect 

of performance.  

Moreover the ERIs evaluation methodology as proposed by the standard is limited by an 

oversimplification that makes a quantitative comparison between the scenarios (considering also 

the mutual interaction between performance criteria) impossible. Nevertheless, the standard has 

the merit of having introduced several aspects left unaddressed by both the EPBDs and by the 

EED, among others:  

 

 The requirement to perform identical ERIs assessment for both officially protected and 

non-officially protected historic buildings, regardless of type and age;  

 Introduction of a simplified but structured methodology in order to allow ERIs 

comparison and selection; 

 The requirement to designing ERIs considering aspects beyond the energy 

performance; 

 The requirement to consider a wider concept of sustainability based not only on the 

energy use but more life cycle thinking oriented; 

 The requirement to consider a more integrated concept of Indoor Microclimate Quality 

(IMQ), taking into account both people comfort and cultural heritage safety (movable 

and immovable cultural heritage). 

 

Although, the EN 16883 establishes a more holistic sustainable- development perspective for the 

HBE, the methodological framework for the assessment of each of the solicited criteria, still 

needs to be introduced as does scientifically-sound integrated evaluation framework for the 

retrofitting interventions. This is the intended contribution of this PhD research.  For updating 

with regard to this section, please see Conclusion note in chapter 11. 

2.4 POSSIBLE LONG-TERM RISKS DUE TO CONVENTIONAL OR INAPPROPRIATE 

ENERGY RETROFIT IN HISTORIC AND HERITAGE BUILDINGS  

Despite the recently published EN 16883 and the larger sensibility on the matter developed in 

the past, the predominant tendency remains to opt for “conventional” (non building- tailored) 

retrofitting measures also in historic buildings and even in the ones officially protected. 
 

 
Figure 2.4.1; windows replacement in a not protected historic building, Antwerp (Litti 2015) 
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Such circumstance points out that there is urgent need for a guiding framework on the 

preparatory diagnostic activities to be performed in historic buildings before the ERI design and 

assessment activities to be performed before and after the intervention implementation. Indeed, 

the above mentioned “conventional retrofitting measures”, are mainly undertaken without a 

preparatory study for clarifying their actual environmental validity and are often chosen 

neglecting more innovative (or ad-hoc) solutions and never followed by post-retrofitting control.  

Conventional retrofitting measures are often selected not by contrasting the LC environmental 

validity (and impact on the building) of a set of different alternatives, but are rather aprioristically 

decided. Perhaps similar energy consumption and environmental impact reduction could be 

achieved by other retrofitting solutions (more respectful of the building integrity), that remain 

unexplored. 

Moreover, too often, there does not exist a successive control or an initial uncertainty analysis, 

for verifying the actual energy performance of the retrofitting measure over its entire Service 

Life, and the possible environmental impact of its technical decay. In other words, the proof of 

the actual long-term environmental validity of the undertaken energy retrofitting intervention is 

not verified. This verification (in the form of a more realistic retrofitting LC energy modelling) 

is introduced in this thesis (see chapter 9). 

 

For instance, upon fenestration retrofitting in historic buildings (see Fig. 2.4.1), the common 

practice does not foresee evaluating nondestructive alternatives together with window 

replacement. Indeed, it is commonly believed that in historic buildings, the best option for 

reducing thermal losses through the transparent components (and hence life cycle environmental 

impacts from building operation) is their replacement. This alternative, although it is currently 

the most applied one, is not supported by unequivocal evidence. Especially if considering 

retrofitting intervention life cycle environmental impact accounting for its technical performance 

decay (see chapters 9 and 10), the evidence show that there is not a real predominant validity of 

undertaking windows replacement over other less invasive solutions. According to the research 

results, in the best scenario, windows replacement would allow a negligible percentage of larger 

environmental savings over 100 years over more conservative scenarios respectful of good 

maintenance plan.  

  

In the author’s opinion, there is, in fact, a risk of (market) speculation upon historic buildings 

energy-retrofitting justified by the need of making them more energy efficient by implementing 

retrofitting solutions based on rules of thumb instead of on sound scientific research. Results 

from the studies in this thesis show that currently encouraged retrofitting measures (based on 

general beliefs) deliver similar life cycle environmental benefits as less invasive alternatives. 

The cultural cost paid until now because of retrofitting historic buildings on the basis of rules of 

thumb, is unknown. It is unknown not because there has not yet been damage to the HBE, but 

rather because we still lack appropriate metrics for precisely quantifying the cultural and 

economic consequences of this loss. 

 

According to a study from English Housing Survey [112], 52% of historic houses built in the 

UK before 1919 now have new PVC window systems. This massive fenestration replacement is 

the result of design praxis undertaken without appropriate interpretation of guiding principles 

stated in international guidelines or legislations such as “intervening with great sensitivity to the 

preservation of the unique quality of the individual building” as suggested in [8] or intervening 

without “alteration to the character or appearance of the buildings” as stated in article 4 of both 

the EPB and EE Directives [5][6][7]. In these cases, although the building energy demand was 

probably consistently reduced, valuable art crafts have been definitely lost compromising the 

buildings architectonic significance as well as their market value. Moreover, it is not clear 
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whether these interventions were legitimated by life cycle benefits or similarly obtainable by 

alternative non-destructive retrofitting options.  

A survey made by English Heritage in 2009 and cited in [112], showed that the replacement of 

doors and windows in conservation areas have constituted the biggest threat to the properties 

economic values. 82% of interviewed estate agents confirmed that historic features add financial 

value to historic properties, conversely, recent building alterations or spontaneous additions 

might reduce it [113].  

An example of windows replacement in a historic non- protected building which in the author’s 

opinion, is likely to alter its market value is given Fig. 2.4.1. At the ground floor of an early 20th 

century building in Antwerp, a finely carved timber window was retained on the left ground floor 

apartment, while it was substituted by an aluminium one on the right one. 

 

The discussion so far does not mean that energy efficiency improvements of historic buildings 

is not a viable option, rather it means that a tout court implementation of destructive solutions 

(such as when directly opting for conventional retrofitting) may be an inappropriate approach 

for the following reasons: 

  

 We do not have sufficient metrics for a complete assessment of the long-term validity 

of EERIs implementation;  

 The widely accepted hypothesis according to which, any building economic value 

reduction caused by the destruction of architectonic features (such as historic windows) 

will be compensated by the increased building economic value allowed by the increased 

energy performance, needs to be reconsidered.  

 Several of the currently implemented EERI resort to technologies that enable energy 

savings achievable by other –less invasive- techniques.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

3 Building Historic Microclimate  
 

 

 

 

 

 

For decades, indoor climate management in historic and heritage buildings was based on static 

and theoretical hygrothermal thresholds, often causing large energy consumption and frequent 

failures of the HVAC systems. Rather than a relief, such a microclimate management, was a risk 

for the movable and immovable cultural heritage.   

After three decades of studies, in 2010, the EN 15757 introduced a new practice for establishing 

the correct building indoor microclimate management resorting to a dynamic approach. The 

“target microclimate” to be ensured in a confined building environment is determined according 

to the standard, as a function of the registered seasonal hygrothermal fluctuations already 

experienced by the objects in the past years, in function of the so-called “building historic 

microclimate”.  

Despite the validity of such a microclimate management, there can be pitfalls within the 

proposed methodology with a direct effect on the determination of the “target microclimate”.  

In this Chapter, by means of multi-year data set analysis related to the museum Mayer van den 

Bergh in Antwerp, the possible influence of the mentioned issues on the alteration of the “target 

microclimate” results is studied. 
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3.1 INTRODUCTION  

Microclimate is the local climate of a specific environment or part thereof, as defined by a set of 

physical environmental parameters, the way they are distributed in the three spatial dimensions 

and how they evolve over time [114].  

Though the definition of microclimate has stayed unvaried through the years, the aim of the 

microclimate control has changed in the last decades and so, accordingly, the methodologies for 

its determination.  

As mentioned in chapter 1, building Indoor Microclimate Quality (IMQ) affects energy 

consumption [64][115][116], users thermal comfort and movable and immovable heritage safety 

[117][62][118]. The interrelation between IMQ and other aspects of building performance 

evidences the multiple aim of microclimate control in buildings. Such knowledge, still not 

always put into practice, is quite recent. As discussed in section 3.1.1, microclimate management 

in historic buildings and museums, is moving from a single-objective approach towards a multi-

objective one.  

3.1.1 From a single- objective to a multi-objective indoor microclimate 

management: past and present background of microclimatic control 

Though since in the late ‘80s the relation between microclimate control and building energy 

consumption in historic buildings was already acknowledged, its main objective was to ensure 

optimal climate for collection preservation. Such an objective was generally pursued by tightly 

limiting the indoor hygrothermal fluctuations regardless of building microclimatic history, 

geographic area or building technology [119][120][121][122]. Optimal indoor air temperature 

and relative humidity were intended as aprioristically defined figures to be maintained. 

Microclimate management such as the mentioned one was characterized as a single-objective 

decision-making problem represented by the unique need of ensuring stable microclimate for 

collections. 

However, ensuring steady indoor climate conditions against outdoor weather variations and 

dynamic building usage, was often a cause of plant system failures (with consequent risks of 

climate-induced deterioration for the cultural heritage) and high energy consumption. In 1986, 

G. Thomson in [123] writes: “There is something inelegant in the mass of energy-consuming 

machinery needed at present to maintain constant RH and illuminance, something inappropriate 

in an expense which is beyond most of the world’s museums. Thus the trend must be towards 

simplicity, reliability and cheapness”.  

Moreover, such a microclimate management mainly addressed at preserving certain movable 

heritage materials25 was, in several cases, counterproductive for the preservation of the building 

materials themselves. Especially in historic fabrics. With  this regard, S. Weintraub in [124] 

writes: “A specification requiring 50% +/- 5% Relative Humidity (RH) is intended to stabilize 

the conditions of objects made from organic materials. It doesn’t take into account the effect of 

maintaining 50% RH on the other factors such as the building (itself). If the building envelope 

is not designed with vapor barriers, insulations and thermally insulated glass, the building will 

be at risk of damage from condensation during the cold winter months”. 

The practical difficulty and environmental unsustainability of the above described microclimate 

management, combined with too often poor IMQ, called for new efforts in the research [125]. 

This long-lasting discipline evolution (perhaps concluded only few years ago if at all) was also 

                                                           
25 Often hygroscopic materials as being the most sensitive to climate-induced mechanical deterioration. 
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promoted by the Bizot26 group, that required methods for a more sustainable museum 

microclimate management approach [126][127]. 

The initially conceived single-objective decision- making problem was evolving into a multi-

objective one wherein building and its microclimate were considered simultaneously. This 

holistic approach, also advantageous for reducing buildings energy demand [128][129], can be 

considered the milestone of the new generation researches related to historic buildings 

microclimate control.  

More specifically, the dynamic interaction between building envelope and its confined 

environment, as studied in the early ‘80s by D. Camuffo [130][131], is the theoretical foundation 

of the novel approach [132].  

The main findings from several years of research proved that hygroscopic objects (the most 

sensitive ones to microclimate-induced mechanical deformation) are not subjected to damage 

when hygrothermal fluctuations, especially relative humidity ones [133][134], stay in the range 

of variability they already have experienced in the past. This variability was defined by  S. 

Michalski “proofed fluctuations” [135]. Controlling the microclimate for preventing deviations 

from the proofed fluctuations, was the microclimate management approach included in the 

(2007) ASHRAE guidelines [136][137]. 

However, from 2003, the CEN 346 technical committee, in preparation of the EN 15757, set a 

theoretical step further than the theory of proof fluctuations. Not only hygrothermal fluctuations 

amplitudes, but also long- term and (especially) short-term cycles, had to be considered for 

preventing mechanical deformation of hygroscopic cultural objects. Indeed, Temperature (T) and 

Relative Humidity (RH) fluctuations, though proofed not to be harmful for general hygroscopic 

materials, are not always appropriate for individual objects. In the light of this consideration, the 

research efforts focused on the appropriate definition of indoor microclimate for the objects as a 

whole rather than considering the microclimatic appropriateness for general (standard) 

hygroscopic materials. 

Indeed objects that have been kept for centuries under certain T and RH, have adapted (as a 

whole) to their environment, reaching a new equilibrium of internal tensions with possible 

(permanent) deformation of their structure [54]. This adaptation may imply plastic deformation 

or cracks that play the role of expansion joints for the objects responding to possible 

environmental solicitations [54]. Once hygroscopic objects have adapted to a certain RH 

variability, both in terms of average level and fluctuations, the historic conditions should be 

respected because any change or fluctuation exceeding the historic ones may affect their 

durability.  

The microclimate management based on the mentioned findings, and legally introduced by the 

EN 15757:2010 [55], is based on the acknowledgement of the cumulative nature of objects’ 

mechanical deterioration.  

The aim of the introduced standard is to maintain building microclimate (in terms of RH and 

possibly Temperature seasonal cycles and short fluctuations) to the one to which housed cultural 

heritage objects have been acclimatized since a long time. This long time, is defined: “historic 

climate” [138] or “historic microclimate” [139]. Building indoor hygrothermal variability 

calculated on basis of the historic climate can be, after approval from a conservator, considered 

safe. Therefore, it should be controlled and maintained.  

 

The EN 15757, admitting dynamic physical interactions between building and collection rather 

than predetermining hygrothermal bounds, also allows energy savings and to contain the (too 

often reported) conflict between hygrothermal requirements for materials preservation and 

building users thermal comfort [62]; see also section 3.1.2 and the study reported in chapter 4. 

                                                           
26 Groupe international des organisateurs de grandes expositions 
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Evidently, the initial single-objective decision- making problem evolved into a multi-objective 

one. Objectives such as building energy savings, microclimate safety for objects conservation 

and people thermal comfort started being considered concurrent aspects of a unique 

multidimensional problem. Consequentially, historic buildings microclimate control started 

being integrated into a wider concept of Historic Built Environment sustainable management: 

“high standards of preservation of historical buildings can be maintained through the use of 

affordable and efficient low energy solutions despite the increase in the cost of energy” [55].  

 

3.1.2 Building users adaptive comfort in historic buildings and museums 

according to the EN 15757 

When the EN 15757 was still being drafted, an important paragraph was introduced: “heating 

for thermal comfort versus conservation needs”; this paragraph was omitted within the final 

standard version. The omitted paragraph discussed the indoor thermal comfort for building users 

and its conflict with needs for optimal cultural heritage microclimate conservation. The text said: 

“People may feel uncomfortable at lower temperature levels compatible with the need of 

conservation. In such case, a compromise should be found between the two needs. For example 

staff and visitors may tolerate relatively low temperatures during short visiting times, if they are 

suitable clothed” [140].     

The solution envisaged by the under- drafting standard, for solving the longstanding conflict 

between collection preservation and people thermal comfort requirements [62][141], resorted to 

the adaptive behaviour of building users. According to the standard philosophy, the introduction 

of dynamic target microclimate on the one hand and a call for people thermal comfort 

adaptability on the other hand, would reduce the frequency of conflict between the two needs.  

Although the above mentioned paragraph was omitted within the final standard version in 2010, 

this research performs a dedicated study aimed at testing museum visitors willingness to allocate 

part of their comfort to the possible need of cultural heritage preservation. This study is discussed 

in chapter 4. The results may contribute to solve the longstanding issue of hygrothermal priorities 

upon HVAC set point regulation in historic (public) buildings and museums. 

3.2 INDOOR MICROCLIMATE QUANTIFICATION ACCORDING TO EN 15757: PROS 

AND CONS 

The objective of allowing optimal microclimate for collections preservation considering a more 

sustainable building management approach, yielded to the redefinition of the methodology for 

identifying the target microclimate to be maintained in a building. According to the EN 15757, 

ideal hygrothermal thresholds should no longer be maintained in a confined building space, but 

rather the microclimate variability the objects have already experienced in the past should be 

allowed.  

With this purpose the standard introduces the concept of “historic climate”, defined as the 

“climatic conditions in a microenvironment where a cultural heritage object has always been 

kept, or has been kept for a long period of time (at least one year) and to which it has been 

acclimatized” [55][54]. 

The historic climate monitoring is the preparatory activity before the calculation of microclimatic 

“target level” and “target range” for a specific building or building space. Target level and target 

range are considered, by the standard, the hygrothermal level to be maintained (the first) and the 

range of hygrothermal fluctuation that should be not exceeded (the second), to best ensure 

hygroscopic cultural heritage objects preservation.  
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The standard states that it might be risky exceeding the target range that lays between the 7th and 

93rd percentiles of fluctuations around the seasonal average (target level). Hence, the target 

microclimate is obtained by excluding the 7% of most extreme fluctuations in dryness and 

dampness. The elimination of in total 14% extreme fluctuations (corresponding to one standard 

deviation in the distribution of the fluctuation amplitudes), resulted from long-term infield 

researches. In these studies, it was observed that the outlying -more risky- short term fluctuations 

(current variations from the seasonal average) ranged within the 7th -8th and 92nd -93rd percentiles. 

Respectively, the lower and upper exceptional fluctuations [142][143][144].These fluctuations 

were observed to be the most likely ones to cause mechanical damage to the artifacts.  

 

Although the standard introduces a rigorous procedure for the microclimate “target range” 

calculation, there are methodological assumptions and recommendations that, in the author’s 

opinion, leave room open to arbitrariness in the calculation. As such, biased results may be 

obtained causing inaccurate microclimate “target range” definition; hence inappropriate 

microclimate management and HVAC setting. More specifically, the standard recommends:  

 

1. To calculate the hygrothermal target range on basis of all the available past climate 

records covering a period of at least one calendar year; see 5.2 and Annex 2  in [55]. 

The hypothesis is that 1 year microclimate data records is representative of the building 

historic climate. Hence HVAC can be set accordingly.   

2. To discard, during the target microclimate calculation, the climate records when 

excessively affected by indoor climate disturbance; see Annex 2 in [55]. The hypothesis 

is that outlaying readings may bias the dataset.   

 

In section A.2, it is clarified that, prior to the definition of microclimate historic target and range, 

an infield hygrothermal monitoring of at least 1-year should be undertaken (considering also an 

initial and final additional period of 15 days). According to the standard, this period may suffice 

for representing the historic climate, therefore, both microclimate target and range for a given 

building (or building space) can be defined on its basis.  

However, as the standard-based methodology for the definition of the microclimate target relies 

on the calculation of an inferior and superior percentile (from the dataset with ordered short-term 

fluctuations), it is to be expected that these two values would change if the statistic population 

of the calculated short-term fluctuations changes.  

In other words, as the percentile values are data population- dependent, the inferior and superior 

percentiles of the short-term fluctuations vary if calculated on basis of 1-year or 10-years 

datasets. Therefore, it cannot be said aprioristically if the hygrothermal monitoring of 1-year 

period can be considered representative of the historic microclimate of a given building (or 

building space). However, it can be supposed that if the dataset is sufficiently extended, the 

influence of the dataset size would reduce and the calculated inferior and superior percentile 

would show a linearized tendency. This aspect is analysed in the second Part of this study.   

In section A.2, the standard suggests to discard the periods wherein any influence has excessively 

disturbed the indoor climate. However, because a definition of “excessive disturbance to the 

indoor climate” is not provided (see A.2 in [55]), it is difficult to identify the climatic 

circumstances likely to be considered “excessive”.  

Though the possible influence of “excessive disturbance to the indoor climate” can affect the 

results, any decision at this stage is left to the practitioner. Moreover, the recommendation to 

filter out periods during which “excessive climatic disturbance” occurred, implicitly contradicts 

the recommendation of using complete year dataset in order not to generate biased microclimate 

range calculation as mentioned in section 5.2 in [55]. Indeed, filtering out hygrothermal 

extremes, meaning the short- term fluctuations calculated with regard to periods characterized 
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by abnormal indoor climate circumstances, would unavoidably influence the inferior and 

superior percentile values making narrower the microclimate target-range.  

In the author’s opinion, if the outlying short-term fluctuations -despite their large amplitudes of 

deviation from the seasonal fluctuation- would be retained in the dataset, their effect on the 

microclimate range alteration, would be proportionate to their frequency. Meaning that if 

outlying (exceptional) Relative Humidity or Temperature occur, most likely they do not 

significantly affect the 7th or the 93rd percentile values. If they do, it means that the mentioned 

exceptional short-term fluctuations were registered with significant frequency. In the latter case, 

according to the theory of objects microclimate adaptation, the possible damage caused by such 

frequent outlying fluctuations is likely to be already embedded in the object mechanical 

deterioration. Hence, these fluctuations are already part of the objects’ historic microclimate.  

Beside the above mentioned methodological concerns having a direct influence on the 

microclimate target range (and discussed in this Chapter), there is another recommendation in 

the standard, that should be considered if undertaking an IMQ monitoring and certification of 

historic buildings based on the given methodology. The recommendation refers to the spatial 

resolution of the infield monitoring campaign. In this regard, the standard recommends 

performing instrumental monitoring in each object microclimate proximity.  

As discussed in chapter 1, this requirement is practically impossible to accomplish upon 

microclimate monitoring in museum exhibition halls where several artworks27 are located all 

over the space (typical case of small museums in historic buildings as the case study for this 

study). Moreover, monitoring each object microclimate proximity does not necessarily bring to 

significantly different microclimate –target range. Furthermore, if the monitored space is 

equipped with a centralized HVAC, there is no possibility of controlling differently the air 

volume. Therefore, in the author’s opinion, a microclimate monitoring in one representative 

point (verified to be accurate representation of the different microclimate proximities) would be 

more significant upon microclimate assessment, certification and control of heritage and 

museum buildings. However, since the latter issue affects the certification procedure rather than 

the microclimate target calculation, it will be discussed in chapters 7 and 8.  

3.3 STUDY OBJECTIVES  

The study presented in this Chapter wants to address the implications of points 1 and 2 (listed in 

the previous section) on the calculation of short- term fluctuations and microclimate target range. 

More specifically, it wants to evaluate if 1-year dataset can suffice to define the building historic 

microclimate (and so if HVAC systems can be safely regulated on its basis) and further it wants 

to quantify to what extent, excessive indoor climate fluctuations, can affect short –term 

fluctuations, hence microclimate target range. 

3.4 STUDY METHODOLOGY 

3.4.1 Case study description  

The study was performed in museum Mayer van den Bergh in Antwerp. The building was 

selected not only because (in some rooms) the microclimate is monitored since several years 

allowing the specific data analysis for answering to the specific study objectives, but also because 

the museum, is an example of “integrated heritage” as defined during the Granada conference 

[52] as discussed in chapter 2. Indeed, the building itself and the housed movable and immovable 

cultural heritage are safeguarded as being part of an unique ensemble.  

                                                           
27 with same sensibility to microclimate fluctuations and similar state of conservation 
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The museum, built in 1924 in XVI Century style, was designed for housing the collection from 

the art collector Fritz Mayer van den Bergh. Two buildings (one of the two is a ‘60s museum 

expansion) flank the double front- museum structure that has, as dispersive envelope surfaces, 

only the west and east facades (respectively front and rear facade) and the roof. The boundary 

walls are (uninsulated) brick masonries without cavity with thickness ranging between 0.40-

0.45m. The masonries are only inner plastered and do not have outer finishing with the only 

exception of the principal façade which is sandstone coated. The intermediate ceilings and the 

roof are timber- structured with two order of beams and timber planking. However during a 

building expansion in the ‘60s, also the historic part of the museum underwent significant 

modifications. The building is characterized by complex vertical distribution (see Fig. 3.4.1.1) 

organized around the staircase which is (directly or indirectly) connected to all the exhibition 

spaces. At the basement floor are located technical rooms and toilet, at the ground floor are 

located the entrance hall with the ticket office (partially included in the building expansion) and 

four exhibition spaces (rooms 1-2, 3 and 4). Rooms 1-2 are coded together as only separated by 

a timber balustrade. 

        
Fig. 3.4.1.1 Museum Mayer van den Bergh; plan distribution (in grey the rooms analysed in the study)  

 

At the first floor are located exhibition halls 10, 11 and 12. The first one is discussed later in this 

Chapter; see Fig. 3.4.1.2.a. This floor is connected to two mezzanines. One connection, via room 

11, brings to the new building expansion where the temporary exhibition rooms are housed 

(rooms 12, 12.a, 14, 15). The second connection, via room 10 and the staircase, brings to 

exhibition halls 7 and 5. The latter is later discussed in this Chapter; see Fig. 3.4.1.2.b.  

The two halls 7 and 5 are connected to each other. Furthermore, they are independently 

connected to other mezzanines where additional exhibition rooms are located. Respectively, 

space 5 is connected to space 6 (in the new building expansion); while space 7 is connected to 

spaces 8 and 9. At the second floor of the building are located the museum offices. Above the 

offices, the attic is used as storage space.  

 

    
Fig. 3.4.1.2 a- b Room 10 (left -a); Room 5 (right -b) 
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Almost all the spaces are connected to each other by always open passages, therefore the air 

buoyancy in the building is enabled both during free running and heated period. Nevertheless, 

the presence of a central opened staircase connecting almost all the exhibition spaces causes air 

layering especially during the heated period.  

The entire building, except rooms from 12.a to 15 in the new expansion, are equipped with 

central heating system with high temperature radiators (set point 18°C). The air water vapour is 

controlled by portable (PH 26 Defensor) humidifiers. The constant control carried out by the 

museum keepers, results in a well-managed microclimate. Portable humidifying units are 

checked three times a day for preventing failures. Therefore, though there is a lack of full 

mechanical control, the current microclimate is rather constant and considered not harmful for 

the heritage  conservation.  

The two selected exhibition spaces face each other as they are located in opposite parts of the 

staircase; see Fig. 3.4.1.1 and Fig. 3.4.1.2 a-b. In both the rooms a well controlled microclimate 

is needed for preserving precious masterpieces (e.g, paintings from Bruegel, XV Century painted 

timber panels and a XIII Century timber sculpture) as well as the original timber finishing and 

furniture ad- hoc crafted in 1924 during building construction. Although these rooms were found 

hygrothermally stable, the air mass exchange of the two rooms is uncontrollable due to the 

always open doors towards the staircase and towards other exhibition spaces.  

Such a non-automatized microclimate control is a typical condition in small museums housed in 

historic buildings. Especially for this kind of museum, a microclimate assessment and 

certification for verifying both collection safety and museum visitors thermal comfort as 

described in this Chapter and successively in chapters 4, 7 and 8 is fundamental.   

3.4.2 Data acquisition and data analysis 

For analysing the aspects described in the previous section, the study was firstly carried out in 

exhibition room 5 and secondly in room 10 of the museum Mayer van Den Bergh. The two 

studies performed in the two exhibition rooms are discussed respectively in  Part 1 and Part 2 of 

the research. The study utilized 5-years hygrothermal readings from room 5 (Part 1) and 10-years 

hygrothermal readings from room 10 (Part 2).  

Temperature and Relative Humidity have been continuously monitored by Hanwell data loggers 

with 15 minute sampling time and Wi-Fi-transmitted to the server. After averaging the readings 

per hour, seasonal cycles for Temperature and Relative Humidity were calculated, according to 

EN 15757, by means of 30-days Central Moving Average (CMA)28, see Eq. (3.1). [133] and 

Annex A in [55].  

 

 �̅�30(𝑘) =
1

2𝑁 + 1
∑𝜑(𝑘 + 𝑗)

𝑁

𝑗=1

 Eq. 3.1 

 

Where 𝜑(𝑗) = {−𝑁,… ,𝑁} are the measured values of the given hygrothermal parameters in the 

time (𝑘) over the considered period. This period, according to the standard, represents the 

historic climate for the given monitored space or part thereof. On its basis, the IMQ can be 

controlled and HVAC set point regulated. As mentioned in [55] the monitoring period necessary 

for the further calculations should be at least 13 months29.  

On basis of the seasonal cycle (to be considered the microclimate target level), the short term 

fluctuations are calculated as the algebraic difference between the instantaneous recorded 

                                                           
28 As the CMA is calculated on 30 days, it is based on the readings from 15 days before and 15 after each given day.  
29 12 months serve for the calculation of the historic climate itself (seasonal cycle) and 15 days pre and post are necessary 

for allowing the CMA calculation.  
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hygrothermal parameter (T or RH) and the instantaneous seasonal cycle value. Physically, the 

short-term fluctuations represent the deviations of the current hygrothermal parameters, from 

their seasonal dynamic. Reasonably, these deviations do not cause, per definition, objects 

mechanical decay. Only the most risky ones are likely to cause it. The standard considers the 

risky fluctuations as the ones that outlay the most. Namely the ones that, after ordering the short-

term fluctuations from the lowest negative to the highest positive, fall below the 7th percentile 

(inferior percentile) and above the 93rd percentile (superior percentile). Corresponding to 14% 

of the total short-term fluctuation population. 

The selection of this cut-off is determined on the basis of in-field observations and is dictated by 

the reasonable need to provide a supportive practice for historic building microclimate managers, 

directors and conservators. As mentioned in section 3.1.1, these percentiles are to be observed 

as the ±1 Standard deviation of a normal distribution. It is worth mentioning that as the short-

term fluctuations distribution calculated from in-field acquired data may not be normally 

distributed, the obtained percentiles may not be numerically symmetric. Consequentially, if a 

given space has a “historic climate” skewed say, towards warmer temperatures, the allowed 

superior short- term fluctuations can be in absolute terms larger than the inferior ones. Finally, 

the microclimate target range is calculated by excluding 14% extreme short-term fluctuations.  

 

The study methodology reported in this Chapter is an extended version of the one published by 

the author in [145]. The previous study was based on hygrothermal data recorded for up to five 

years (2010-2015), while the present one is based on ten years data sampling. This allowed 

investigating further back in the building historic climate.  

The methodological undertakings discussed in this section as well as the study results, later 

discussed in section 3.5, are separated in two parts. The first Part describes the methodology with 

regard to the previous study, while the second Part describes the additional analysis. 

Because of data availability, the study related to Part 1, is performed in Room 5 while the one of 

Part 2, in Room 10.  However, given that the scope of this study is observing trends rather than 

absolute values, the selection of two different rooms does not constitute a problem for achieving 

the intended study objectives.  

Part 1 evaluates the influence on the short-term fluctuations (hence on microclimate target range) 

of both a) considered historic microclimate-length and b) excessive indoor climate variability. 

For the analysis, temperature and relative humidity readings for Room 5 up to 5 years monitoring 

were used (2010-2015). 

Part 2 evaluates the possible joint effect of both climatic disturbances and length of the historic 

microclimate on the short-term fluctuations (hence on the microclimate target range). For the 

analysis, relative humidity readings for Room 10 up to 10 years monitoring were utilized (2006-

2016). In this second part, the analysis focused on RH as more robust for evaluating long-term 

microclimatic variations.  

3.4.2.1 Part 1: microclimate analysis based on 5-years microclimate monitoring 

In the first part of the study, the datasets of hygrothermal records for the year 2015 and for the 

years 2015-2010 were taken into account for calculating the short-term fluctuations and, hence, 

the target microclimate. The obtained target climates, based on 1 and 5 years readings, were 

compared to each other. 

On the assumption that in 2015, the current microclimate wanted to be verified, its compliance 

(by means of Percentage Inside the Range) with regard to the target microclimate calculated for 

1 year and 5-year datasets was assessed. This comparison allowed to assess whether there exists 

a difference between indoor current microclimate evaluated on basis of 1-year and 5-years 

historic microclimate. 
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Further the possible influence of excessive indoor climate variability on the inferior and superior 

T/RH percentiles was evaluated. For responding to this second objective, the 2015 (current) 

microclimate was evaluated on basis of a target range calculated for the years 2010 and 2012. In 

these two years, indoor climatic alterations were documented. The documented exceptional 

indoor climate circumstances occurred due to heating system failure and summer overheating. 

Similarly to the previous analysis, the microclimate for the current year (2015), was assessed by 

means of Percentage Inside the Range considering target microclimate calculated for the year 

2010 and 2012.  

3.4.2.2 Part 2; microclimate analysis based on 10-years microlcimate monitoring 

In the second part of the study, the issues evaluated in Part 1 are simultaneously assessed with 

regard to a 10-years Relative Humidity dataset for Room 10. In this analysis the possible joint 

effect of both climatic disturbances and length of the dataset on the short-term fluctuations was 

evaluated. Therefore, on the determination of the microclimate target-range.  

For allowing the analysis, short- term fluctuations from eleven datasets were calculated. The first 

dataset contains the short-term fluctuations with regard to the last recorded year (2016). From 

the second dataset until the last one, are included the short- term fluctuations calculated by 

cumulatively adding short-term fluctuations from the last recorded year until the first recorded 

one (2006). In other words, the 1st dataset refers to the short term fluctuations for the year 2016, 

while the 11th dataset refers to the short-term fluctuations for the interval 2016-2006. 

Accordingly, the obtained short-term fluctuations refer to different historic microclimates 

ranging from a period of one to ten years.  

For better contrasting the influence of “excessive climatic disturbance”, the same procedure as 

above was performed calculating the short-term fluctuations related to the “future microclimate”. 

In other words, the short-term fluctuations were calculated frontwards instead of backwards. 

Also in this case eleven short-term fluctuations datasets were built. The first one refers to the 

year 2006, and the last one refers to the interval 2006-2016.  

By superimposing the inferior and superior RH percentiles, calculated for the historic 

microclimate (2016-2006) and future microclimate (2006-2016), it was possible to identify if 

and (possibly) when an exceptional variation to the long-term microclimate tendency occurred 

over the 10 years.  

3.5 STUDY RESULTS 

3.5.1 Part 1; microclimate analysis based on 5-years microclimate monitoring 

In Table 3.5.1.1 lower and upper percentiles for Temperature and Relative Humidity calculated 

on the basis of the two historic climate datasets –including and not including the system failures- 

are shown. In the specific case, inferior and superior Temperature short-term fluctuations 

calculated on 5-years historic climate dataset instead of 1-year, were respectively ≈33% and 

≈30% larger than the ones calculated on 1-year dataset. Similarly, inferior and superior Relative 

Humidity short-term fluctuations were respectively ≈7% and ≈0.6% larger than the ones 

calculated on 1-year dataset.  

If including the perturbation events within the 5-years dataset, inferior and superior Temperature 

short-term fluctuations were respectively ≈36% and ≈47% larger than the ones calculated on 1 

year dataset. Relative Humidity short-term fluctuations were respectively ≈9% and ≈13% larger 

than the ones calculated on 1 year dataset. In the specific case, independently from considering 

or not the indoor climate perturbations from 2010 and 2012, to have extended the historic 

microclimate from one to five years resulted in a more elastic microclimate target range (see Fig. 

3.5.1.1.a-b). 



61 

 

 

 

 

 

 WITH influence of indoor climate variations (in 2010 and 2012) 

 
5 years dataset (2010-2015) 1 year dataset (2015) 

Percentile variation 5-years 

VS 1 year reference) 

  
Temperature 

(°C) 

Relative 

Humidity 

(%) 

Temperature 
(°C) 

Relative 

Humidity 

(%) 

Temperature 
(%) 

Relative 

Humidity 

(%) 

7th Perc. -1.395 -2.845 -1.028 -2.617 ≈36% ≈9% 

93th Perc. 1.658 3.338 1.127 2.945 ≈47% ≈13% 

 WITHOUT influence of indoor climate variations (in 2010 and 2012) 

7th Perc. -1.371 -2.796 -1.028 -2.617 ≈33% ≈7% 

93th Perc. 1.468 2.964 1.127 2.945 ≈30% ≈0.6% 

Table 3.5.1.1. 7th and 93th percentile variation for 1-year and 5- years Datasets 

In Fig. 3.5.1.1.a-b, are plotted the microclimate target range for the dataset 2010-2015 

(continuous black line and dotted grey line) and the one for the year 2015 (broken grey line).  

In Room 5, if considering the time interval 2010-2015, there is obtained a widening of the 

microclimate range, especially with regard to air Temperature. The RH did not differ 

substantially as it is controlled throughout the entire year by punctual humidifiers.  

The effect of the wider target ranges on the microclimate evaluation was quantified by analysing 

the indoor microclimate for the current year (2015) considering the lower and upper target 

bounds defined with regard to both the datasets; see Table 3.5.1.2. 

When considering the target microclimate calculated on the basis of the 5-years dataset (2010-

15), it is possible to observe that the temperature falls within the target range interval 9.17% 

more than within the narrower interval calculated on basis of the sole year 2015. This percentage 

increases even more (10.22%) if the extraordinary perturbations are not excluded from the 

dataset. The variation related to Relative Humidity (RH), though consistent with the temperature 

ones is, as already observed, lower. 
 

WITH influence of indoor climate variations (in 2010 and 2012) 

Temperature (2015)   Relative Humidity (2015)  

Interval 2010-2015 Interval 2015 Difference (%) Interval 2010-2015 Interval 2015 Difference (%) 

94.77% 85.98% -10% 88.61% 85.98% -3% 

WITHOUT influence of indoor climate variations (in 2010 and 2012) 

93.87% 85.98% -9% 87.15% 85.98% -1% 

Table 3.5.1.2 Percentage inside the Range of the 2015 hygrothermal readings considering the microclimate 

range from 1-year and 5-years datasets 

 

A theoretical analysis was performed to evaluate the current 2015 microclimate, on the basis of 

microclimate ranges calculated for the years during which indoor climate perturbations occurred. 

The hypothesis is that the historic microclimate was monitored separately during 2010 and 2012 

and the microclimate target was calculated accordingly. The obtained microclimate range from 

2010 and 2012 was, thus, chosen for performing a regular control of the current (2015) indoor 

microclimate. As already mentioned, during 2010 and 2012, exceptional winter and summer 

indoor climate problems were registered into the exhibition space due to heating system failure 

and summer overheating (See Fig. 3.5.1.2 a-b).  
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Table 3.5.1.1.a-b ; Temperature range based on 2015 and 2015-2010 short -term fluctuations, with and without climate 
failures in Room 5 (a, left); Relative Humidity range based on 2015 and 2015-2010 short -term fluctuations, with and 

without climate failure in Room 5 (b, right) 
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Fig. 3.5.1.2 a (above), b (below); percentiles air Temperature (a); percentiles Relative Humidity (b); Room 5, 2010, 

2012, 2015 

 

In 2015, 5% of the registered temperature readings ranged between 18.5°C and 19.4°C during 

the heating season and between 25.5°C and 28.5°C during the warm season; see Table 3.5.1.3.  

In 2010, 5% of the registered temperature readings ranged between 15.0°C and 17.5°C during 

the heating season and between 27.9°C and 32.5°C during the warm season.  

In 2012, 5% of the registered temperature readings ranged between 13°C and 17°C during the 

heating season and 26.6°C and 30.2°C during the warm season. The significant outlying indoor 

climate that occurred during the years 2010 and 2012 compared to 2015 is visible. 

 

 5 10 25 50 75 90 95 Min Max 

TEMP 2010 17.50 18.50 19.75 22.38 24.00 26.00 27.88 15.00 32.50 

TEMP 2012 17.00 17.99 20.50 22.00 23.25 25.50 26.00 13.00 30.25 

TEMP 2015 19.38 19.50 20.50 21.13 23.00 24.63 25.50 18.50 28.75 

RH 2010 47.68 49.65 51.70 53.55 55.90 58.45 60.33 29.15 73.05 

RH 2012 50.78 51.80 53.50 55.40 57.78 60.20 61.35 22.70 66.98 

RH 2015 48.95 49.75 50.68 51.93 53.75 55.08 55.88 38.53 62.98 

Table 3.5.1.3; Temperature and Relative Humidity frequency and minimum and maximum values registered during 
the years 2010, 2012 and 2015 

 
 

In 2015, 5% of the registered Relative Humidity readings, ranged between 38.5% and 49% 

during the heating season and between 55.9% and 63% during the warm period.  

In 2010, 5% of the registered Relative Humidity readings, ranged between 29.1% and 47.7% 

during the heating period and between 60.3% and 73% during the warm period.  

In 2012, 5% of the registered Relative Humidity readings, ranged between 22.7% and 50.8% 

during the heating period and between 61% and 67% during the warm period. 

 

Focussing on the years during which “excessive indoor climate disturbance” happened (2010 

and 2012), the most outlying Temperature and Relative Humidity readings (e.g. lowest 
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temperature and the lowest Relative Humidity) were registered in 2012. However, the most 

permissive percentiles is calculated for the year 2010; see Table 3.5.1.4. During this year, less 

exceptional but more persisting hygrothermal alterations occurred. For instance, in 2010 

although the minimum registered air temperature was 2°C higher than the minimum one 

registered in 2012, the temperature readings were for 25% of the data population ≤ 19.8°C (at 

the same percentage in 2012 air Temperature readings were up to 20.5°C).  

With regard to Relative Humidity, although in 2010 the minimum registered RH was 6.45% 

higher than the minimum one registered in 2012, Relative Humidity readings were for 25% of 

the data population ≤ 51.70% (at the same percentage in 2012, RH readings were up to 53.50%). 

This explains that the concept of excessive indoor climate disturbance has to do with the 

frequency of its occurrence rather than solely to the absolute exceptionality of the hygrothermal 

value in itself. Indeed, if less outlying values (as in 2010) occur with larger frequency, these are 

more likely to cause an alteration of the target microclimate.  

Although this consideration seems to be trivial, it means that it may be difficult the filtering of 

the “excessive indoor climate disturbance”. Indeed their identification is not straightforward as 

it cannot be based on an unequivocal indicator such as amplitude of the deviation or frequency 

of the deviation, but it rather related to the interrelation between the two.  

Moreover, there may exist cases in which removing the “excessive indoor climate disturbance” 

requires filtering out a large part of the acquired data. Because of this, the approach for getting 

rid of the unavoidable outlying indoor climate circumstances, can more efficiently rely on the 

extension of the monitored period as discussed in the next section and not on the arbitrary 

removal of the “excessive microclimate disturbances” as suggested by the standard. 

 

 WITH influence of indoor climate variations 

 2010 2012 2015 

  
Temperatur

e (°C) 

Relative 
Humidity 

(%) 

Temperature 

(°C) 

Relative 
Humidity 

(%) 

Temperature 

(°C) 

Relative 
Humidity 

(%) 

7th Perc. -2.15 -3.27 -1.43 -3.102 -1.03 -2.61 

93th Perc. 2.19 3.32 1.34 3.003 1.13 2.94 

Table 3.5.1.4. Temperature and Relative Humidity for 2010, 2012, 2015 

 

The mentioned extraordinary too low and too high temperatures (and related RH alterations) 

registered during the 2 years (2010 and 2012) reasonably provoked the lowering of the inferior 

Temperature percentile and the increase of the superior one. Consequently, it followed the 

alteration of the Relative Humidity inferior and superior percentiles. The microclimate 

evaluation for the current year (2015), assessed by using the target range from the years 2010 

and 2012, is compared, in Table 3.5.1.5, to the one assessed by using the target range from 2015. 

The historic data series biased by extraordinary indoor climate fluctuations (2010 and 2012), 

enabled the increase of Relative Humidity and Temperature percentage within the target interval 

respectively by up to 5% and 15% compared to the microclimate assessed on the basis of the 

2015 historic microclimate. 

 
WITH influence of indoor climate variations 

Temperature (2015)   Relative Humidity (2015)  

Interval 2010 Interval 2012 Interval 2015 Interval 2010 Interval 2012 Interval 2015 

98.73% 93.46% 85.98% 90.09% 88.48% 85.98% 

Table 3.5.1.5. Percentage inside the Range in 2015 considering the target range from 2010, 2012, 201 
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3.5.2 Part 2; microclimate analysis based on 10-years microclimate monitoring 

In section 3.5.1, it was observed that the extension of the monitoring period from one to five 

years allowed the relaxation of the inferior and superior Temperature and Relative Humidity 

target limits. Nevertheless, such a condition should be considered specific for the investigated 

room and the investigated period. Indeed, extension of the monitored time, hence the short-terms 

fluctuations dataset, theoretically may lead to a restriction of the microclimate target bounds.  

This occurs because, if calculating inferior and superior percentiles of short-term microclimate 

fluctuations of a given confined environment over a long period, these would be much less biased 

by outlying climate events (as the ones documented in the years 2010 and 2012). Therefore, the 

increase of population of unbiased short-term fluctuations in the dataset, would yield to smaller 

inferior and superior percentiles values. This, simply because the outliers are reduced in 

frequency. Moreover, the obtained percentiles would be more stable and non influenced by 

yearly random variations. This was researched in this second Part of the study and it is shown in 

Fig. 3.5.2.1.a-b. 

Hygrothermal readings from Room 10 were gathered for 10 years (2016-2006). Relative 

Humidity short- term fluctuations were calculated starting from the last monitored year 2016 and 

following back the cumulative historic microclimate until 2006. The inferior and superior 

Relative Humidity percentiles (7th and 93rd) were calculated cumulatively adding one monitored 

year every year. Therefore, the first calculated percentiles are based on the short- term 

fluctuations from 2016, the second calculated percentiles are based on the short- term 

fluctuations from 2016 until 2015, and the eleventh calculated percentiles are based on the short 

–term fluctuations from 2016 until 2006. 

If looking at the black continuous line in Fig. 3.5.2.1 a-b it can be seen that for both inferior and 

superior RH percentiles, after five to six cumulated years, the percentiles trend linearizes. 

Despite yearly variations (see the black triangles which refer to the inferior and superior 

percentiles calculated for each independent year), the percentiles do not substantially vary from 

the established trend.  

In other words, the effect of outlying climatic circumstance is defused by the extension of the 

dataset. However, this does not occur immediately, in the specific case, the convergence to less 

variable percentiles is reached after six years.  

Further, in order to observe by what extent the indoor microclimate at the end of the monitored 

period (2016) differed from the one at beginning (2006), and if substantial variations throughout 

the years occurred, inferior and superior RH percentiles were calculated by means of a forward 

approach instead of backwards one. The RH short-term fluctuations calculation was based on 

the “future climate” rather than on the historic one.  

As expected, if observing the black dashed line in Fig; 3.5.2.1.a-b, it can be seen that, exactly as 

the percentiles calculated on the interval 2016-2006, also the ones calculated on the interval 

2006-2016, tend after a period to linearize. During the first years of “future microclimate”, RH 

percentiles strongly deviated from the linear trend. This occurred because a previous boiler was 

installed. From the moment the current boiler was installed (2011) no appreciable exceptional 

climatic variation occurred until 2016, meaning that the room microclimate is not significantly 

changed since 2012. 

The superimposition of historic and future microclimate allows checking if substantial 

microclimate variation occurred over time, more specifically between the beginning and the end 

of the monitored period. In the specific case, even if a significant climatic variation occurred 

before and after the installation of the new heat generator (with influence on the indoor air 

temperature and relative humidity), the use of long time short-terms fluctuations dataset allowed 

to smooth out these alterations. This yields more robust and representative inferior and superior 

RH percentiles not influenced by random climatic alterations. Moreover, the superimposition of 

historic and future microclimate as well as the independently calculated percentiles for each year, 
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permit better understanding of whether building historic microclimate obtained by undertaking 

1-year monitoring is representative of the building (or space) microclimate history.  Looking at 

the inferior and superior percentiles calculated for each single year, it can be seen that these often 

deviate from the linear tendency of the long- term historic building microclimate. For this reason 

a historic climate calculated on 1-year hygrothermal monitoring is not always representative of 

the long- term historic building climate.  

 

 
 

 
 

Fig. 3.5.2.1 a-b; Inferior (a, above) and Superior b (below) RH percentiles calculated on the historic microclimate 

(2016-2006), future microclimate (2006-2016) and current year 

 

3.6 CONCLUSIONS 

The study allowed understanding of the extent of the alteration likely to be caused by events of 

“excessive indoor climate disturbance” on the definition of the inferior and superior 

hygrothermal percentiles to be used for the determination of the building microclimate range.  

As the EN 15757 standard does not provide a definition of what excessive disturbance is, in the 

study two periods with outlying indoor climate were investigated. During the years 2010 and 

2012, both heating system failure and summer overheating were documented in the exhibition 

room 5 of the museum. Although the readings from 2012 showed the largest absolute 

hygrothermal alteration (compared to 2010), hence the largest deviations from the seasonal 

fluctuations, the calculated inferior and superior percentiles were more relaxed for the year 2010. 

This occurred because, though less outlying indoor climate was registered in 2010, the frequency 

of the hygrothermal deviations was larger. 

In the light of the mentioned results  it can be concluded that the alteration of the inferior and 

superior hygrothermal percentiles -caused by exceptional indoor climate events- has to do with 

the frequency of event occurrence rather than solely with the absolute exceptionality of the 
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hygrothermal deviation from the seasonal fluctuation. Though this consideration seems to be 

trivial, it may make difficult the process of filtering out the readings from “excessive indoor 

climate disturbances”. Indeed their identification is not straightforward because it cannot be 

based on an univocal cut-off such as amplitude of the deviation or frequency of the deviation, 

but rather it has to do with the interrelation between the two.  

For overcoming the bias given by excessive variations of the indoor climate, a good practice can 

be the extension of the monitoring period instead of the elimination of hygrothermal readings as 

suggested by the EN 15757 standard. Indeed the effect of abnormal hygrothermal records 

becomes negligible on a multiyear dataset. In this regard, the analysis performed allows us to 

understand the influence of the hygrothermal monitoring duration on both inferior and superior 

percentiles used for the determination of the microclimate-target in historic buildings and 

museums.  

In order to allow such an understanding, the RH percentiles calculated from ad-hoc created short-

term fluctuations datasets (based on 10-years hygrothermal monitoring in exhibition room 10) 

were analysed. More specifically, the inferior and superior percentiles with regard to the 

cumulative historic microclimate and future historic climate were calculated (namely calculating 

the cumulative short –term fluctuation backwards and frontwards). The evolution of the 

percentiles over the period was also compared with the percentile values calculated for each 

independent year. The results were plotted on a graph.  

From the superimposition of the obtained inferior and superior percentiles, it was observed that 

both inferior and superior RH percentiles, after five to six cumulated years, tend to linearize, this 

despite the occurrence of yearly variations. In other words, after a given interval, any effect of 

outlying climatic circumstance is dampened and the percentiles converge towards a less variable 

historic microclimate. The same was observed with regard to the percentiles obtained from the 

future microclimate. After the initial randomness of the percentile values attributable to the 

previous heat generator, the percentiles converged towards the historic microclimate calculated 

from the moment the boiler was replaced.   

According to the objectives of this study I wanted to observe if the use of 1-year hygrothermal 

monitored readings is representative of the building historic microclimate and, as suggested by 

the EN 15757, the latter can be used for the determination of the microclimate target, hence 

HVAC setting. From the performed analysis it was observed that the inferior and superior 

percentiles calculated for each single year often deviate from the linear tendency of the long- 

term historic building microclimate calculated with cumulative historic and future microclimate. 

For this reason a historic climate calculated on 1-year hygrothermal monitoring can not always 

be considered representative of the long- term historic building climate.  

In the author’s opinion, calculating the inferior and superior percentiles for the determination of 

the microclimate target on the basis of a long-term building instrumental monitoring, is the best 

option for allowing robust building microclimate-target calculation and management.  

However, acknowledging the difficulty of implementing long-term infield microclimate 

monitoring (for the buildings not yet equipped with a microclimate control), it can be advised to 

developed a physically calibrated model of the building (or space needed to be studied) and 

deriving the historic microclimate on its basis. After having (physically) calibrated the building 

model microclimate with current weather data series, the practitioner may utilize historic weather 

data series to input in the model (instead of the current weather data) for obtaining the indoor 

microclimate in the past. This process can be basically extended to the past of the building if 

knowing the building modifications and if accurate monitored historic weather data are available.  

 

 





 

 

4 People thermal comfort 
 

 

 

 

 

 

Beside the evaluation of microclimate quality for cultural (movable and immovable) objects 

discussed in the previous Chapter, the research aimed at evaluating people thermal comfort by 

means of subjective monitoring and statistical modelling. 

The study analysed the variation of people Thermal Sensation Vote (TSV) according to indoor 

air temperature variation and semantic variation of the TSV scale as provided in the 

questionnaire. 

Moreover, the study assessed the willingness of people to reduce part of their own thermal 

comfort to allow better cultural heritage preservation. In order to accomplish the latter 

objective, and to shed some light on the conflict between thermal comfort needs in heritage 

buildings and museums (see section 3.1.2 in the previous Chapter), the analysis was undertaken 

in a museum.   

In the Bruegel exhibition hall of the museum Mayer van Den Bergh (room 5 in the previous 

Chapter), both experimental monitoring and administration of questionnaires to visitors were 

undertaken throughout 1-year. 
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4.1 INTRODUCTION 

The use of thermal physiological models does not necessarily allow accurate estimation of people 

thermal sensation when assessed in uncontrolled environments. This because of the always 

different people thermal adaptive possibilities occurring in everyday environment and because 

of thermal sensation unsteadiness in transitional circumstances.  

Although it is proven that adaptive behaviour of people has a bearing on the thermal sensation 

perception, the different people adaptive possibilities cannot be satisfactorily accounted for by 

thermo-physiological models. An often reported example of a thermo-physiological model 

failing to take into account people thermal adaptability is the Fanger’s Predictive Mean Vote 

(PMV), integrated in the ISO 7730:2005 [146][147], M. A. Nico et.al in [148] observed that 

PMV model establishes an unrealistic (linear or quadratic) dependence between (predicted) 

sensation vote and clothing thermal resistance, see Fig. 4.1.1.  

 

 

Fig. 4.1.1; Observed Actual Mean Vote (AMV) and PMV Vs Clo, in [148] 

 

In reality such a dependence does not exist because people adjust their clothing in order to reach 

thermal neutrality (or somehow thermal comfort) and not for voluntary increasing their thermal 

discomfort. In Fig. 4.1.1, it is shown that the Actual Mean Vote (AMV) quantified in [148] by 

means of subjective assessment (questionnaire) and developed on the same logical scale as the 

PMV, is scattered  above and below the zero and does not show any noteworthy distribution. 

Therefore, the false relationship between clothing resistance and thermal sensation vote 

calculated with the PMV model may be explained by the incapability of the latter in accounting 

for people adaptive behaviour. This was concluded, among the others, by A. M. Molina et al in 

[149][150] and by A.K. Mishra et al in [151]. 

Underestimating people adaptability (e.g., thermal, psychological, cultural, etc.) is not only a 

shortcoming of the PMV, but it is a limitation of any thermal model if solely developed on the 

basis of environmental and other physical quantities.  

Given that, not only measurable physical quantities have a bearing on the thermal perception 

(there exist latent aspects impossible to be contrasted by means of measuring thermo-

physiological quantities) and given that these aspects can be implicitly accounted by directly 

interviewing people on their actual thermal sensation, often subjective thermal comfort 

assessment approach is preferred over objective one. According to K. Fabbri in [60], subjective 

thermal comfort assessment can be used to assess the relationship between psychological, 

cultural and social aspects of a person on her/his thermal sensation. 

For establishing a possible relationship between people thermal sensation variation and indoor 

microclimate variation, subjective assessments rely on probability models or other statistical 
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models. Because of this, the correctness of the selected model, the structure of the questionnaire 

and of its wording, the characteristics of the monitoring campaign and data acquisition (time-

spatial resolution, loggers positon etc.) as well as the typology of the used scale for acquiring the 

thermal perception (continuous data, ordinal data etc.) are aspects requiring analysis as strongly 

influencing the thermal comfort assessment results.  

Subjective thermal comfort assessments, as the one proposed in this Chapter, have the advantage 

of quantifying thermal sensation by directly asking building users about their current thermal 

perception. In such a way, the obtained results are related to actually experienced thermal 

sensation rather than to a predicted mean sensation likely to be experienced by a typical person 

regardless of adaptability power, country of residence, thermal preference, etc.  

In the author’s opinion, such approach, may allow delivering building-specific thermal comfort 

assessment results. Indeed, although these results may be perhaps less generalizable and useful 

for external comparison between different buildings, they are surely richer in insights for 

conducting appropriate building optimisation and management.  

Thermal sensation quantification by means of subjective assessment, is also possible if 

monitoring less parameters than the ones often required by the commonly used thermo-

physiological models. This occurs because, not all the parameters found to have a bearing on the 

thermal sensation when assessed in controlled environment, are observed to be equally robust or 

significant when assessing the thermal sensation in every-day thermal environments [152].  

In other words (and apologizing for the redundancy), not all the parameters observed to influence 

people thermal comfort in controlled environment, result statistically significant for predicting 

people thermal sensation in uncontrolled environments. Consequentially, large variance of the 

predicted sensation can often be explained by less parameters used as explanatory variables; 

meaning that even if some physical quantities have been not monitored, their contribution to the 

explanation of the total variance is tiny and would not allow for a large improvement of the 

model.  

This observation does not only have a statistical relevance, but also an economic and 

methodological one because, in such a way, less hygrothermal variables need to be monitored. 

Studies in the Literature report about robust predictive models of people thermal sensation (TSV) 

by only measuring indoor air temperature [153][61].  

This obviously does not mean that additional physical quantities, used for instance in the PMV 

calculation, are worthless for predicting people thermal sensation, but it rather means that the 

use of temperature as explanatory variable in predictive models, is often found sufficient for 

obtaining accurate predictions of people thermal sensation and the addition of other parameters 

only marginally increase the total model accuracy (additional explained variance). Moreover, the 

use of redundant, or implicitly correlated, physical quantities, may yield to multicollinearity in 

regression models [154][155]. 

In [61], H. Djamila et.al conducted a study targeted at identifying people thermal perception 

(expressed on the categorical TSV scale) by means of in-field environmental monitoring 

combined with questionnaires administration. The authors observed that dry bulb and globe 

temperatures, because of their robust correlation with TSV, were the two quantities allowing the 

best TSV prediction. However, the two parameters were reasonably found to be correlated with 

other. Therefore, the authors used only air temperature as explanatory variable within the 

developed (Logit, Probit and Quadratic) regression models. The other measured physical 

quantities (air velocity, relative humidity, water vapour pressure, metabolic rate and clothing 

resistance) were covariates marginally significant in increasing the predictive capability of the 

model. Air temperature gave the larger explained variance and allowed in its own accurate TSV 

prediction. 

 

On the basis of the above, and considering that often heritage buildings and museums are already 

equipped with air temperature and relative humidity data loggers, in the author’s opinion, it is 
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worth developing models (though less accurate than thermo-physiological ones) capable of 

predicting TSV by means of the use of the data sampled by the already existing instruments 

combined with people interviews (questionnaires).  

Such a practice, would allow continuous verification of people thermal perception and its 

variation across the building. Moreover, the combination of both 1) people thermal sensation 

prediction and 2) microclimate control for preventing risk of microclimate-induced mechanical 

deterioration of the cultural objects (as discussed in the previous Chapter) would lay the basis 

for a continuous multi-objective IMQ assessment and certification of heritage buildings. 

In the author’s opinion, IMQ continuous certification as the mentioned one is essential, for 

allowing real- time identification of failures, hence risk of discomfort for building users or 

microclimate hazards for the cultural heritage. Moreover, such a practice, may be a rapid way 

for diagnosing abnormal building energy consumptions. The theory behind multi-objective IMQ 

assessment and certification (for building users and cultural objects) as envisioned by the author 

as well as a case-study application are discussed in chapter 7 and 8. 

4.2 STUDY OBJECTIVES  

The study discussed in this Chapter was performed in room 5 of the museum Mayer van den 

Bergh between the years 2015-2016. During the monitored year, both subjective and objective 

Indoor Thermal Comfort (ITC) assessment of building users (museum visitors and employees) 

was performed. People ITC was respectively evaluated according to both Predicted Mean Vote 

(PMV) and Actual Mean Vote (AMV).  

However, as the implicit objective of this Chapter is to assess the validity of subjective 

assessment for the purpose of ITC analysis,, the here discussed study methodology and results 

only focus on the ITC subjective assessment, hence on the AMV analysis. More specifically, the 

study wanted to answer to the objectives reported at points from 1 to 4.  

 

1) Quantifying the indoor temperature likely to cause the mean variation of TSV intervals, hence 

predicting the neutral temperature interval (and deviation from it) as felt by the questionnaire 

respondents; 

2) Testing the degree of willingness of museum visitors to reduce part of their own thermal 

comfort if necessary for a better preservation of cultural objects. Such a specific circumstance is 

termed in the Chapter: “cultural adaptability”.  

 

Beside the main objectives reported at points 1 and 2, the study focussed on two fundamental 

concerns to be considered during ITC assessment when developed on subjective monitoring and 

successive statistical modelling.  

Because in subjective monitoring the thermal sensation is evaluated on non-continuous scales, it 

is fundamental to understand the relation between the stepwise TSV variation and the continuous 

variation of temperature or other hygrothermal parameters. However, in the study the analysis 

was limited to temperature. Moreover, it is also important to assess if there exists a symmetric 

tendency in the upper and lower alteration of the categorical TSV consequent on temperature 

increase or reduction.  

Furthermore, as the mentioned TSV scale in the questionnaire is developed on the basis of text 

logic syntaxes, the accuracy of the wording provided in the questionnaire answers needs to be 

tested as being not a robust metric scale. Indeed each respondent may establish a different 

relationship between wording semantic and thermal perception. In other words, upon 

questionnaire compilation, at a given temperature, different people may feel to be “too warm”, 

“warm” or “slightly warm”. Indeed, the meaning of “slightly warm”, “warm” or “too warm” may 

be explained by different increase of air temperature depending on the people thermal sensibility. 
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With regard to the considerations mentioned, the study wanted to answer to the objectives 

reported at points 3 and 4. 

 

3) Analysing the magnitude in terms of TSV variation, attributable to the semantic of the 

multiple-choice (categorical) scale provided in the questionnaire; 

4) Analysing the sensitivity of TSV alteration to stepwise temperature increase or decrease.  

 

The wording of the thermal sensation scale as considered in this and in the large majority of 

subjective thermal comfort assessment studies, is based on the ISO 10551:1995 [156]. This 

standard offers guidance on the categorical (ordinal) scale construction for both thermal 

sensation and acceptability vote. As mentioned, issues may rise especially with regard to TSV 

(for both thermal perception and preference) as this metric implies that the respondents shall give 

a nuanced answer about their thermal comfort status.  

Indeed, although thermal sensation and thermal acceptability are developed on basis of a robust 

logical scaling (categorical ordinal for the first and categorical dichotomous for the second), 

respondents may differently interpret the semantic variation between words. This may result in 

biased or unrepresentative declared TSV.  

Another important aspect upon subjective thermal comfort analysis is the sensitivity of thermal 

sensation variation according to continuous indoor microclimate variations. In other words, it is 

worth analysing whether or not the increase of e.g., one unit of air temperature, is sufficient for 

exerting the variation of the thermal sensation vote by one unit, and if this variation is symmetric 

upon both temperature increase and decrease. With this regard it is also important to study which 

curve TSV follows under the stepwise increase or decrease of air temperature. It may be 

reasonable to believe that, depending on the thermal sensation being experienced at the moment 

of the questionnaire compilation, a certain air temperature increase or decrease does not generate 

identical and symmetrical TSV variation. All these aspects together are analysed in the study and 

discussed in this Chapter. 

4.3 STUDY METHODOLOGY  

The study discussed here was performed in the Bruegel exhibition room at the first floor of the 

museum Mayer van den Bergh. In the same room was performed Part 1 of the study discussed 

in Chapter 4. 

During the research there was continuous microclimate monitoring of air dry bulb Temperature 

(°C), Relative Humidity (%) and CO2 concentration (ppm). Moreover during the months 

February-May 2016, Operative Temperature (°C), Radiant Temperature (°C or W/m2) and air 

velocity (m/s) were continuously measured for allowing PMV calculation. However, as 

discussed in section 4.2, the latter part of the study is not here discussed as being out of the 

specific scope of this Chapter. 

The outdoor parameters were obtained from the nearby Antwerp- Deurne weather station. 

People-related parameters such as metabolic rate (Met) and clothing thermal resistance (clo) 

were calculated respectively following the ISO 8996:2004 and ISO 9920:2007 [157][158] on the 

basis of information obtained per respondent from the compilation of structured questions in the 

questionnaire (see section 4.3.1).  

4.3.1 Subjective ITC monitoring by means of questionnaire 

In summer 2015 (August-September) a pilot test was performed for testing the developed 

questionnaire and from November 2015 until December 2016 the questionnaire was 

administered (with minor modifications) to museum visitors. 



74 

 

The questionnaire, developed on the basis of the ISO 10551:1995 [156] was structured around 

23 questions to be answered by means of multiple-choice or free answers; see Fig. 4.3.1.1 and 

4.3.1.2.   

Next to personal questions related to subject gender, age, country of residence and education 

level (questions 1 to 4), the subject was asked to describe the typology of garments and fabric 

worn at the moment of the questionnaire compilation following an example provided in the 

questionnaire itself (question 5). Further, the subject was asked to give a description of the 

activities performed in the previous 60 minutes, possibly by breaking down the time interval per 

each activity (question 6). Questions 5 and 6 allowed calculating respectively clothing thermal 

resistance and metabolic rate per respondent. In the absence of complete information from 

answer 5, the given respondent was accorded the daily mean of clothing resistance from the other 

respondents according to the gender. After the mentioned introductory questions, the 

questionnaire was divided into hygrothermal comfort (Part 2), Lighting comfort (Part 3), Global 

comfort (Part 4) and comfort for the collection (Part 5). In the latter part, the subject was asked 

to answer about willingness to allocate part of her/his thermal comfort for the sake of a possible 

better preservation of the museum collection. In order to numerically quantify the declared 

willingness of the respondents to reduce their thermal comfort for the benefit of the housed 

heritage objects preservation, the provided multiple-choice answers in Part 5 were structured 

consistently to the ones in Part 2. 
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Fig. 4.3.1.1; Questionnaire English version page 1/2 

 

The provided questions were developed on categorical ordinal scaling with regard to perception 

and preference assessment (e.g. how do you feel in this moment? or how do you wish to feel in 

this moment?) and categorical dichotomous scale for acceptability assessment (e.g. how do you 

evaluate the temperature in this room?).   

The perception and preference assessment questions were structured on two poles with seven 

degrees of symmetrical ordinal scale, with a central null point representing respectively 

neutrality or indifference for the perception or preference assessment. While the questions related 

to acceptability assessment were structured on two poles with 2 degree of nominal scale 

(dichotomous) representing the acceptance or non acceptance of the current microclimate 

conditions [156].  
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Fig. 4.3.1.2; Questionnaire English version page 2/2 

 

Each subject was instructed on the questionnaire at the moment of the museum ticket purchase 

(at the ground floor) and was requested to fill it in only in Room 5 (at the first floor). Museum 

keepers, controlled that the research participants compiled the questionnaires in the foreseen 

room. 

According to the average visiting paths and time period, each visitor arrived in Room 5 about 30 

minutes after the ticket purchase. Such time interval allowed a conditioning of each subject to 

the museum microclimate prior to the questionnaire compilation. Considering that the museum 

is equipped with the same heating system (and set-point temperature) and considering that during 

the cooling period the visitors may enter into an air-conditioned part of the building after the 

visit to room 5, it is assumed that all the respondents underwent identical microclimatic 

acclimatisation. 
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4.3.2 Statistical modelling 

According to what was discussed in the previous section, although the monitored physical 

variables are measured and generally elaborated on continuous scales30, upon questionnaires 

compilation, the respondent answers to the current environmental stimuli in terms of perception 

and preference are delivered on categorical scales. It is understandable that any data post-

processing or statistical elaboration should take into account this specific data typology. Indeed, 

several parametric tests or regression models cannot be run with categorical variables or with a 

mix between continuous and categorical variables. 

Among the models that do not allow to regress continuous variables (e.g. temperature) on the 

basis of categorical predictors (e.g. TSV) or vice versa are the simple or multiple regression. 

Attempting to perform, e.g. a simple regression by using both covariates and categorical 

variables, does not allow meaningful results. This is clearly shown in Fig. 4.3.2.1,  where, as an 

example, the indoor temperature readings for the whole monitored period are plotted against 

TSV.  

 

 
Fig. 4.3.2.1; TSV versus indoor air temperature from total dataset 

 

Fig. 4.3.2.1 shows clearly that no regression line can be drawn because of the different scales 

between the two considered variables. Despite this consideration, thermal comfort studies, often 

resort to linear regression models for quantifying the TSV variation at the variation of indoor air 

temperature or other hygrothermal parameters. In other words, often it is attempted to predict 

TSV on the basis of acquired microclimate readings. In the majority of the cases, such prediction 

results in extremely poor determination coefficients (R2).    

In a study from H. Feriadi et. al [159], linear regression between operative indoor temperature 

and TSV was performed for obtaining the neutral temperature. Similarly, in a study from S. 

Kumar et. al. [160], different linear regression models were used  in order to find the possible 

correlation between measured parameters (e.g. operative temperature, globe temperature and dry 

bulb temperature) and thermal sensation vote obtained from questionnaires. A. Martinez-Molina 

et. al. in [149], used simple linear regression for finding the relationship between TSV and indoor 

dry bulb air temperature. The comparison between different regression models for observing the 

                                                           
30 Often the measured physical parameters are elaborated by binning the values in homogeneous intervals, this procedure 
automatically transforms the continuous scale of the given parameter in a categorical (ordinal) scale made of intervals 

of values.   
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relation between indoor temperature variation and TSV stepwise variation was also studied by 

H. Djamila et. al in [61][153]. However, only in the last two studies, was it acknowledged that 

the obtained low determination coefficient (for the simple linear regression) was most likely 

caused by the use of covariates for the prediction of categorical variables and vice versa. 

Moreover, the authors also observed that thermal comfort studies based on large infield acquired 

data tend to flatten the determination coefficient.  

 

In the present study, in order to answer to objectives 1 to 4 reported in section 4.2, resorted was 

made to Pearson chi-square test and Analysis of the Variance (ANOVA). More specifically, the 

chi-square test was used for observing the relationship between categorical variables (both 

dichotomous or ordinal), while ANOVA was used for assessing the relationship between a 

continuous variable (in this case indoor dry-bulb air temperature) and the mean variation between 

groups of a categorical variable (in this case TSV).  

Though ANOVA is actually thought as a test of mean independence between different groups of 

a given variable31, as it relies on the use of the F ratio (namely the ratio between systematic 

variance to unsystematic variance), in fact it can be considered a special case of regression model 

wherein categorical variables are admitted [154][155]. It is worth mentioning that the statistics 

used in the study were developed with IBM SPSS Statistics, version 24. 

4.3.2.1 Pearson chi-square test 

The Pearson chi-square test is a model for analysing the association between categorical 

variables. Although the test measures the relationship between categorical variables, it does not 

allow prediction of categorical variables on the basis of categorical predictors. This study tested 

the association between one pair of categorical variables per time.  

The chi-square test is based on the process of comparing the observed frequencies registered in 

certain categories to the frequency that may be expected in these categories by chance (random 

frequency).  

A general chi-square statistic can be expressed by Eq. 4.1 from [155]. The equation represents 

the summation of each deviation of observed frequencies from the ones of the model, 

standardized by the total amount of the model observations.  

 

𝑋2 = ∑
(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑖𝑗 − 𝑚𝑜𝑑𝑒𝑙𝑖𝑗)

2

𝑚𝑜𝑑𝑒𝑙𝑖𝑗
 Eq. 4.1 

 

Where “i” and “j”, represent respectively a row and a column in the contingency table. The 

contingency table is the cross tabulation in which the observed frequencies for each category in 

each group of the variables are given. While “model” represents the total frequencies of the 

model and is given by Eq. 4.2. in [155]. 

 

𝑚𝑜𝑑𝑒𝑙𝑖𝑗 =
(𝑟𝑜𝑤𝑡𝑜𝑡𝑎𝑙  ·  𝑐𝑜𝑙𝑢𝑚𝑛𝑡𝑜𝑡𝑎𝑙)

𝑛
 Eq. 4.2 

 

Where “n” is the total of the observed frequencies reported in the contingency table, while “row 

total” and “column total” refers to the total of rows and columns from the contingency table.  

In this study, the chi-square statistic was used for partially answering to objective 2 in section 

4.2. More specifically it was used to test if there existed a non-random association between 

thermal sensation perceived by the museum visitors at the moment of the questionnaire 

compilation and their answer in relation to the willingness to reduce their comfort for improving 

                                                           
31 similar to the t-test of mean independency, discussed in Chapter 6, but with more levels simultaneously assessed 
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(if needed) the IMQ for better preserving the cultural heritage. In other words, the test allowed 

to observe if museum visitors wanted to reduce their thermal comfort independently from the 

thermal sensation experienced at the moment of the questionnaire compilation.  

The null hypothesis tested with regard to the chi-square statistics is that no relationship exists 

between the assessed variables.  

4.3.2.2 ANOVA, analysis of the variance 

Beside the measure of association between (categorical) variables, the study wanted to assess the 

temperature variation associated to the stepwise increase or decrease of TSV expressed by each 

respondent. To make this quantification the ANOVA model was used, considering as predictor 

the TSV (categorical variable subdivided in the different groups), while as predicted variable the 

indoor air dry-bub temperature (a covariate). ANOVA is a regression model in which the 

predictors are categorical variables and the predicted outcome is a continuous variable. 

As already mentioned in section 4.3.2, ANOVA allows comparison between the ratio of 

systematic variance to the one of unsystematic variance. This ratio, generally known as “F ratio”, 

is a metric allowing to compare how good a regression model predicts the given outcome on the 

basis of the total residual error of the model (goodness of fit).  

When ANOVA is developed on the basis of two or more groups of a given categorical variable 

(e.g. the different TS Votes), in the multiple regression model the different categories are entered 

after being dichotomized. After categorical variables dichotomization, the multiple regression 

equation is fitted as a general linear model. For instance, if we want to measure the outcome of 

a continuous variable on the basis of two categorical variables where the second one is in turn 

divided in two sub-groups, the model is built according to Eq. 4.3.  

In the equation it can be seen that the continuous variable can be predicted by knowing the group 

membership code and the model intercept (𝑏0). The base category is coded as 0, while the second 

category is coded according to the sub-group category membership. 

 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑖 = 𝑏0 + 𝑏2(𝑔𝑟𝑜𝑢𝑝1𝑖) + 𝑏1(𝑔𝑟𝑜𝑢𝑝 2𝑖) + 𝜀𝑖 Eq. 4.3 

 

In Eq. 4.3, “Continuous” is the predicted continuous variable while (𝑔𝑟𝑜𝑢𝑝1𝑖) and (𝑔𝑟𝑜𝑢𝑝2𝑖) are 

the code of the sub-group membership of the second categorical variable. 𝜀𝑖 represents the model 

residuals. The dichotomous coding for each group is reported in Table 4.3.2.2.1. 

 
Group membership (categorical 

variable) 

Sub-group 1 membership Sub-group 2 membership 

Group 1 (variable 1) 0 0 

Group 2 (variable 2) 0 1 
Group 1 (variable 2) 1 0 

Table 4.3.2.2.1; Example of categorical variables dichotomisation in ANOVA 

 

According to the dichotomous codes given to each group category in Table 4.3.2.2.1, Eq. 4.3 can 

be rewritten. The first term (Group 1, variable 1) is obtained as given in Equations 4.4 and 4.5. 

 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑖 = 𝑏0 Eq. 4.4 

𝑏0 = 𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 1  Eq. 4.5 

 

The predicted continuous variable will be the mean (σ) of “group 1, variable 1”. In other words, 

the regression model intercept (𝑏0) is the mean of the base category, in this case “group 1, 

category 1”. 
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If replacing the dummy codes from Table 4.3.2.2.1 in Eq 4.3 for predicting the continuous 

variable of the first group in the second categorical variable (group 1, variable2), the model can 

be written as in Equations 4.6 and 4.7. 

 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑖 = 𝑏0 + (𝑏2 · 1) + (𝑏1 · 0) Eq. 4.6 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑖 = (𝑏0 + 𝑏2) Eq. 4.7 

 

As already observed, (𝑏0) is the mean of “group1, variable1”. Therefore the model can be written 

as in Equations from 4.8 and 4.9. 

 

𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 2 = 𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 1 + 𝑏2 Eq. 4.8 

𝑏2 = 𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 2 − 𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 1 Eq. 4.9 

 

Therefore (𝑏2) represents the difference between the means of “group 1, variable 2” and “group 

1, variable 1”. If replacing in Eq. 4.3, the dummy codes for the second group of the second 

variable (group 2, variable 2), the model can be written as in Equations 4.10 and 4.11. 

 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑖 = 𝑏0 + (𝑏2 · 0) + (𝑏1 · 1) Eq. 4.10 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠𝑖 = (𝑏0 + 𝑏1) Eq. 4.11 

 

By already knowing that the model intercept is the mean of the base category (group 1, variable 

1), the predicted continuous value for the second group of the second variable (group 2, 

variable2) can be calculated as reported in Equations 4.12 and 4.13. 

 

𝜎𝑔𝑟𝑜𝑢𝑝2,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 2 = 𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 1 + 𝑏1 Eq. 4.12 

𝑏1 = 𝜎𝑔𝑟𝑜𝑢𝑝2,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 2 − 𝜎𝑔𝑟𝑜𝑢𝑝1,𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 1 Eq. 4.13 

 

Therefore, (𝑏1) represents the difference between the means of “group2, variable 2” and 

“group1, variable1”. 

The “F ratio” expressing the goodness of the model fit is used for testing the accuracy of the 

model. As already mentioned, it verifies if the use of the groups means (as described above) for 

predicting continuous values from groups membership is significantly better than using the 

overall mean of the model.  

The terms of the regression model are (𝑏0) representing the mean of the base category (group 1, 

variable1), (𝑏2) representing the difference between the means of the first group in the second 

variable (group 1, variable 2) and the base category and finally (𝑏1) representing the difference 

between the means of the second group in the second variable (group 2, variable2) and the first 

and the base category (group 1, variable 1). What is analytically in Equations 4.5, 4.9 and 4.13 

can be explained graphically in Fig. 4.3.2.2.1. 
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Fig. 4.3.2.2.1; on the vertical axes the predicted continuous variable, on the x axes the gathered observations; the red 

points and red horizontal line, records of the first categorical variable and related mean (group1, variable 1); green 
points and horizontal line, records of the second group in second categorical variable and related mean (group 2, 

variable 2); blue points and horizontal line, records of the first group in the second categorical variable and related 

mean (group 1, variable 2); b1 and b2 regression coefficients calculated in Equations 4.9 and 4.13;  Black horizontal 
line, grand mean of the model representing the mean of all the observations; Figure adapted from [155] 

 

The amount of variation within the data (total Sum of Squares, SST) is expressed by Eq. 4.14, as 

the summation of the squared difference between each observation and the grand mean of the 

model (mean of all the observations, see black horizontal line in Fig. 4.3.2.2.1).  

 

𝑆𝑆𝑇 = ∑(𝑥𝑖 − 𝜎𝑔𝑟𝑎𝑛𝑑)
2

𝑁

𝑖=1

 Eq. 4.14 

 

Where “i” is a given observation; “xi” is the value for each observation and “σgrand” is the mean 

of all the observations. Eq. 4.14 expresses the total variance within the data (SST).  

In order to calculate how much of this variation can be explained by the model, we must calculate 

the total variation within the model (model sum of squares , SSM) which is given by Eq. 4.15. 

 

 

𝑆𝑆𝑀 = ∑𝑛𝑘(𝜎𝑘 − 𝜎𝑔𝑟𝑎𝑛𝑑)
2

𝑁

𝑘=1

 Eq. 4.15 

 

Where “k” is a given group in the considered categorical variables (in the explanation above it 

were considered 3 groups); “σk” is the mean value for each group and “σgrand” is the mean of all 

the observations. Eq. 4.15 expresses the total variance within the model (SSM).  

In Equations 4.14 and 4.15, calculate respectively the existing variation within the data (SST) and 

how much of this variation can be explained by the ANOVA model (SSM).  

Further, for calculating the model residuals (SSR) we can simply subtract the variance calculated 

by the model (SSM) to the current variance within the data (SST); see Eq. 4.16. 

 

𝑆𝑆𝑅 = 𝑆𝑆𝑇 − 𝑆𝑆𝑀 Eq. 4.16 
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Eq. 4.16, explains the model residuals, namely how much of the existing variance cannot be 

explained by the model. 

As mentioned at the beginning of this section, in ANOVA, the goodness of the model fit can be 

calculated by means of the “F-ratio” which is the ratio between the model systematic variance 

on the model unsystematic variance. In other words it represents the ratio between the variance 

explained by the model and the model residuals; see Eq. 4.17. It is understandable that if “F-

ratio” is lower than 1, it means that the model represents a non-significant effect. This because 

the model unexplained variance is greater than the model explained variance. 

 

𝐹 =  
𝑀𝑆𝑀

𝑀𝑆𝑅

 Eq. 4.17 

 

 

Where MSM is SSM divided by the degrees of freedom of the model and MSR is SSR divided by the 

degrees of freedom of the model. The degrees of freedom of the ANOVA model are the group 

of membership considered in the model minus 1. According to the explanation given above, 

where three groups membership considered, therefore, the ANOVA model was characterized by 

2 degrees of freedom. 

4.4 STUDY RESULTS 

On the basis of the results from the 1-year monitoring (2015-2016) in room 5 of museum Mayer 

van den Bergh, consistently with the conclusions from chapter 3, the microclimatic stability of 

the room can be seen. In Table 4.4.1 are reported descriptive statistics for the monitoring 

parameters measured throughout the entire year and from February until May 2016 (Operative 

Temperature, Mean Radiant Temperature, Air velocity). 

 

 Minimum Maximum Mean Range Std. Deviation 

Dry bulb Temperature (°C) 19.50 27.50 22.75 8.00 1.96 

Relative Humidity (RH) 46.00 66.00 53.63 20.00 2.32 

Delta Temp Outdoor-Indoor (°C) -4.30 26.25 9.11 26.25 5.77 

CO2 (ppm) 227.10 1390.00 584.32 1162.9 144.47 

Operative Temperature (°C) 19.10 25.00 21.31 5.90  

Mean Radiant Temperature (°C) 19.15 24.85 21.35 5.70  

Air velocity (m/s) 0.00 0.90 0.07 0.90  

 Table 4.4.1; Descriptive Statistics for measured Indoor microclimate quantities 

 

In the face of up to 26.25°C temperature difference indoor-outdoor, the indoor temperature (dry 

bulb temperature) varied in the room of maximum 8°C throughout the entire year, evidencing 

the good temperature control in the room. Indoor RH varied throughout the year by up to 20%, 

also in this case evidencing the fair RH control ensured by the humidifiers. Mean radiant and 

Operative temperature (between February-May 2016) reasonably show lower yearly-basis range 

of variation compared to dry-bulb air temperature, always lower than 6°C. It should be 

mentioned that the shutters and windows are constantly kept closed in the room to avoid direct 

solar gains and air infiltration. Air velocity was constantly lower than 1m/s.  

Tables 4.4.2 reports the total- period correlation coefficient (R) between indoor air temperature 

and clothing resistance (contrasted for gender). The negative and significant relationship (p 

0.001) evidences the occurrence of people adaptation -by means of clothing adjustment- to 

temperature variation.  
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 Male Female 

Pearson Correlation  Temperature Indoor (°C) Clothing (clo) Temperature Indoor (°C) Clothing (clo) 

Indoor Temperature 1.00 -.346 1 -0.334 

Clothing  -.346 1.00 -0.334 1 

All the correlations were significant at the 0.01 level (2-tailed) 

Table 4.4.2; Correlation indoor air temperature, clothing resistance 

 

A study performed by M. Humphreys et. al. [161] evidenced that thermal adaptation (by means 

of clothing adjustment) may occur with more probability within Operative temperature range 

between 18°C-28°C. Beyond the upper and lower values of this interval, no significant clothing 

resistance variation is likely to be observed. Similar conclusion were also argued by H. Djamila 

et.al in [61] for which thermal adaptability tends to an asymptotic maximum. Indeed, beyond a 

certain temperature, people adaptive behaviour reaches its maximum and no longer is it possible 

to establish a linear variation with the temperature.  

In the author’s opinion, the adaptive power of people by means of clothing adjustment (and thus 

its asymptotic maximum) is not only dictated by the temperature range in itself, but also by time 

predicted to be spent in the space where the questionnaire is administrated and by the venue in 

itself. Indeed, regardless of temperature, for sure in residential buildings, larger thermal 

adaptability (by means of clothing adjustment) can be found compared to museum buildings 

where visitors spend only part of their time, otherwise spent outdoor.  

the specific study, indeed, could not assess the full power of people comfort adaptability (by 

means of clothing adjustment) because people clothing were reasonably more tuned to the 

outdoor environment (in which people spent longer time) rather than to the museum environment 

wherein they only programmed a short visit. Indeed, the correlation coefficient between clothing 

thermal resistance and outdoor temperature is larger than the one between clothing resistance 

and indoor air temperature; see Table. 4.4.3.  

 
 Male Female 

Pearson Correlation  Clothing (clo) Outdoor Temperature (°C) Clothing (clo) Outdoor Temperature (°C) 

Clothing (clo) 1.00 -.449 1 -0.401 

Outdoor Temp -.449 1.00 -0.401 1 

All the correlations were significant at the 0.01 level (2-tailed) 

Table 4.4.3; Correlation outdoor air temperature, clothing resistance 

 

4.4.1 TSV-Indoor Air Temperature variation 

The total distribution of the TSV frequency per each 0.5°C bin of indoor air temperature is 

reported in Table 4.4.1.1. Visibly, during the 1-year monitoring the sensation votes were skewed 

towards warm sensations (from “warm” to “too warm”). Almost never were recorded votes for 

TSV cold and too cold (respectively 0.40% and 0.20% of the total frequencies). The large 

majority of the votes (≈80%) concentrated in the interval “slightly warm”- “perfect” –“slightly 

cold” confirming once more the good microclimate quality of the investigated room. Indoor air 

temperature was considered “warm” by the respondents for 15% of total observed frequencies 

and “cold” for only 7% of the frequencies. For the 6% of the total observed frequencies, 

respondents found the indoor air temperature too warm. 

Though the general tendency of respondents was to evaluate the indoor temperature from 

“perfect” to “too warm”, in Table 4.4.1.1, it is possible to observe some internal inconsistency 

between temperature bins. For instance, in the temperature interval between 20.50-21°C there 

was found a general randomness of the TSVs distribution. Indeed, within this temperature 

interval, 2.80% of respondents perceived the temperature “too warm” and simultaneously 1.80% 
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of respondents judged it as “too cold”. Such circumstance is not solely attributable to the seasonal 

variation of people thermal sensation, for which a given temperature may be perceived 

completely different depending whether answering the questionnaire in winter, summer or 

intermediate seasons, but it is most likely attributable to a general instability of the extreme 

categories provided by the TSV scale in the questionnaire. This is true, especially with regard to 

“cold” and “too cold” TSV classes. 

 
Indoor Temp. 

(binned at 0.5°C) 
Thermal Sensation Vote (TSV) 

 too warm warm slightly warm perfect slightly cold cold too cold 

19.01 - 19.50 0.00% 10.00% 0.00% 60.00% 30.00% 0.00% 0.00% 

19.51 - 20.00 0.00% 19.00% 19.00% 33.30% 28.60% 0.00% 0.00% 

20.01 - 20.50 2.20% 10.30% 17.40% 52.70% 16.80% 0.00% 0.50% 

20.51 - 21.00 2.80% 6.50% 14.80% 52.80% 19.40% 1.90% 1.90% 

21.01 - 21.50 3.00% 12.70% 16.50% 56.50% 11.00% 0.40% 0.00% 

21.51 - 22.00 2.90% 9.90% 22.70% 57.60% 6.40% 0.60% 0.00% 

22.01 - 22.50 8.30% 14.90% 25.20% 46.00% 5.00% 0.30% 0.30% 

22.51 - 23.00 6.70% 20.00% 33.30% 36.40% 3.00% 0.60% 0.00% 

23.01 - 23.50 16.10% 18.50% 36.30% 27.40% 0.80% 0.80% 0.00% 

23.51 - 24.00 4.30% 26.10% 26.10% 39.10% 4.30% 0.00% 0.00% 

24.01 - 24.50 1.90% 9.40% 58.50% 30.20% 0.00% 0.00% 0.00% 

24.51 - 25.00 3.10% 13.50% 40.60% 36.50% 6.30% 0.00% 0.00% 

25.01 - 25.50 3.00% 18.20% 34.80% 40.90% 3.00% 0.00% 0.00% 

25.51 - 26.00 7.00% 28.10% 22.80% 42.10% 0.00% 0.00% 0.00% 

26.01 - 26.50 15.00% 20.00% 40.00% 25.00% 0.00% 0.00% 0.00% 

26.51 - 27.00 18.40% 21.10% 32.90% 27.60% 0.00% 0.00% 0.00% 

27.01+ 7.70% 34.60% 26.90% 30.80% 0.00% 0.00% 0.00% 

Total 6.30% 15.10% 26.80% 44.10% 7.10% 0.40% 0.20% 

Table 4.4.1.1; TSV frequency distribution for 0.5°C indoor temperature binning 

 

The mentioned instability is visible in Fig. 4.4.1.1 and Table 4.4.1.2, where the results from a 

first ANOVA model are plotted.  

Fig. 4.4.1.1 plots the results of the indoor temperature regressed on each TSV sub-group 

(frequency) mean. In this first ANOVA model, all the TSV intervals foreseen by the 

questionnaire are included regardless from their significance in the model.  

In Table 4.4.1.2 the model descriptive statistics are reported together with the frequency of 

observation for each TSV category. It can be seen that the categories “cold” and “too cold” were 

registered throughout the 1-year monitoring, only 11 times on a total of 1800 observations 

(0.61% of the total), making impossible a robust prediction of the indoor air temperature 

associable to these two classes of comfort. Not only the lack of robustness of the two classes can 

be understood (in Table 4.4.1.2) by their large Standard Error (SE), but it can be clearly observed 

by looking at the randomness of the calculated mean for the two groups in Fig. 4.4.1.1.  
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Fig. 4.4.1.1; Means plot from first ANOVA model 

 

In Fig. 4.4.1.1, the mean air temperature associated to TSV “cold” is higher than the one 

associated to TSV “slightly cold”, evidencing a clear inconsistency. Symmetrically, although 

just by a negligible extent, the circumstance is similar for the TSV categories “slightly warm” 

and “warm”. In these two categories, despite a large amount of registered frequencies exists, the 

mean air temperature for “slightly warm” and “warm” shows the same inconsistency being the 

mean air temperature associated to the TSV “warm” slightly lower than the one associated to 

“slightly warm”. This shows that the linguistic difference between the two categories was 

considered negligible (or even misleading) by the participants that with similar indoor air 

temperature voted indistinctly either for “slightly warm” or for “warm”. 

 

 N Mean 

Std. 

Deviatio

n 

Std. 

Error 

95% Confidence Interval 

for Mean 

Minimu

m 

Maximu

m 

     Lower Bound Upper Bound  

too cold 4 21.11 0.84 0.42 19.76 22.45 20.50 22.35 

cold 7 21.88 1.06 0.40 20.90 22.85 20.60 23.43 

slightly cold 128 21.32 1.29 0.11 21.10 21.55 19.50 25.40 

neutral 793 22.39 1.82 0.06 22.26 22.51 19.50 27.50 

slightly warm 482 23.28 1.93 0.09 23.11 23.46 19.73 27.40 

warm 272 23.26 2.07 0.13 23.01 23.50 19.50 27.50 

too warm 114 23.66 2.04 0.19 23.28 24.04 20.10 27.50 

Total 1800 22.76 1.96 0.05 22.67 22.85 19.50 27.50 

Table 4.4.1.2; Descriptive Stats first ANOVA model (temperature predicted, TSV predictor) 

 

Given that the room microclimate was almost never considered “cold” or “too cold” (<1% of the 

registered frequencies) and consequentially given the impossibility of allowing a good indoor 

temperature prediction with regard to these two thermal sensations, the two categories were 

removed from the successive analysis. Moreover, considering that the semantic variation 

between “slightly warm” and “warm”, despite a large frequency of respondents having voted for 

them (respectively 26.6% and 15% of the total), showed a slight inconsistency in the associated 

indoor temperature, these two categories were collapsed in just one category termed “warm”. 

The original and adjusted TSV scale is represented in Table 4.4.1.3. The successive modelling 

was developed on the basis of the adjusted TSV scale.  
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Too Col Cold  Slightly Cold Perfect Slightly Warm Warm Too Warm 

    Cold Perfect Warm Too Warm 

Table 4.4.1.3; Original and Adjusted TSV scale (respectively above and below) 

 

It is understandable that given the asymmetry of the adjusted TSV scale, the model developed 

on its basis cannot predict the associated indoor temperature for the categories “cold” and “too 

cold”. However, since it was observed that within the monitored indoor temperature range 

(19.50-27.50°C) the cumulated frequency of people having voted for “cold” and “too cold” was 

negligible (<1%), these two categories are unlikely to occur in the museum32.  

 

 
Fig. 4.4.1.2; Means plot from first ANOVA model 

 

The ANOVA results for the model developed on the basis of the adjusted TSV scale (second 

model) are plotted in Figure 4.4.1.2, Table 4.4.1.4 and the related descriptive statistics are given 

in Table 4.4.1.5. From the results in Table 4.4.1.4, it can be seen that the model is significant 

with F-ratio =63.43 and p= 5.7597E-39. Therefore, using the group means from the categorical 

variable “TSV adjusted” in order to predict indoor air temperature is significantly more accurate 

than using the model mean. In other words, there is significant difference between the “TSV 

adjusted” groups mean.  

 

 Sum of Squares df Mean Square F Sig. 

Between Groups 665.811 3 221.937 63.427 5.76E-39 

Within Groups 6245.874 1785 3.499   

Total 6911.685 1788    

Table 4.4.1.4; ANOVA second model results (dependent variable Temperature, independent variables “TSV 

adjusted”)  

The predicted mean neutral temperature for the entire monitored period is 22.39°C.  The decrease 

of 1.06°C causes the reduction of 1 unit in the “TSV adjusted” scale, making visitors feeling 

“cold”. Conversely, the increase of 0.89°C causes the increase of 1 unit in the “TSV adjusted” 

scale, making visitors feeling “warm”. A successive increase of 0.38°C would make visitors 

feeling “too warm”. 

 

                                                           
32 Obviously provided that the indoor temperature in the museum does not drop beyond the minimum measured 
temperature (19.50°C). As observed in Chapter 3, occurs that the indoor air temperature drops below this value only in 

exceptional circumstances (it occurred in 2010 and 2012). 
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 N Mean 

Std. 

Deviatio

n 

Std. 
Error 

95% Confidence Interval 
for Mean 

Minimum Maximum 

     Lower Bound Upper Bound  

Cold 128 21.32 1.29 0.11 21.10 21.55 19.50 25.40 

Neutral 793 22.39 1.82 0.06 22.26 22.51 19.50 27.50 

Warm 754 23.27 1.98 0.07 23.13 23.42 19.50 27.50 

Too Warm 114 23.66 2.04 0.19 23.28 24.04 20.10 27.50 

Total 1789 22.77 1.97 0.05 22.68 22.86 19.50 27.50 

Table 4.4.1.5; Descriptive Stats second ANOVA model (temperature predicted, “TSV adjusted” predictor) 

 

However, given the large SE of the last upper category (too warm, SE 0.19), this sensation vote 

may be not-robust when analysing the difference between means of “adjusted TSV” groups. For 

allowing such analysis Post-Hoc tests (Games-Howell) were performed as well as Welch and 

Brown-Forsythe tests. The mentioned tests allow a robust analysis of the mean equality between 

groups when no identical sample population between them exists33. The null hypothesis of the 

tests is that there is not significant variation between the groups means.  

 
(I) TSV 

Anova 

(J) TSV 

Anova 

Mean 

Difference (I-J) 
Std. Error Sig. 95% Confidence Interval 

     Lower Bound Upper 
Bound 

Cold  Neutral -1.06 0.13 5.85E-13 -1.40 -0.72 

 Warm  -1.95 0.13 4.31E-13 -2.30 -1.60 

  Too Warm -2.33 0.22 4.23E-13 -2.91 -1.76 

Neutral Cold  1.06 0.13 5.85E-13 0.72 1.40 

 Warm  -0.89 0.10 2.22E-13 -1.14 -0.64 

  Too Warm -1.27 0.20 2.14E-08 -1.80 -0.75 

Warm  Cold  1.95 0.13 4.31E-13 1.60 2.30 

 Neutral 0.89 0.10 2.22E-13 0.64 1.14 

  Too Warm -0.38 0.20 2.42E-01 -0.91 0.15 

Too Warm Cold  2.33 0.22 4.23E-13 1.76 2.91 

 Neutral 1.27 0.20 2.14E-08 0.75 1.80 

 Warm  0.38 0.20 2.42E-01 -0.15 0.91 

All the mean difference are significant at the 0.05 level except for warm-too warm (not significant) 

Table 4.4.1.6; Post-hoc (Game-Howell) results for the second ANOVA model, dependent variable Temperature 

 

From the tests results reported in Table 4.4.1.6 and 4.4.1.7, it can be observed that the predicted 

temperature mean is significantly different between predictor groups (TSV adjusted categories) 

with the only exception for the mean difference between groups “warm”- “too warm” for which 

the null hypothesis of the tests is retained and so no significant difference for the predicted 

(temperature) mean exists.  

 

 Statistica df1 df2 Sig. 

Welch 84.605 3 340.689 6.27E-41 

Brown-Forsythe 69.788 3 554.681 2.65E-38 

a Asymptotically F distributed.    
Table 4.4.1.7; Robust Tests of equality of Means; results for the second ANOVA model, dependent variable 
Temperature  

                                                           
33 See first column in Table 4.4.1.5 
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This result may call for a further need to collapse the “TSV adjusted” category “too warm” in 

“warm”, simplifying the TSV scale for the specific case in only three categories: “cold”, 

“neutral” and “warm” with “cold” including the initial ‘too cold”, “cold” and “slightly cold” and 

warm including the initial “too warm”, “warm” and “slightly warm”.  

However, before making such a conclusion, a test of mean independency (t-test) considering 

only categories “too warm” and “warm” together was performed. The t-test34 results from the 

are given in Table 4.4.1.8. In this Table it can be seen that the mean temperature difference 

between the two groups (“warm” and “too warm” in “TSV adjusted”) is not significant by a 

really small amount (p= 0.055). This can be seen also by the Confidence Interval (CI) upper 

bound that crosses the zero for 0.008 units. Therefore, if admitting a small inaccuracy, the “too 

warm” category, though with prudence, can be retained in the model and can be hence concluded 

that the increase of air temperature by ≈1.30°C35 above 22.39°C would cause the shift of the 

sensation vote (TSV adjusted) from “neutral” to “too warm” as mentioned above.  

 

 

Levene's Test for 

Equality of Variances 
t-test for Equality of Means 

 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 
Difference 

Std. Error 
Difference 

95% 

Confidence 
Interval of the 

Difference 

 
       Lower Upper 

Equal 

variances 

assumed 

0.86 0.36 -1.92 866.00 0.055 -0.38 0.20 -0.78 0.01 

Table 4.4.1.8; Independent t-test; temperature between TSVs “warm” and “too warm” 

 

It should be noted that although identical from a management point of view, the observed 

temperature increase and temperature decrease from the thermal neutrality, show that the 

perceived thermal discomfort (meaning alteration from the thermal neutrality) is not symmetric. 

Indeed it is visible that people are more sensitive to feel the environment tendentially warm 

rather than tendentially cold. This can be said because it is necessary a larger temperature 

reduction for making the respondents experiencing a lower discomfort (1.06°C) while for the 

same discomfort –but on the positive side- it is sufficient 0.89°C temperature increase. This 

finding is even more interesting if considering that within the “TSV adjusted”, in the category 

“warm”, it was included the initial TSVs “slightly warm” and “warm”, while in the “TSV 

adjusted” category “cold”, it was included only the initial TSV “slightly cold”. This occurred 

because the frequency for the initial TSV “cold” were too few and were removed because 

observed to be erratic.  

Looking at Fig. 4.4.1.2, it can be seen the “TSV adjusted” upper and lower variations follows a 

linear tendency at least within the “TSV adjusted” variations from “cold” to “warm” (“cold”, 

“neutral”, “warm”). If also considering the “TSV adjusted” variation, “too warm”, it may be 

possible to hypotheses a quadratic “TSV adjusted” variation36.  

However, given the asymmetry of the model (due to lack of observation in the TSV categories 

“cold” and “too cold”), the air temperature reduction from “cold” to “too cold” can be only 

quantified if assuming symmetric the stepwise temperature variation calculated with ANOVA 

for the “TSV adjusted” categories from “warm” to “too warm”. This assumption is however 

inaccurate and should only be considered as approximation. Indeed, it was observed that the 

“TSV adjusted” variation with regard to upper and lower categories deviation is not symmetric 

(see variation between TSV adjusted “neutral”- “warm” and “neutral” –“cold”, respectively 

                                                           
34 The test of mean independency (t-test)is explained in chapter 6. 
35 More precisely 1.26°C, namely the temperature difference between “feeling neutral” and “feeling too warm” in Table 
4.4.1.5 or in Fig. 4.4.1.2. 
36 However this aspect was not further researched. 
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0.89°C and 1.06°C). Therefore it can be expected that the mean air temperature difference 

between “warm”-“too warm” is not the same as the one between “cold”-“too cold”. This also 

because the “TSV adjusted” category “cold” only includes the initial TSV “slightly cold”. 

However, for allowing a proxy, it can be assumed that the “TSV adjusted” interval between 

“cold” and “too cold” is 0.38°C as the one between “warm” and “too warm”. 

4.4.2 People cultural -adaptability 

In section 4.2 “people cultural-adaptability” was defined as the possible willingness of museum 

visitors to reduce part of their thermal comfort for allowing a better preservation of cultural 

objects in the exhibition room. Obviously this condition depicts a hypothesis aimed at verifying 

if, in the museum environment, people might allow to prioritize cultural objects safety over their 

own thermal comfort.  

This aspect was discussed in a draft version of the EN 15757 standard, but it was finally not 

included in its approved version. Nevertheless, as discussed in chapters 3 and 8, the issue of 

hygrothermal needs prioritization upon heritage buildings microclimate management is still an 

unsolved problem.  

In the questionnaire, it was asked to participants to express their opinion on the possible increase 

or decrease of the air temperature for accomplishing to the aim mentioned above. Moreover, it 

was requested to indicate up to how long (time wise) they were willing to admit these deviations; 

see Fig. 4.3.1.2 questions from 20 to 23. However in this Chapter it is only discussed the 

willingness to allow thermal deviations regardless of time37. In this section, the questions related 

to temperature increase or decrease are termed respectively upper and lower deviation. 

In case the participant was willing to support upper or lower temperature, it was asked to indicate 

which kind of deviation she/he was willing to support: “slightly warmer (or cooler)”, “warmer 

(or cooler)”, “much more warm (or cool)”.  

Two chi-square tests were performed comparing respectively the answers of upper and lower 

admissible deviations with respondents TSV (adjusted). The tests results in Tables 4.4.2.1 and 

4.4.2.2, allowed understanding if there was a relation between respondent thermal perception in 

the given moment and their willingness to allow temperature variations for the cultural heritage 

objects preservation.  

 

 Value df Asymptotic Significance (2-sided) 

Pearson Chi-Square 72.217a 9 5.59E-12 

Likelihood Ratio 73.279 9 3.45E-12 

Linear-by-Linear Association 51.761 1 6.27E-13 

N of Valid Cases 1701   

a2 cells (12.5%) have expected count less than 5. The minimum expected count is 4.20. 

Table 4.4.2.1; Chi-square test upper deviation 

 

 Value df Asymptotic Significance (2-sided) 

Pearson Chi-Square 98.770a 12 9.69E-16 

Likelihood Ratio 95.279 12 4.66E-15 

Linear-by-Linear Association 79.41 1 5.05E-19 

N of Valid Cases 1690   

a 4 cells (20.0%) have expected count less than 5. The minimum expected count is .13. 

Table 4.4.2.2; Chi-square test lower deviation 

 

                                                           
37 However in most of the times visitors were willing to allow temperature deviation for the entire time period of their 

visit. 
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In both the circumstances (temperature increase allowed and temperature decrease allowed) this 

condition occurred. Indeed, for both the chi-square tests, the sig. is <0.05 and the null hypothesis 

of the test (absent of significant relation between the variables) is rejected. This means that there 

exists a relationship between how the respondent felt at the given temperature and the relative 

level of deviation the responded was willing to support. In all the cases, there was a considerable 

willingness to reduce part of the thermal comfort for allocating it to a better heritage preservation. 

In Fig. 4.4.2.1 and 4.4.2.2, are plotted the distribution of consensus to upper and lower deviation 

per TSV.  

With regard to the upper deviation, it can be seen (Fig. 4.4.2.1) that the percentage of people, 

feeling cold, neutral or warm and not allowing temperature increase is maximum 22.50% in 

category “warm”. Meaning that if the indoor temperature is up to ≈23.30°C still 77.5% of 

respondents allowed temperature increase (this percentage increase to 83.40% if the indoor air 

temperature is up to ≈22.40°C and it increases to 94.4% if the indoor air temperature is up to 

≈21.30°C). 

When people felt too warm (temperature ≈23.70°C from ANOVA results, see Table 4.4.1.5), 

40% of respondents did not allow any temperature deviation, but up to 59% of people were 

willing to allow slightly warmer or warmer temperature increase. 1% of people allowed “much 

warmer temperature”.  

56.60% of people that considered their thermal sensation neutral (temperature ≈22.40°C from 

ANOVA results, see Table 4.4.1.5) allowed slight temperature increase and 23.30% of people 

allowed warmer temperature. Considering the results discussed in section 4.4.1 with regard to 

the TSV adjusted, it can be said that people feeling neutral are willing to support a temperature 

increase by up to ≈1°C38. 

 57.30% of people feeling cold were willing to support slightly warmer temperature, 29.80% of 

people feeling cold was willing to support warmer temperature and 7.30% of people feeling cold 

was willing to support much warmer temperature. Again, establishing a parallelism with the 

predicted mean temperature based on the TSV adjusted in Table 4.4.1.5, it can be concluded that 

94.4% of people feeling cold was willing to support up to ≈2.35°C temperature increase39. It 

should be noted, that 5.60% of people feeling cold did not allow any temperature increase for 

the purpose of better preserving the cultural objects showing no cultural adaptability potential.  

With regard to lower temperature deviations, it can be seen (Fig. 4.4.2.2) that there exists a 

general larger acceptance of the discomfort, indeed the percentage of people not willing to accept 

any temperature reduction is lower for all the TS Votes compared to the one observed for the 

upper deviations. This confirms once again that museum visitors found the indoor temperature 

tendentially warm, therefore they are much more willing to temperature reduction rather than to 

temperature increase. For this reason, the percentage of people showing no cultural adaptability 

potential (in the specific case people feeling too warm but not accepting any temperature 

reduction) is 1.90%. Lower than the one registered for the upper deviation.  

 

                                                           
38 More precisely 0.88°C, namely the temperature difference between “feeling warm” and “feeling neutral” in Table 
4.4.1.5. 
39 More precisely 2.34°C, namely the temperature difference between “feeling cold” and “feeling warm” in Table 4.4.1.5.   
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Fig. 4.4.2.1; willingness towards upper temperature deviation per TSV 

 

 
Fig. 4.4.2.2; willingness towards lower temperature deviation per TSV 

 

57% of people feeling neutral (temperature ≈22.40°C from ANOVA results, see Table 

4.4.1.5)allowed temperature reduction by up to ≈1°C40. Moreover, 32.50% of people feeling 

neutral allowed temperature reduction at least of 1.30°C and by up to ≈1.44°C41.  

Similarly, 53% of people feeling warm (temperature ≈23.30°C from ANOVA results, see Table 

4.4.1.5), allowed temperature reduction by ≈1°C42, while 43% allowed temperature reduction of 

≈1.95°C43 (32.10%) and by up to ≈2.30°C44 (10.90%). 

77.80% of people feeling too warm (temperature ≈23.66°C from ANOVA results, see Table 

4.4.1.5) allowed temperature reduction by up to ≈1.30°C45 and 20.40% allowed temperature 

reduction by up to ≈2.34°C46. 

                                                           
40 More precisely 1.06°C, namely the temperature difference between “feeling neutral” and “feeling cold” in Table 
4.4.1.5. 
41 Namely the temperature difference between “feeling neutral” and feeling “too cold”. The temperature for “feeling too 

cold” is calculated as the one of “feeling cold” minus 0.38°C. 
42 More precisely 0.88°C, namely the temperature difference between “feeling warm” and “feeling neutral” in Table 

4.4.1.5. 
43 Namely the temperature difference between “feeling warm” and “feeling cold” in Table 4.4.1.5. 
44 Namely the temperature difference between “feeling warm” and feeling “too cold”. The temperature for “feeling too 

cold” is calculated as the one of “feeling cold” minus 0.38°C. 
45 More precisely 1.27°C, namely the temperature difference between “feeling too warm” and “feeling neutral” in Table 
4.4.1.5. 
46 Namely the temperature difference between “feeling too warm” and “feeling cold” in Table 4.4.1.5. 
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4.5 CONCLUSIONS 

In this study a subjective ITC assessment based on 1-year monitoring in museum Mayer van den 

Bergh was performed. The assessment offered insights on the actual thermal sensation of 

approximately 1800 museum visitors.  

On the basis of the acquired data two ANOVA models for predicting the mean air temperature 

corresponding to each TSV category as compiled by the respondents were run. Moreover, the 

temperature increase or decrease needed for triggering 1 unit of TSV variation was quantified. 

Further, it the accuracy in terms of TSV wording, provided by a 7-point scale thermal vote 

developed according to the ISO 10551 was studied.   

The study investigated the willingness of museum visitors to reduce their thermal comfort to 

allow a better cultural heritage objects preservation.  

The results showed that not all the TSV categories as provided by the 7-point scale were 

experienced by the respondents; therefore, within these categories it was not possible to predict 

a mean temperature associable to the given thermal comfort status (TSV “cold” and “too cold”). 

For this reason the model was adjusted and the TSV adjusted was based on an asymmetric scale 

from “cold” (considering the initial slightly cold votes), “neutral”, “warm” (considering the 

initial slightly warm and warm votes” and “too warm”. 

On the basis of the result, it was observed that throughout the TSV categories, there was not a 

significant and consistent predicted mean temperature variation at each TSV variation category. 

This circumstance occurred because the slight semantic variations between TSV were not always 

perceived by the respondents (this was the case for “slightly warm” and “warm”).  

The predicted temperature for the TSV adjusted (cumulating the non- significantly different TSV 

categories) varied linearly and almost symmetrically (with a quadratic variation tendency 

towards “too warm”) across the considered thermal categories.  

It was observed that the thermal neutrality (considering the entire period) is at 22.38°C and the 

reduction of 1.07°C as well as the increase of 0.88°C air temperature, respectively the deviation 

of the thermal sensation towards cold or warm. Despite the slight variation between the 

deviations, from a practical viewpoint (HVAC system set-point) it can be said that the 

temperature increase and decrease by 1°C from the neutral temperature, cause the TSV deviation 

respectively from neutrality to “cold” or from neutrality to “warm”.  

However, more precisely it can be observed that there is not a perfect symmetry between upper 

and lower deviation from neutrality. It is indeed necessary a smaller temperature increase for 

making people feeling “warm” than the one necessary for making people feeling “cold”. 

Visitors showed a strong willingness to reduce their comfort for the sake of a better cultural 

heritage preservation. Nevertheless the stepwise allowed alteration was significantly related to 

the thermal perception felt at the moment of the questionnaire compilation, meaning that the 

cultural adaptability of visitors in museum environment is not unconditioned but is, in fact, 

dependent on their current thermal perception. This may appear a trivial conclusion but it is not 

if considering that the indoor temperature in the monitored space did not vary significantly (the 

yearly variation was maximum 8°C).  

Considering that the museum climate was perceived, throughout all the year, tending to warm 

rather than to cold, there was observed a larger willingness to accept a temperature reduction 

than a temperature increase.  

With regard to the willingness of people to accept thermal comfort reduction in upper deviations, 

it should be highlighted that, when people felt “cold” (air temperature 21.30°C) 94.4% of them 

allowed higher temperature, this percentage reduced to 83.40% when people felt “neutral” (air 

temperature 22.40°C) and reduced further to 77.50% when people felt “warm” (air temperature 

23.30°C). When people felt “too warm” (air temperature 23.70°C) still 60% of people allowed 

temperature increase by up to 1°C (40% did not allow any temperature increase). The percentage 

of people with no cultural adaptability potential, with regard to upper deviation was 5.60%. 
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These people (voting in the category feeling “cold”) did not permit any thermal comfort increase 

for better preserving the cultural objects.  

With regard to the willingness of people to accept thermal comfort reduction in lower deviations, 

it should be highlighted that, when people felt “neutral” (air temperature 22.39°C) they allowed 

temperature reduction by up to 1.45°C and when people felt “warm” (23.27°C) or “too warm” 

(23.66°C) they allowed temperature reduction by up to 2.34°C. The percentage of people with 

no cultural adaptability potential, with regard to lower deviation was 1.90%. These people 

(feeling “too warm”) did not permit any thermal comfort decrease for better preserving the 

cultural objects.  

The results showed that, in museum buildings, there is a large possibility to reduce set point 

temperature, hence people thermal comfort, if required for the preservation of the housed cultural 

heritage. Such approach may allow lower microclimate fluctuation throughout the entire year 

(especially RH). In such a way the reducing the risk of microclimate-induced mechanical 

deterioration for the hygroscopic cultural objects may be reduced. Moreover, building energy 

savings may be allowed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

5 Building envelope conservation 

state and thermal performance 

diagnosis:   
The case of historic masonries  

 

 

 

 

 

 

In historic and especially in heritage buildings, not only are the retrofitting measures 

constrained by possible architectural preservation requirements, but so is the preparatory 

building diagnosis itself. Typically, only non-destructive and non-invasive monitoring 

techniques are allowed. For this reason, ad-hoc diagnostic protocols should be developed.  

In this study, an indirect non-invasive envelope diagnostic methodology has been developed for 

assessing the current thermal performance of buildings traditional masonries when deteriorated 

by moisture infiltrations.  

In the study discussed in this Chapter it was observed that moisture and water infiltration in the 

monitored masonry affected its energy performance. The thermal transmittance value of the 

masonry areas showing moisture infiltration increased by more than three times compared to 

the wall areas non affected by deterioration.  

This confirms the need, in historic buildings, of performing an integrated diagnosis not solely 

aimed at assessing building energy performance, but better yet, at relating building deterioration 

phenomena with possible energy performance alteration.  
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5.1 INTRODUCTION 

In historic buildings, heat losses through opaque envelope cause the highest impact on the overall 

building energy balance [162]. For this reason, internal or external insulation of masonries has 

become, for some time now, a established retrofitting practice.  

Forster et.al [163] observed that the 2020 European Energy Directive (EED) objectives related 

to existing buildings energy demand reduction, will be met by implementing ERIs with medium-

long Service Life (SL). Above all existing building’s envelope energy improvement and thermal 

insulation. The driving role played by building’s envelope insulation towards the EED objectives 

accomplishment, is also confirmed by the constant growth of the thermal insulation European 

production, accounting for 234.6 million m3 in 2015 and foreseen to grow by 2.8%/year until 

2019 [164].   

However, before designing envelope insulation in historic buildings, the effectiveness of the 

insulation technique should be assured both by considering materials compatibility and by taking 

into account the current existing masonry hygrothermal behaviour and state of conservation in 

real climate boundary conditions.  

Without knowledge of:  a) current hygrothermal dynamic behaviour of the historic masonry; b) 

historic masonry possible deterioration issues and c) masonry response to the site-specific 

microclimate loads (in both deteriorated and non-deteriorated parts), the masonry energy 

performance cannot be accurately determined.  

Consequently, if simulating insulation scenarios on the basis of notional (or tabular) data of 

historic masonry, these scenarios may appear ineffective or even counterproductive [165][84]. 

This is because a large deviation may exist between notional and current physical characteristics 

of a given historic masonry. Among others, the reason for this discrepancy is due to the possible 

materials deterioration.  

In historic buildings, where masonry insulation is performed without having solved possible 

cumulative deterioration issues, the latter, may provoke a progressive alteration of the initial 

ERIs technical performance or even cause their premature technical failure. This aspect will be 

covered more in detail in chapter 9. In that chapter, a modelling methodology for taking into 

account of the effect of materials aging on the ERI technical performance decay and on the 

consequent LC operating energy alteration is introduced. 

Among the several historic masonry deterioration mechanisms, moisture may have the most 

influence on the ERI’s long-term effectiveness. In general, building envelope deterioration 

mechanisms are, for up to 70% triggered by moisture [79].  

For instance, water absorption or interstitial condensation may reduce thermal insulation panels 

resistance because of the increased thermal conductivity [80][81]. It is understandable that long-

term exposure to moisture, may cause insulation panel’s technical decay, hence the building 

energy saving fraction supposed to be saved at the moment of their installation may fall over 

time [82][83]. Moreover, because of the enhanced heat and mass transfer, insulation panels might 

shrink or swell, reducing, in the long- term, strength and rigidity as well as increasing the risk of 

detachment from the masonry surface or preventing continuity with the wall surface. The latter 

circumstance may nullify the insulation panel’s effectiveness [81]. 

Technical failure occurs when the retrofitting assemblies, e.g. insulating panels, reach a 

performance level (e.g. thermal transmittance, U) lower than the one deliberated during the ERIs 

design. From this moment, the technical performance of the insulation panels drops beyond the 

performance level that had initially justified their selection and installation. Consequentially, the 

ERI environmental effectiveness initially calculated flattens.  

Hence, the paramount importance of a preliminary infield monitoring targeted at quantifying the 

hygrothermal masonry performance in its current state instead of simply relying on tabular-based 

data. 
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However, in historic buildings, especially if protected (heritage buildings) not only it is necessary 

to undertake non harmful retrofitting strategies, but also the preparatory diagnosis itself should 

be non invasive. This poses a serious methodological concern as several available monitoring 

techniques cannot be implemented due to their invasiveness. For this reason, indirect diagnostic 

methodologies need to be developed ad hoc [166][130][167]. 

This Chapter first explains the validity of undertaking onsite experimental diagnosis in order to 

assess current building envelope energy performance as a fundamental preparatory activity for 

retrofitting design. The most commonly reported causes of discrepancy between experimental 

and notional envelope thermal performance are discussed in section 5.2. 

Then there is an overview of the standards state of the art with regard to the current 

methodologies for quantifying opaque building envelope thermal performance by means of 

calculation or measurement techniques; see section 5.3. Successively, the state of the art with 

regard to methodologies for the moisture detection in building materials, with a specific attention 

to the Non Destructive Techniques (NDT), is given in section 5.4. 

Finally, an indirect monitoring methodology aimed at quantifying the thermal performance of a 

traditional brick masonry and its alteration due to heterogeneous moisture distribution is 

introduced. The methodology implemented in the Vleeshuis Museum (Antwerp) is described in 

section 5.6. The results obtained are discussed in section 5.7 and conclusion are drawn in section 

5.8. 

5.2 OPAQUE ENVELOPE ENERGY PERFORMANCE EVALUATION  

Since opaque components (especially masonries) account for the most extensive envelope 

surface in historic buildings [162], their correct thermal performance evaluation is fundamental 

for delivering effective retrofitting strategies.  

The lack of onsite thermal component evaluation, such as in case of analyses solely based on 

standardised or notional data, might result either in inaccurate or unrepresentative building 

envelope energy performance quantification [168][169][162] or even in improper intervention 

proposals [170]. 

In this section, an overview of the most widely reported causes of discrepancy between 

experimental and notional calculated or simulated thermal performance (expressed by the U 

value) of existing buildings opaque envelope is given.  

Although the reported issues refer mainly to buildings masonry, a few of them were reported 

with regard to different materials or components. According to the literature, the mentioned 

discrepancies are generally caused by the lack of knowledge on: 

 

 Components non -homogeneity or inner geometric discontinuities (e.g. materials decay, 

cracks);   

 Lack of knowledge of the exact materials stratigraphy, percentage of mortar and materials 

consistency of possible filled cavities; 

 Influence of moisture into the masonry or part thereof; 

 

Differences up to 30%, between experimental and notional U values in cavity and timber frame 

walls were found by S. Doran as a consequence of construction defects not predictable by means 

of standards-based or guidelines-based calculations [171]. The same percentage of deviation 

between calculated and measured U values, caused by the lack of information on hygrometric 

material properties and percentage of used materials47, was found by P. Baker while investigating 

thermal properties of construction elements in traditional Scottish buildings [172]. The results 

from the study demonstrated that 44% of the measured walls had U value lower than the 

                                                           
47 Percentage of used material such as brick-mortar ratio; See Conclusion; p. 31 in [172] 
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calculated or simulated one, 42% of the measured U values were in compliance with the values 

from the computations and only 8% of the measured walls had U values higher than the simulated 

or calculated ones. The potential sources of uncertainty indicated by the author were mainly 

attributable to the lack of detailed information on: wall stratigraphy, ratio and typology of stones 

and mortar, wall cavities and specific thermal properties of materials.  

Onsite building monitoring, together with laboratory and numerical analyses, aimed at 

evidencing the extent of energy losses through envelope irregularities and thermal bridges48 were 

discussed by Asdrubali et al. [173], by Albatici et al. [174] and by Fokaides [175]. Generally 

within the mentioned studies, especially when related to masonry in historic buildings, the 

following aspects were highlighted:  

 

 Overestimation of U value when calculated with commercial software if compared to the 

experimental diagnosis results. 

 Underestimation of current traditional masonry thermal performance in comparison with the 

one reported on international guidelines, e.g. EST or CIBSE49 guidelines. 

 

Beside the above reported issues, also the dynamic effect of moisture or water (or, more rarely, 

ice) has to be considered as an additional factor of deviation between notional and experimental 

U values in historic masonry (or generally in opaque components).   

Since water has higher specific heat (5 times higher) and higher thermal conductivity (20-22 

times higher) than common building materials, its presence in the building envelope, may locally 

or globally modify the thermal behaviour of the latter. As mentioned in section 5.1, moisture not 

only affects masonry thermal performance50, but also life span of retrofitting materials, 

especially if hygroscopic, such as the ones preferred in historic buildings (because allowing 

hygroscopic continuity with the existing masonry).  

As mentioned, the underestimation of the presence, distribution and movement of moisture when 

evaluating the thermal performance of building envelope, may decrease or nullify the 

effectiveness of the designed envelope insulation strategy51. Moreover, it might also speedup 

retrofitting materials decay causing economic costs, energy (hence environmental) drawbacks 

[83], architectural threat to the historic building and IMQ weakening [176][177][178][179][180]. 

chapter 6, where an integrated (microclimate) diagnostic approach is introduced, considers, 

interalia,  the effect of moisture in the masonries on the IMQ stability. 

Studies on the influence of moisture exchange of retrofitted walls and on the indoor relative 

humidity fluctuations have been published by C. Ferreira [181], while studies on the relation 

between the historic envelope hygrothermal behaviour and indoor microclimate dynamics were 

published by D. Camuffo et.al. [167][131]. Again, the specific relation between historic 

masonries moisture-induced deterioration and related influence on the IMQ alteration is 

discussed in chapter 6. 

By performing laboratory measurements on thermal conductivity of brick samples, S. R. 

Duverne and P. Backer delivered results showing a strong correlation between experimental and 

notional masonry thermal transmittance values. This was possible by including in the 

calculations the physical relation between hygrometric and thermal materials properties of the 

investigated traditional masonry materials [182]. Within the research, the authors observed a 

high correlation between materials moisture content by weight (ω) and thermal conductivity (λ). 

More specifically, the capillary moisture content increase (after wetting the material samples), 

                                                           
48 Material, geometrical and structural thermal bridges; as defined by E. Lucchi [214] 
49 Paragraph 5.6 Comparison to often quoted used U values, pp. 27-28 [172] 
50 Surfaces affected by water absorption may have altered thermal transmittance value due to the local thermal 

conductivity increase. 
51 Wet insulation materials (increased MC) have reduced efficacy (increased effective λ) independently from their density 

in [80] 
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caused a thermal conductivity increase by up to 3 times the dry material thermal conductivity. 

Therefore, during the calculations, the authors considered a twofold λ value for the masonry 

materials accounting for their dry and wet state52. 

A similar linear correlation, although with a lower slope, was found by Pavlikova' et al. [183] 

with regard to load bearing structural materials. In the study, the U value was measured on 

materials in their dry and wet state53. Convergence between measured and calculated masonry U 

values was achieved when simulations were performed considering a range of theoretical thermal 

conductivity variation54, instead of a unique notional standard material (dry) λ value.  

Further studies on the influence of moisture content increase on thermal conductivity variation 

(considering yearly cycles) were conducted by R.N.M. Ramons et. al. [181]. Within the study, 

commercial hygrothermal simulation softwares55 were compared for assessing the hygrothermal 

performance of thermal insulation panels and walls structures. In the study, a sharp λ increase 

during typical winter weather conditions was found. In winter, insulation panel thermal 

conductivity rose due to the material moisture content increase, while it decreased again in 

summer when the moisture content was lowered by the material natural drying. This aspect has 

been observed in this research and is discussed, with regard to the Vleeshuis museum, in section 

5.8.   

In the study from R.N.M. Ramons et.al. [181], it was concluded that, when insulation panels 

should ensure their highest thermal performance, in fact the insulation performance lowers due 

to moisture increase.  

The effect of hygrothermal behaviour variation in a traditional masonry before and after the 

application of inner insulation, was also studied by R. Hendricks et al. [84]. The study concluded 

that the investigated masonry, without insulation, was able to dry completely during the spring-

summer drying cycles, but after the application of 12cm calcium silicate layer, the masonry core 

experienced a moisture content increase that would not be reduced by the natural seasonal cycles.  

A similar study on the hygrothermal consequences of improper insulated masonry was proposed 

by D. Browne [184]. Within the study, moisture failure was predicted on the outer layer of the 

vapour barrier in internally insulated walls56. This explains that not only vapour or water- barriers 

are sufficient for avoiding insulation panel dampness, but also the dryness of the masonry itself 

should be taken into account upon masonry insulation. As mentioned elsewhere in the text (and 

described in more details in chapters 9 and 10), the latter shows that in order to allow long-term 

ERIs environmental effectiveness, they should be necessarily preceded by historic building 

conservation measures. 

Beside the long-term seasonal cycles variations, thermal conductivity increase may occur 

temporally, in specific environmental conditions. For instance, the increase of thermal 

conductivity (λ) due to driven rain is reported by F. Ochs et al. [185]. The time shift in which the 

material regains its nominal physical properties (after the drying cycle) was also investigated. 

The authors pointed out the importance of considering temperature increase as second driving 

factor causing thermal transmittance value fluctuations. Indeed, moisture transport is 

temperature-dependent [186]; therefore, thermal conductivity significantly increases with both 

moisture content and temperature increase. The relation function between specific heat capacity 

and moisture content, based on the linear combination of volumetric heat capacity of both dry 

and wet insulation panel specimens and the moisture content (MC), was also studied, for 

different insulation panels, by M. Jerman et al. [187]. 

                                                           
52 See Figure 4a & 4b p. 26 [182] 
53 Thermal conductivity in wet and dry conditions was measured at 10°C; Table 4; p. 32 [182] 
54 Thermal transmittance value obtained by Standard but with range of variation from material dry state to material wet 

state 
55 The softwares used by the authors were: Condensa 13788 and Wufi 5.0; Paragraph 2.2 Numerical results; p. 106 [181]  
56 The moisture failure, in terms of masonry MC increase, was observed in the masonry layer in touch with the vapour 

barrier; p. 71; [184] 



100 

 

The described discrepancies between experimental and notional envelope components thermal 

performance, are mainly caused by the lack of knowledge on the current masonries technological 

characteristics or by neglecting them within the calculations [184]. However, it also happens 

that, despite good knowledge of e.g. masonry stratigraphy or localised non-homogeneities and 

moisture distribution variations, there is no possibility of integrating them within the most used 

commercial calculation tools [32][162]. This causes simplifications both in the diagnostic and 

ERIs design stage. 

5.3 STANDARDS OVERVIEW  

In this section, a general outline on the current standards methodologies aimed at the U value 

calculation or measurement, is presented. In the literature, methods for infield thermal 

conductance (hence thermal transmittance) monitoring of historic buildings masonries are 

proposed, and the principal methodological difficulties are discussed 

[169][188][182][189][173]. 

According to the current European Technical Standards, opaque components thermal 

transmittance value (U) can be calculated, if knowing their stratigraphy and material properties, 

on the basis of the EN 6946:2008 [190]. Otherwise, opaque components thermal conductance 

can be infield monitored on the basis of the ISO 9869:1994 [191]. The latter procedure is worthy 

of implementation whenever laboratory scale or destructive measurements are not allowed. This 

latter condition is, therefore, indicated for historic and heritage buildings.  

Because the U value calculation procedure based on the EN 6946 requires accurate knowledge 

on the building component stratigraphy and material physical properties, it does not apply in a 

straightforward way to historic buildings where material information is not always available. 

Moreover, as already mentioned in section 5.2, the standard does not consider moisture-related 

phenomena despite their influence on the U value variation [192]. In case of lack of material 

information, the EN 6946 suggests to define them on the basis of EN ISO 10456 and EN ISO 

7345:1996 [193]. The EN 1745 gives physical characteristics of masonry materials such as dry 

thermal conductivity of clay bricks (at average temperature of 10°C), water vapour diffusion, 

specific heat and moisture coefficient (which describes the increase of λ per percentage increase 

of moisture content57). Nevertheless, as these parameters are density-related, they can only be 

used if during the material production there was density control. For this reason, the mentioned 

materials physical characteristics can not be used in case of historic buildings unless there exists 

the possibility of performing laboratory tests.  

The second common methodology for quantifying the thermal transmittance of masonry walls, 

as implemented in this research, is the infield heat flux and surface temperature metering. The 

ISO 9869, introduces guidelines for in-situ measuring the thermal conductance and, successively 

calculating, the thermal transmittance of building opaque components. The standard, beside 

providing a guidance with regard to the measurement methodology, also gives recommendations 

on the data processing taking into account parameters variability and monitoring uncertainties. 

5.4 TECHNIQUES FOR MOISTURE DIAGNOSIS 

In this section,  commonly used infield Non Destructive Techniques (NDT) targeted to moisture 

detection are reviewed. Their general characteristics are summarized in Table 5.4.1. It is worth 

mentioning that the list of the techniques here described is not exhaustive of all the currently 

available methodologies used for moisture detection in historic buildings masonries.  

 

                                                           
57 See Table A.1 in Annex 1; Tabulated (λ10 dry) values of materials used for masonry products and mortar products; pp 

17; in EN 1745 [439] 
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Method 
Infrared 

thermography 

Nuclear magnetic 

resonance (NMR) 
Radar Ultrasound 

Investigation depth Surface Up to 20 mm Up to 200mm In depth 

Type Qualitative Quantitative Qualitative Qualitative 

Constraints 

Sensitive to 

environmental 

condition 

Presence of  Iron, 

polymer-based or 

organic materials 

It is only 

applicable on 

flat surfaces 

Sensitive to 

discontinuities or 

inhomogeneities 

Table 5.4.1; currently implemented NDT aimed at material moisture detection 

5.4.1 Infrared Thermography (IRT) 

Infrared thermography (IRT) is an indirect method widely employed also in historic buildings 

for thermal building diagnosis and moisture detection in the near surface region. This NDT is 

based on the measurement of the radiant thermal energy distribution emitted from a target by 

using an infrared camera. The methodology is standardized by the EN 13187:1999 [194]. The 

camera is not sensitive to water content but to temperature variation caused (also) by moisture 

presence in the masonry. This technique provides a map of surface temperature distribution58 

which can be directly related to moisture presence and its variation [195][196][197]. 

Most of the studies conclude that IRT only provides a qualitative assessment of moisture 

distribution on the surface of historic masonry walls. However, recent researches have shown its 

potential applicability as a quantitative technique for moisture diagnosis. Such studies have been 

undertaken especially in the field of cultural heritage [198][173].  

Currently, due to the lack of standardized protocol for MC in-situ assessment, IRT technique can 

only deliver a qualitative assessment of moisture distribution onto masonry59 [199]. It is worth 

mentioning that IRT is strongly affected by environmental conditions, therefore in case of high 

relative humidity and low temperature the outcomes are not always reliable for moisture 

detection60 [200][176][199]. The latter can be caused by the not clearly observable masonry 

evaporation-absorption cycles. However for overcoming this issue IRT can be combined (as 

performed in this research) with an environmental monitoring (both in-contact and quasi in –

contact with the masonry as well as in the free air, this aspect is described in section 5.5.2). 

5.4.2 Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) is a non-invasive method for in-situ mapping and 

evaluating the quantitative distribution of moisture content in the first layers of a historic 

masonry61. 

NMR is based on the application of a magnetic field on one side of the wall; the hydrogen atoms 

are excited by pulse of radio frequency waves range, then the waves relax back to their normal 

state releasing a characteristic signal. Measurement of the relaxation signal allows the 

understanding of present hydrogen atoms. With appropriate calibration for the specific materials, 

the absolute water content can be evaluated [201]. Data obtained with NMR can be represented 

                                                           
58 Thermal image: Image produced by an infrared radiation sensing system and which represents the apparent radiance 

temperature distribution over a surface; in Definition; pp 5; EN 13187 [194] 
59 A standard for the MC measurement on cultural heritage material has been recently approved (2017) EN16682; 
moreover a standard on thermal irregularities detection by IRT method is under development by the CEN/TC 163 pr EN 

6781-2; Performance of buildings - Detection of heat, air and moisture irregularities in buildings by infrared methods - 

Part 2: Equipment Requirements. 
60 IRT reliability increases with favourable environmental conditions. Beside the advices in the EN 13187 [194], indoor 

hygrothermal conditions to be fulfilled during IRT moisture detection are proposed by Rosina et. al. in [199] Indoor 

Relative Humidity lower than 70% and Indoor Air Temperature higher than 6-7°C 
61 NMR measures the amount of moisture in different physical states (i.e. chemically bound, physically bound and free 

liquid); in [201] 
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as a contour plot of absolute water content. This technique cannot be used in presence of iron 

nails and/or iron elements inside the masonry [200]. 

5.4.3 Holographic Radar 

The holographic radar technique is a non-invasive technology which can provide qualitative 

measurement of water content in the depth range of 50- 200 mm beneath the surface as well as 

information about the texture of the wall, presence of cavities and detachment as function of 

operating continuous wave frequency. Due to the high dielectric permittivity of water, areas with 

increased level of moisture have high contrast on the result map. This technique is mainly not 

influenced by relative humidity or air temperature [200][202][203]. 

The output of this radar is a high spatial resolution image which is an amplitude modulated by 

the phase variation due to different subsurface electromagnetic properties of the investigated 

material [203][204]. To obtain  reliable measurements, the measured surface should be flat so as 

to allow close and continuous contact [204]. 

5.4.4 Ultrasonic 

The ultrasonic test is a non-invasive method often applied to cultural heritage in order to detect 

surface and subsurface flaws or discontinuities in components and materials. This technique is 

often implemented within wood investigation [205][206]. 

The ultrasonic method is based on the property of sound or ultrasound waves transmitted through 

solid materials. The ultrasound velocity decreases as the moisture content increases. This 

methodology is not free of uncertainties: during ultrasonic measurement, unpredictable 

uncertainties may be generated by structural discontinuities or non- homogeneities (e.g. 

fractures, changes in density, grain orientation, insect or mould) inside the material under 

investigation [207].  

5.5 STUDY OBJECTIVES 

The main objective of this study is finding the relationship between historic masonries energy 

performance and its physical conservation state. More specifically, the study aims at identifying, 

by means of iterative IRT combined with environmental and heat flow monitoring, deteriorated 

and non-deteriorated areas on the South-oriented brick masonry of the Vleeshuis museum in 

Antwerp. Successively, the study seeks to quantify the alteration of the masonry energy 

performance, consequent on moisture-induced masonry deterioration. 

This study will be also discussed in chapter 6, observing more in detail, the relationship between 

masonry deterioration and Indoor Microclimate Quality (IMQ) alteration.  

5.6 STUDY METHODOLOGY 

Water-deteriorated or wet masonry surfaces result in punctual or diffused thermal bridges62 and 

consequently in local envelope thermal performance deficiencies and moisture exchange 

alterations. Since the moisture distribution in materials is not homogeneous, a holistic masonry 

thermal performance evaluation is necessary, especially if masonry is supposed to experience 

significant moisture cycles during the year.  

                                                           
62 Punctual thermal bridges as defined in Sect. 3, Terms and definition in EN ISO 10211:2008 [440] 
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The study discussed in this Chapter introduces an indirect methodology for evaluating the 

masonry thermal performance and its local alteration caused by heterogeneous distribution of 

moisture in the wall. The methodology has been tested in the Vleeshuis museum in Antwerp.  

In the building, no intrusive or destructive diagnosis was allowed, therefore, a specific protocol 

was developed based of existing validated onsite diagnostic techniques such as thermal imaging 

[194], heat flow metering [191] and quasi in contact environmental monitoring [208]. The 

methodology’s theoretical background is described in this section, while the monitoring protocol 

is described in section 5.6. Research results and conclusions are discussed in sections 5.7 and 

5.8.  

Section 5.6.1 presents the implemented methodology for assessing masonry thermal 

homogeneousness. The assessment considers wall surface temperature factor and heterogeneity 

factor calculation based on iterative Infrared imaging. Section 5.6.2 describes the iterative IRT 

and moisture exchange monitoring performed for localizing moistened areas. Section 5.6.3 

defines the thermal performance evaluation methodology for the studied masonry. 

5.6.1 Masonry surface temperature factor and heterogeneity factor evaluation 

Moisture penetrative damp (either from absorption or capillarity) might increase materials’ 

thermal conductivity and evaporative cooling [209]. Therefore, during IR thermography, the 

resulting apparent surface temperature of moistened materials, may either be colder (due to the 

surface evaporation) or warmer (due to the high thermal inertia of water)63 [176]. It is possible 

to establish the analogy: wet material → material thermal bridge. Indeed, exactly as in the case 

of thermal bridges, wet areas reduce wall thermal performance (higher U) and vary the overall 

surface temperature factor (µ𝑠) and heterogeneity surface temperature factor (µℎ) of the 

masonry, increasing the chances of condensation phenomena, biological infestation and 

thermophoresis64.  

In this section surface temperature factor and heterogeneity factor, calculated on the basis of 

iterative IRT results, aim at evaluating the influence of moistened areas on the overall masonry 

thermal homogeneity. 

The surface temperature factor (µ𝑠)  is a non-dimensional parameter commonly used for 

building elements thermal evaluation purpose. It is defined as the difference between the interior 

surface temperature and the outdoor air temperature under 1K air temperature difference indoor-

outdoor. It is calculated for an arbitrary interior surface point as in Eq. 5.1 [210][211]. 

 

 µ𝑠 =
𝑇𝑠𝑖 − 𝑇

𝑇𝑖 − 𝑇𝑒

 Eq. 5.1 

 

Where (𝑇𝑖) and (𝑇𝑒) are the internal and external air-dry bulb temperature, while (𝑇𝑠𝑖) is the 

internal surface temperature on the point. The value decreases if thermal irregularities exist. The 

minimum value (µ𝑠𝑚), commonly reached in presence of thermal bridges, is calculated by Eq. 

5.2 given in [210]. Minimum (µ𝑠𝑚) threshold values for different Countries climatic conditions 

are reported by T. Kalameens [212]; for Belgian climate conditions see Table 5.6.1.1. 

 
 

µ𝑠𝑚 =
𝑇𝑠𝑚 − 𝑇𝑒

𝑇𝑖 − 𝑇𝑒

 Eq. 5.2 

 

(𝜃𝑠𝑚) is the minimum observed wall surface temperature value. If the masonry is affected by 

moisture deterioration phenomena, the damp areas result in temperature lower than the rest of 

                                                           
63 In the latter case, a heat source has to be applied e.g., active infrared thermography 
64 In order to avoid condensation and thermophoresis phenomena, (µℎ) should be, during the heated period, below 1.5-

2; Opaque envelope (in Italian); pp. 198-199 [184]; Extra (µℎ) compliance values are proposed in Table 5.6.1.1 
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the surface and this varies locally the wall surface temperature factor. The lower the surface 

temperature factor is, the higher the risk of condensation or biological growth might be.  

However, in order to evaluate surface condensation in the long term, the dew point temperature 

(𝑇𝑑), has to be evaluated against the surface temperature profile. As known, to avoid surface 

condensation, the internal surface temperature (𝑇𝑠𝑖), has to be above the dew point temperature 

(𝑇𝑑), so Eq. 5.3 has to be always verified; see section 5.7.2. 

 
 𝑇𝑑 − 𝑇𝑒 < 𝑇𝑠𝑚 − 𝑇𝑒 Eq. 5.3 

 

Another method for calculating the surface temperature factor (µ𝑠) is proposed by Eq. 5.4 from 

[210][213]. 

 
 

µ𝑠
∗ =

𝑇𝑖 − 𝑇𝑠𝑖

𝑇𝑖 − 𝑇𝑒

 Eq. 5.4 

 

The modified surface temperature factor (µ𝑠
∗) as expressed in Eq. 5.4 has to be as low as possible 

and in any case below 0.25 (see Table 5.6.1.1).  

Beside the surface temperature factor, the heterogeneity factor (µℎ), calculated as in Eq. 5.5, 

gives a better understanding of the temperature reduction caused by the moistened areas, in 

comparison to the rest of the homogeneous surface (not affected by the thermal bridge) with 

regard to the indoor air temperature. This parameter becomes extremely useful, in the specific 

case, for evaluating the role played by the moisture in deviating the overall wall surface 

temperature from the normal values. 

 
 

µℎ =
𝑇𝑖 − 𝑇𝑠𝑚

𝑇𝑖 − 𝑇𝑠𝑖

 Eq. 5.5 

 

Thresholds for both (µ𝑠
∗) and (µℎ) with the aim of preventing condensation and mold growth, 

are given in  [211][213][214] and reported in Table 5.6.1.1. 

 
Parameter (x) Value Reference 

(µ𝑠
∗) x <0.25 [213] 

(µℎ) 
x < 2 [213] 

x<1.5-2 [214] 

(µ𝑠𝑚) x>0.75 [211] 

Table 5.6.1.1; Optimal values for: surface temperature modified factor (µ𝐬
∗), minimum surface temperature factor (µ𝐬𝐦) 

and heterogeneity surface temperature factor (µ𝐡) during heated periods [213][214][211] 

5.6.2 Infrared Thermography (IRT) and hygrothermal monitoring  

The indirect investigation, proposed in this study, is based on the environmental monitoring of 

indoor- outdoor hygrothermal parameters combined with passive infrared thermography and heat 

flow metering. 

IRT together with quasi in contact hygrothermal parameters environmental monitoring 65 -such 

as air Mixing Ratio, air relative humidity, air dew point temperature and air dry bulb temperature- 

have allowed a good understanding of the dynamic moisture exchange between the wall and the 

surrounding indoor air mass. Similar combined monitoring approach are undertaken by [130] 

and suggested by the EN 16242 [208]. 

                                                           
65 Quasi in contact parameters are not meant as defined by the EN 15758 [441], but as hygrothermal parameters measured 
quasi in contact with the wall surface, as recommended by EN 16242; Consideration and recommendations related to 

measuring methods; pp 9; in [208] 
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The dryer and wetter areas on the investigated wall surface, have been localised and the thermal 

conductance on these points has been measured and, between them, compared. The thermal 

performance evaluation of dry and damp masonry was, hence, allowed.  

It is worth mentioning that the performed non-intrusive monitoring methodology did not yield 

evidence on absolute material dryness since no laboratory Equilibrium Material Moisture 

Content (EMMC) measurement was performed. Nevertheless, the evaluation and comparison 

between less moistened areas (found with lower evaporative moisture exchange) and moistened 

areas (found with higher evaporative moisture exchange)66, combined with the iterative IRT, 

allowed a comprehensive understanding of the relation between localised moisture and specific 

thermal performance variation. 

A methodology, similar to the one here presented, has been implemented by D. Camuffo in 

prestigious heritage sites [130][215] where no destructive technologies were allowed. The author 

investigated the air Mixing Ratio (MR) variations for enabling building envelope moisture 

exchange diagnosis [216]. Physically, the MR (g/kg) represents the ratio between the mass of 

vapor (𝑚𝑣) and mass of dry air (𝑚𝑎) as expressed in Eq. 5.6 [216][54]. As it is the ratio between 

two mass, it can also be expressed as dimensionless number. 

 

 MR= 
𝑚𝑣

𝑚𝑎
 Eq. 5.6 

 

As this ratio is not temperature and pressure dependent, it stays constant unless evaporation or 

condensation occurs. Therefore, its monitoring over time (quasi in contact with the surface and 

in the free air) allows identification of whether the surface is releasing moisture to the 

environment or absorbing it. A similar indirect moisture damage assessment was proposed by L. 

Haughton in contemporary buildings [217].  

All the above mentioned studies were mainly aimed at assessing the overall wall hygrothermal 

behavior but not at evaluating potential relations between moisture presence and thermal 

performance variation as in the present study. In order to allow such evaluation, in the present 

study, an additional diagnosis of the masonry thermal performance was necessary. 

5.6.3 Thermal performance diagnosis 

The thermal performance of a building component is generally defined by its thermal 

transmittance value (U) expressed as the integral of the heat flow rate density (q) by the integral 

of the temperature gradient (inside-outside) over the time, see Eq. 5.7.  

 
 

𝑈 =
∫𝑞 𝑑𝑡

∫(Θi − Θe)𝑑𝑡
 Eq. 5.7 

 

On the basis of infield measurements, according to EN 9869 [191], (U) can be calculated from 

the measurement of the thermal conductance (Λ), as given in Eq. 5.8.   

 
 

𝛬 =
∑ 𝑞𝑗𝑛

𝑗=1

∑ (Tsi𝑗 − Tse𝑗)𝑛
𝑗=1

 Eq. 5.8 

 

Where Tsi𝑗 and Tse𝑗 are the measured internal and external surface temperatures at the instant 

j, and qj is the measured heat flow rate density at the instant j. By knowing that: 

 

 The thermal resistance (R) is the reciprocal of (Λ) as reported in Eq. 5.9; 

                                                           
66 Ensuring indoor air temperature steadiness and avoiding any heat source being in contact with the wall surface of part 

thereof, such as heating or lighting system.  
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 The total thermal resistance (𝑅𝑡𝑜𝑡) is given by the summation of (R) and the surface thermal 

resistances (𝑅𝑠𝑖 and 𝑅𝑠𝑒), as reported in Eq. 5.10; 

 The thermal transmittance (U) is the reciprocal of (𝑅𝑡𝑜𝑡), as reported in Eq. 5.11 and 5.12 

 

 𝑅 =
1

𝛬
 

 

Eq. 5.9 
 

 (𝑅𝑡𝑜𝑡) =  𝑅𝑠𝑖 + 𝑅 + 𝑅𝑠𝑒 Eq. 5.10 

 

Where  𝑅𝑠𝑖 and 𝑅𝑠𝑒 are respectively the internal and external surface thermal resistances and R 

the materials resistance. 

 
 

𝑈 =
1

𝑅𝑡𝑜𝑡

 Eq. 5.11 

 

(U) can be calculated from Eq. 5.12 by considering the internal (ℎ𝑖) and external (ℎ𝑒) surface 

film coefficients for heat transfer [191][186]. The internal and external adduction coefficients 

were considered respectively 7.7𝑊 𝑚²⁄ 𝐾 and 25𝑊 𝑚²⁄ 𝐾. 

 
 

𝑈 =
∑ 𝑞𝑗𝑛

𝑗=1

∑ (Θi𝑗 − Θe𝑗)𝑛
𝑗=1

+ ℎ𝑖 + ℎ𝑒 Eq. 5.12 

 

(U) was calculated according to the moving average method. The standard uncertainty for the 

thermal conductance (Λ), therefore, thermal transmittance (U) is calculated as proposed in [218] 

for each measurement point and reported in Section 5.7.2. 

5.6.4 Case study 

The monitored building, het Vleeshuis, is the museum of musical instruments: “klank van de 

Stad” in Antwerp, Belgium. It was built between 1501 and 1504 on the project of the Belgian 

architect Herman de Waghemakere (the elder) functioning as new slaughterhouse of the city 

(Meat-house, in Dutch). Although the building use has changed across centuries, it is still 

possible to observe the original building architectonic integrity both on the inside and outside. 

See Fig. 5.6.4.1 a-c 

The Vleeshuis was built to host four functions in independent spaces: the slaughter space, the 

market space, the leaving and storage space. Each one was typologically defined by independent 

architectonic features and indoor performance requirements [219]. 

 

       
Figure 5.6.4.1. a-c; (a- left) outside view of the building in the years 2007-2009 with structure for collecting falling 

stones, removed in 2009 (Vleeshuis archive), (b-center) vertical section of the building (Laporte 1967), (c- right) 

monitored wall at the first floor (Litti 2013) 
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The slaughter space was built in the cellar for facilitating blood and wastes disposal while the 

prestigious market hall, built at ground floor, was designed for hosting around sixty meat seal 

counters.  

The cellar and the ground floor as well as the upper floors with the only exception of the last two 

levels of the attic, are longitudinally partitioned in two naves by a brick wall; the width of the 

two parts is almost identical (between 7.00 and 7.50 m). This bipartition, typical of buildings at 

the time, was a limit imposed by the span of oak timber beams used for the intermediate ceilings 

construction. 

The ceiling of the basement and ground floor are built with brick vaults; respectively two 

longitudinal barrel vaults at the basement and two lines of 7 cross vaults at the ground floor. The 

vaults at the ground floor are sustained by the boundary walls and in the middle by 6 stone pillars 

which replace the central brick wall existing at the basement level and at the upper levels. 

At the first floor, in which the present study was performed, there were spaces for reception, 

meetings and forestry. Still now, original furniture, fireplaces and finishing from the 16th 

Century as well as replicas from the beginning of the 20th Century are present.  

The upper four levels are part of the building attic. In this space, according to the original project, 

goods were stored. The internal vertical distribution through the levels is allowed by five towers 

with winding stone staircases located at each building corner. An extra tower on the south-

oriented façade is the sole one allowing a vertical internal/external connection through all the 

levels including the cellar and the street. This tower will be object of a specific study together 

with the exhibition hall at the basement discussed in chapter 8.  

5.6.5 In-situ monitoring protocol 

The monitoring was conducted on the south-west oriented masonry in the first floor of Vleeshuis 

museum from 07/03/2014 to 07/05/2014. The mean air dry bulb temperature for the whole 

monitored period was: 21.93°C inside and 12.50°C outside the building. The average (indoor-

outdoor) air temperature gradient (∆T) throughout the monitoring period was 9.43°C. 

As unsteady environmental boundary conditions occurred, the thermal transmittance value was 

calculated by considering the moving average method67, which consists in calculating the 

thermal conductance (Λ) by using, for each interval, the averaged values of all the previous 

intervals, instead of calculating it by averaging the heat flux and temperature difference for the 

entire monitored period [182]. This method was found by A.H. Deconinck and S. Roels [220] to 

be appropriate for measuring thermal conductance in the dynamic regime.  

According to EN 9869 [191], the heat flow meter (HFM) system reaches convergence when the 

conductance value oscillates around the horizontal asymptote with an amplitude not higher than 

0.05 W/m²K for at least 24 hours. In order to obtain this steadiness long monitoring periods were 

required (generally 3 days or more).  

The wall studied is a 100cm tick brick masonry with an external continuous course of natural 

sandstone maximum 23 cm deep. As destructive tests were not allowed, the specific wall 

stratigraphy (although known by literature studies) could not be confirmed by endoscopic 

inspections, therefore U value calculation on the basis of the EN 6946 could not be undertaken. 

In this study, two portions (in the text also termed sections or parts) of the South-masonry were 

studied (1 and 2 in Fig. 5.6.5.1 a-b). 

After a preliminary visual inspection, IRT of both the wall sections was performed for detecting 

moist areas as well as for identifying a drier area to select as benchmark for the successive 

comparative analyses. For better interpreting surface moisture dynamic variations, the wall 

sections have been gridded in regular 50*50cm elements and iterative IRT assessment was 

performed on a 2-weeks basis. The measurement points on which hygrothermal parameters and 

                                                           
67 Also known as Progressive average method 
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thermal conductance were measured have been coded on the basis of their location on the grid: 

A3, H3, H7, I5, I7 (See Fig. 5.6.5.1.a-b). The window shutters, over the whole monitoring period, 

were kept closed to avoid direct solar radiation and the radiators were switched off in order not 

to affect the experimental setup. 

 

     
Fig. 5.6.5.1.a-b; Wall section 1 (a-left) and 2 (b-right) grid surface (50*50 cm), grid distance from the floor 

level 50cm; the green points indicate the measurement points; the physical quantities measured per points are 

given in Table 5.7.1.1 

 

The main goal of the iterative assessment was to evaluate possible moisture path variations and 

to perform a cross-check between IRT outcomes and hygrothermal monitoring results; see 

section 5.7.1. 

Furthermore, on the basis of iterative IRT, the masonry’s surface temperature factor (µs) and 

heterogeneity temperature factor (µh) were calculated for evaluating whether risks of 

condensation or biological growth occurred and to quantify the extent of thermal heterogeneity 

due to the heterogeneous moisture distribution; see section 5.7.2. 

Surface temperatures and heat flows were measured with heat flow meter (HFM) on the 

benchmark point (dry area) and on comparative points per each wall section (moist areas). Thus 

wall thermal conductance (Λ) was measured and thermal transmittance (U) was calculated and 

the obtained results compared. 

Next to surface temperature and heat flow, the moisture masonry exchange, quantified by the air 

mixing ratio (MR), as well as air dry bulb temperature (T), dew point temperature (Td) and 

relative humidity (RH) were measured, with 10min time interval, at 5mm distance from the wall 

surface, in each selected measurement point as recommended by the EN 16242 [208]. A 

summary of the physical quantities measured per point is given in Table 5.7.1.1. 

The monitoring activities are summarised in Table 5.6.5.1 and a graphical monitoring flow chart 

of the entire procedure is given in Annex 1.1. The instruments accuracy and specifications are 

reported in Annex 1.2 (Hobo U 10 Data Logger), Annex 1.3 (FLIR E60BX Infrared Camera) 

and Annex 1.4 (Thermo Zig Heat Flow Meter). 

 

Activity Aim Instrument (Standard) Period 

Preliminary Inspection 

and first IRT 

Evaluation of the wall surface temperature 

heterogeneity and identification of damp and 

dry areas - Selection of the measurement 

points 

IR camera (EN 13187) February 2014 
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Wall surface gridding 

and iterative IRT 

Evaluation of thermal surface variation-  

Identification of average surface 

temperature for successive calculation of 

surface temperature factor and heterogeneity 

surface temperature factor 

IR camera, tape and cord 

(EN 13187) 

07/03/2014 - 

07/05/2014 

Surface temperature 

and Heat flow 

measurement (HFM) 

Monitoring surface temperature and heat 

flow for successive thermal conductance and 

thermal transmittance calculation 

HFM (EN 9869) 
07/03/2014- 

07/05/2014 

Quasi in contact 

hygrothermal 

measurement on the 

masonry and indoor- 

outdoor hygrothermal 

measurement 

Monitoring of dry air temperature, relative 

humidity, mixing ratio, dew point 

temperature 

HOBO Loggers (EN 

16242) 

07/03/2014- 

07/05/2014 

Table 5.6.5.1; Summary of performed monitoring activities 

5.7 STUDY RESULTS 

The results discussion is divided in IRT-assessment and Hygrothermal-assessment. The latter 

section discusses results from both thermal diagnosis and environmental diagnosis. The sections 

distinction, based on the monitoring activities, allows an independent result appraisal; jointed 

conclusions are subsequently discussed. 

5.7.1 IRT application 

During the first IRT, the surface temperature heterogeneity on the two wall sections was 

evaluated and moistened areas were identified. 

In the first wall section (Figs. 5.7.1.1-5.7.1.4), an extended damp area was visible on the central 

part of the surface, namely on the connection ceiling- parietal wall. This area, triangular-shaped, 

extends until the lower right corner on the wall section passing behind the painting on the wall. 

During the monitoring campaign, the canvas could not be removed from its position, so it was 

not possible to evaluate the moisture path behind it.  

On the upper part of this first masonry section, the surface average temperature difference 

between moist and dry area was 2.1°C (Fig. 5.7.1.1). However, punctual temperature differences 

up to 3.8°C were observed in less than 2m distance between two wall spots. 

Although moisture presence has been found more concentrated in the central wall part, causing 

the characteristic robust increase of evaporative cooling and temperature reduction, it was not 

possible to position heat flow measurement points on this area (as not reachable from outside), 

therefore another representative measurement point on the edge of the moistened area (towards 

the right section corner) has been measured (H7).  

Point H7 is localised on an area in which, although with less intensity than the central part, 

moisture presence was clearly observed, see Fig. 5.7.1.3. As the point is on a corner area, the 

typical effects produced by the solar radiation, such as speeding of evaporating exchange and 

surface temperature variation, were limited by the positioning of the sensors 50cm away from 

the wall edge, furthermore, window shutters were kept closed to decrease the influence of direct 

solar radiation.  

On the bottom part of the same section, the damp area is only localised on the right corner. On 

this area, H3 point has been measured. As can be seen in Fig. 5.7.1.4, the average surface 

temperature in the damp area (on the right) is 1.2°C different from the non-damp area (on the 

left). The entire left side of the first wall section from the bottom (Fig. 5.7.1.4) to the top (Fig. 

5.7.1.1) is characterised by unchanged surface temperature. The temperature field was apparently 
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not influenced by moisture dynamics, so this area was considered as a benchmark for the 

successive comparisons. In-contact surface temperatures and heat flows together with -quasi in 

contact- air hygrothermal parameters, were monitored on the above mentioned points. Table 

5.7.1.1 summarizes the set of measured quantities for each measurement point, for both the 

masonry sections. 

 

 
Fig. 5.7.1.1; Wall section 1; Left-top area; surface temperature gradient between the boxes positioned on both wet 
and dry areas; spots temperature difference is proximity of the moistened and dry areas; Emissivity set at 0.93, brick 

red common- air temperature 20°C in Table 33.1 in [221] 

 

 
Fig. 5.7.1.2; Wall section 1; Central-top area; surface temperature gradient between the boxes positioned on both wet 

and dry area; Emissivity set at 0.93, brick red common, air temperature 20°C in Table 33.1 in [221] 

 
Fig. 5.7.1.3; Wall section 1; Central-right area; surface temperature gradient between the boxes positioned on both 

wet central area and wet right area; Emissivity set at 0.93, brick red common, air temperature 20°C in Table 33.1 in 

[221] 
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Fig. 5.7.1.4; Wall section 1; Right-bottom area; surface temperature gradient in proximity of the wall lower corner; 
Emissivity set at 0.93, brick red common- air temperature 20°C in Table 33.1 in [221] 

 
In contact measurement (in touch with the wall surface) 

Heat-flow (W/m2) 

Temperaturre Indoor/Outdoor (°C) 

Quasi in-contact measurement (5mm distance from the wall surface) 

Temperature Indoor/Outdoor (°C) 

Relative Humidity Indoor/Outdoor (%) 

Mixing Ratio Indoor/Outdoor (g/Kg) 

Dew Point Temperature Indoor/Outdoor (°C) 

Free air measurement (centre of the room and outdoor)  

Temperature Indoor/Outdoor (°C) 

Relative Humidity Indoor/Outdoor (%) 

Mixing Ratio Indoor/Outdoor (g/Kg) 

Dew Point Temperature Indoor/Outdoor (°C) 

Table 5.7.1.1; Measured parameters per point (or on the free air) 

 

Also the second wall section presented moisture concentration on its central area as found in the 

first wall section. However, the moist surface in section 2 is more diffused than the one in section 

1. The edges of the wet area are less sharp than the ones observed in section 1, evidencing a 

slower evaporative moisture exchange. Moreover, the observed temperature gradient between 

moist and dry areas is smaller than the previous wall section. The maximum observed average 

surface temperature difference was 1°C, however spot temperatures reach 2.2°C variation 

between dry and damp areas (Figs. 5.7.1.5-5.7.1.6). Also in this case the right side of the masonry 

section presented a heterogeneous temperature distribution given by the moisture variation; this 

was observed from the top (Fig. 5.7.1.7) to the bottom (Fig. 5.7.1.8). Conversely, a more 

homogeneous temperature pattern was observed on the left wall side. 
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Fig. 5.7.1.5; Wall section 2; Central-top area; surface temperature gradient between the squares positioned on both 
wet and dry area; Emissivity set at 0.93, brick red common- air temperature 20°C in Table 33.1 in [221] 

 

 
Fig. 5.7.1.6; Wall section 2; Central-top area; surface temperature gradient between the squares positioned on both 
wet and dry area; Emissivity set at 0.93, brick red common- air temperature 20°C in Table 33.1 in [221] 

 

 
Fig. 5.7.1.7; Wall section 2; Right-top area; surface temperature gradient between vertical and horizontal line in 
proximity of the wall corner; Emissivity set at 0.93, brick red common- air temperature 20°C in Table 33.1 in [221] 
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Fig. 5.7.1.8; Wall section 2; Right-bottom area; surface temperature different between two spots; Emissivity set at 
0.93, brick red common- air temperature 20°C in Table 33.1 in [221] 

 

Also in this case the painting on the wall could not be removed, therefore no information on the 

moisture presence and its distribution behind it can be discussed.  

In section 2, two points on the damp area, namely I5 and I7, were measured and their results 

compared to the benchmark (A3). However, since point I5 was temporary influenced by solar 

gains, according to the methodology followed, it was eliminated from the study and not discussed 

further. 

5.7.2 Hygrothermal masonry evaluation 

Surface temperature factors and heterogeneity factors, for both the wall sections, were iteratively 

calculated based on the iterative IRT. Two representative moments of the monitoring are plotted 

and discussed: March the 7th and April the 14th, respectively at the beginning and in a late stage 

of the monitoring campaign. In Fig. 5.7.2.1 and Table 5.7.2.1, the surface temperature factor 

distribution (µ𝑠
∗) is plotted with regard to wall section 1 on March the 7th. 

 
 A B C D E F G H 

10 
0.20 

0.50 0.59 0.67 0.61 0.44 0.41 
0.31 

9 0.38 0.48 0.61 0.56 0.42 0.39 

8 0.19 0.33 0.41 0.47 0.53 0.41 0.56 0.45 

7 0.16 0.31 0.38 0.44 0.50 0.44 0.44 0.42 

6 0.19 NA NA NA NA NA NA 0.41 

5 0.19 NA NA NA NA NA NA 0.23 

4 0.20 NA NA NA NA NA NA 0.44 

3 0.17 0.28 0.39 0.38 0.41 0.55 0.56 0.36 

2 0.16 0.25 0.33 0.33 0.38 0.44 0.53 0.36 

1 0.27 0.31 0.34 0.38 0.41 0.47 0.50 0.41 

Fig. 5.7.2.1; Surface Temperature factor (µs
∗)  in wall section 1, March 7 2014 

 

𝑇𝑠 𝑚𝑖𝑛 𝑇𝑠 𝑚𝑎𝑥 𝜎𝑇𝑠 ∆(Ts-Tsmin) σTi σTe ∆T µsm µs µh µs* Time 

16.3 19.6 18.11 1.81 20.6 14.2 6.4 0.33 0.61 1.73 0.39 15.20-16.36 

Table. 5.7.2.1; Data Summary; wall section 1, March 7 2014 

 

On the wall section, the (µ𝑠
∗) average resulted 56% higher than the suggested threshold (see Table 

5.6.1.1). The strongest deviations occurred on the areas evidenced as damp, especially on the 

central upper part (see section 5.7.1).  
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On this wall section, due to the surface temperature reduction caused by the robust moisture 

presence, (µ𝑠
∗) values increased up to 0.67, far higher than the suggested 0.25 maximum limit 

[210][213]. These extreme conditions may predispose the masonry to surface condensation, 

biological growth or materials deterioration. Beside the (modified) surface temperature factor, 

the relation given in Eq. 5.3, had to be verified for evaluating the surface condensation risk over 

the whole monitored period. 

As expected the surface temperature factor decreases towards the left side of the section since 

the wall was drier. On this part, where the wall benchmark has been selected (See A3 in Fig. 

5.6.5.1.a and Fig. 5.7.2.1), the (µ𝑠
∗) average was 0.19, perfectly in compliance with the 

recommended values.  

On the central bottom area (Fig. 5.7.2.1), the (µ𝑠
∗) value slightly rose; it decreased again on the 

lower corner side (where point H3 was selected), and it rose once again towards the upper right 

part (where point H7 was selected). Clearly the surface temperature modified factor (µ𝑠
∗) 

increased accordingly to the moisture patterns, reaching high critical levels on the central wall 

area, where the strongest moisture presence was registered. 

In Table 5.7.2.1, the data summary for wall section 1 on March the 7th is presented. On this wall 

section the calculated mean temperature factor was 0.61 and the minimum reached value was 

0.33 (Fig. 5.7.2.1). Therefore surface temperature factor (µ𝑠) has been registered always below 

the suggested minimum required value [211]. The calculated heterogeneity factor (µℎ) for the 

wall section 1 was 1.73, in compliance with the maximum threshold value (Table 5.6.1.1).  

During the same monitoring day, on wall section 2, again strong deviations between 

recommended and calculated surface temperature factor values were found (see Fig. 5.7.2.2 and 

Table 5.7.2.2). The average modified surface temperature factor (µ𝑠
∗) was 0.44 and it rose to 0.61 

on the moistened areas (µ𝑠
∗). This happened on the lower and upper right side and on the upper 

central part of the wall (see Fig. 5.7.2.2). The average (µ𝑠), in the second wall section, was 0.56, 

but the minimum reached value was 0.39, far lower than the suggested 0.70 [211].  

The heterogeneity factor was 1.39 (See Table 5.7.2.2), lower than the one registered in section 

1, but again perfectly in compliance with the recommended interval (see Table 5.6.1.1).  

However, it has to be pointed out that the heterogeneity factor on its own does not give the whole 

image of a possible problem, as it needs to be evaluated together with the other mentioned 

factors. The calculated factors summary, for walls section 2 on March the 7th, is given in Table 

5.7.2.2. 

 
 A B C D E F G H I J 

10 
NA 0.23 NA 

0.47 0.45 0.41 0.41 0.39 
NA 

9 0.52 0.47 0.41 0.36 0.36 

8 NA 0.36 0.44 0.50 0.48 0.48 0.47 0.45 0.28 NA 

7 NA 0.41 0.30 0.59 0.58 0.55 0.55 0.50 0.45 NA 

6 NA 0.42 NA NA NA NA NA 0.48 0.48 NA 

5 NA 0.39 NA NA NA NA NA 0.58 0.48 NA 

4 NA 0.39 NA NA NA NA NA 0.55 0.53 NA 

3 NA 0.48 NA NA NA NA NA 0.61 0.48 0.39 

2 0.09 0.42 NA NA NA NA NA 0.56 0.38 0.38 

1 NA 0.42 NA NA NA NA NA 0.50 0.42 0.41 

Fig. 5.7.2.2; Surface Temperature factor (µs
∗)  in wall section 2, March 7 2014 

 

𝑇𝑠 𝑚𝑖𝑛 𝑇𝑠 𝑚𝑎𝑥 𝜎𝑇𝑠 ∆(Ts-Tsmin) σTi σTe ∆T µsm µs µh µs* Time 

16.7 20 17.79 1.09 20.6 14.2 6.4 0.39 0.56 1.39 0.44 15.20-16.30 

Table 5.7.2.2; Data Summary; wall section 2, March 7 2014 

On the 14th of April, both the surface temperature factors and the heterogeneity factors on the 

wall sections showed the same trend and distribution already observed during the 7th of March.  
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 A B C D E F G H 

10 
0.08 

0.15 0.19 0.25 0.20 0.18 0.16 
0.12 

9 0.10 0.17 0.19 0.20 0.17 0.14 

8 0.07 0.09 0.13 0.15 0.17 0.18 0.18 0.21 

7 0.06 0.08 0.13 0.13 0.16 0.19 0.18 0.18 

6 0.05 NA NA NA NA NA NA 0.17 

5 0.04 NA NA NA NA NA NA 0.15 

4 0.04 NA NA NA NA NA NA 0.17 

3 0.08 0.15 0.14 0.15 0.14 0.17 0.19 0.10 

2 0.07 0.11 0.11 0.11 0.13 0.17 0.19 0.12 

1 0.10 0.14 0.11 0.11 0.12 0.15 0.17 0.15 

Fig. 5.7.2.3; Surface Temperature factor (µs
∗)  in wall section 1, April 14 2014 

 

𝑇𝑠 𝑚𝑖𝑛 𝑇𝑠 𝑚𝑎𝑥 𝜎𝑇𝑠 ∆(Ts-Tsmin) σTi σTe ∆T µsm µs µh µs* Time 

19.7 22.6 21.27 1.57 22.33 11.52 10.81 0.76 0.90 2.49 0.10 10.00-11.30 

Table 5.7.2.3; Data Summary; wall section 1, April 14 2014 

 
 A B C D E F G H I J 

10 
NA NA 0.07 

0.16 0.20 0.19 0.14 0.12 
NA 

9 0.20 0.24 0.19 0.12 0.09 

8 NA 0.07 0.05 0.22 0.22 0.25 0.15 0.13 0.12 NA 

7 NA 0.05 0.01 0.15 0.19 0.19 0.19 0.17 0.15 NA 

6 NA 0.04 NA NA NA NA NA 0.17 0.15 NA 

5 NA 0.06 NA NA NA NA NA 0.18 0.16 NA 

4 NA 0.09 NA NA NA NA NA 0.19 0.16 NA 

3 NA 0.11 NA NA NA NA NA 0.19 0.15 0.13 

2 0.06 0.06 NA NA NA NA NA 0.13 0.13 0.10 

1 NA -0.07 NA NA NA NA NA 0.11 0.11 0.10 

Fig. 5.7.2.4; Surface Temperature factor (µs
∗) in wall section 2, April 14 2014 

 

𝑇𝑠 𝑚𝑖𝑛 𝑇𝑠 𝑚𝑎𝑥 𝜎𝑇𝑠 ∆(Ts-Tsmin) σTi σTe ∆T µsm µs µh µs* Time 

19.6 23.1 20.91 1.31 22.33 11.52 10.81 0.75 0.87 1.93 0.13 10.00-11.30 

Table 5.7.2.4; Data Summary; wall section 2, April 14 2014 

 

However, the difference between calculated and recommended values is smaller than the ones 

calculated with regard to the previous monitored period. Hence, a general fulfillment of the 

calculated parameters to the recommended thresholds can be observed. 

In Fig. 5.7.2.3, the (µ𝑠
∗) distribution in wall section 1 is shown. It is evident how the values 

reproduce exactly the same pattern obtained on March 7th, but the values are halved. This 

situation most likely occurs because of the natural masonry drying. 

The central upper part of the wall surface was still the one with higher values; but since the 

maximum value was ≤ 0.25, the wall can be considered in compliance with the thresholds 

proposed in Table 5.6.1.1. The average surface temperature factor was 0.90 and its minimum 

value 0.76, higher than 0.70 as suggested in Table 5.6.1.1. 

Similarly, the situation was improved also in section 2 (see Fig. 5.7.2.4 and Table 5.7.2.4), where 

the previous maximum (µ𝑠
∗) value decreased by 68.8%, and the current maximum value is 0.25. 

Also the minimum surface temperature factor (µ𝑠𝑚) previously equal to 0.39, on April 14th, rises 

until the safe value of 0.76. The (µ𝑠) average was 0.87, increased by 55% compared to the one 

calculated in March. The interior surface temperature increase produced a general stabilization 

of the values out from the risky ranges.  
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The warming of the interior wall surface has produced a general reduction of the difference 

between mean surface wall temperature (𝑇𝑠𝑖) and minimum surface wall temperature (𝑇𝑠𝑚)  and 

a strong reduction on the difference between indoor air temperature (𝑇𝑖) and mean surface wall 

temperature (𝑇𝑠𝑖). However, the heterogeneity factor (µℎ), expression of the coldest point 

deviation from the surface mean temperature on the basis of the indoor air temperature (see 

Eq.5.5), increased for both the wall sections (see data summary on Table 5.7.2.3 and Table 

5.7.2.4).  

This condition occurs because the variation between indoor air temperature and minimum 

surface temperature in both the wall sections decreased less than the variation between -indoor 

air temperature and mean wall temperature if comparing the configuration in March to the one 

in April. Indeed, the difference (𝑇𝑖 − 𝑇𝑠𝑖) is reduced by 60% in wall section 1 and 50% in wall 

section 2 and the difference (𝑇𝑖 − 𝑇𝑠𝑚) is reduced by 39% and 30% in wall section 1 and 2 

respectively, see Table 5.7.2.5. This produced, in accordance with Eq. 5.5, a substantial increase 

of the heterogeneity factor (µℎ). 

By considering the fact that minimum surface temperature values are still observed in the 

previously assessed damp areas, it is possible to conclude that the residual moisture presence in 

the damp masonry areas, did not allow a surface temperature increase proportional to the rest of 

the wall surface. Therefore, although an absolute surface temperature increase also on the colder 

areas occurred, this temperature increase was too low compared to the rest of the homogeneous 

wall, thus the heterogeneity factor did not declained.  

 

From Formula 5 in 6.1 Section I Section II 

(Ti-Tsmin) Percentage of reduction 38.84% 30.00% 

(Ti-Tsi) Percentage of reduction 57.48% 49.71% 

Table 5.7.2.5; Percentage of reduction on April 14th (compared to March 7th) of the Difference between indoor 

air temperature and minimum surface temperature and indoor air temperature and mean surface temperature (Eq. 

5.5) 

In order to draw conclusion on the potential risk of surface condensation on the investigated wall 

sections, Eq. 5.3 has to be verified for both the discussed periods. The results from the calculation 

are reported in Table 5.7.2.6. 

 
  Mar-07 Apr-14 

µ𝑑 Section I -0.93 -0.19 

µ𝑠𝑚Section I 0.33 0.76 

µ𝑑 Section II -0.93 -0.19 

µ𝑠𝑚Section II 0.39 0.75 

Table 5.7.2.6; Verification of surface condensation, See Eq. 5.3 

 

The first term in Eq. 5.3 expresses the surface temperature factor at the dew point temperature 

(µ𝑑), while the second term, already discussed (see section 5.6.1), expresses the minimum 

surface temperature factor (µ𝑠𝑚).  

As showed in Table 5.7.2.6, the first term is always lower than the second one in both the sections 

for both the periods verifying the relation in Eq. 5.3. No surface condensation during the 

observed two moments in March and April occurred. 

It is worth mentioning that the above discussed surface condensation verification, is not 

representative for the whole monitoring period. Indeed, in order to allow verification  throughout 

the whole monitoring period, the air dew point temperature (𝑇𝑑) in the room and the quasi-in 

contact surface dew point temperature for the selected points (𝑇𝑞 𝑑) have been plotted and 

evaluated against the points surface temperature (𝑇𝑠𝑖). In Annex from 1.5 to 1.8, it can be seen 
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that wall surface temperature has been always higher than the dew point temperature during the 

March –May monitored period, therefore no surface condensation occurred over the period. 

 

The dynamic trends of Mixing Ratio (MR) with regard to: benchmark point (A3), selected points 

onto the moistened wall surface areas (H3, H7, I7) and room itself are discussed below. Since 

the MR analysis is susceptible to misunderstanding, caution should be paid when measuring it 

over the space; unwanted thermal loads should be avoided. For this reason it was decided, as 

already reported, not to consider results from point I5, as accidental solar radiation of the point 

temporally occurred. 

In Fig. 5.7.2.5, air MR hourly variations at 5mm distance from the selected points on the 

investigated masonry against the air MR in the middle of the room (four meter distance from the 

investigated masonry) are plotted. 

 

 
Fig.5.7.2.5; Mean Mixing Ratio (g/Kg) for the measured points 

By considering the findings from the IRT (see section 5.7.1) and the results from the surface 

temperature and heterogeneity factor analysis (beginning of this section), it is evident that 

masonry moisture, for the whole monitoring period, constantly evaporated into the heated space 

and never condensed on the wall surface. The highest moisture exchange -consequently the 

highest evaporative cooling- was observed close to the wetter areas: respectively in H7 and I7; 

in the points, the mean MR has been respectively 11.32 g/kg and 11.16 g/kg (Fig. 5.7.2.5). It has 

to be pointed out that, although the evaporative exchange during the typical day was slightly 

influenced by the background building heating schedule, the quasi in contact air temperature 

layering (due to convective exchanges) was avoided by keeping the radiators constantly switched 

off for the whole monitored period.  

During the iterative IRT, Point H3 resulted colder than the benchmark (A3) but warmer than I7 

and H7; in this point, the quasi in contact mean MR was 9.25 g/Kg (see section 5.7.1), while on 

the benchmark point (A3), remarkably drier than the other studied points, the mean MR was 

8.60g/Kg. However, the lowest MR value was logically observed in the centre of the room; for 

the whole monitoring period it has been 7.57 g/Kg. 

The thermal masonry performance has been evaluated by measuring the thermal conductance 

(Λ) for each measurement points (A3, H3, H7 and I7). Successively, the thermal transmittance 

(U), on the basis of the heat flow metering, has been calculated by both mathematical average 

and movable average method. Fig. 5.7.2.6 shows the increase of thermal transmittance value on 

the points with stronger moisture exchange. 
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Fig. 5.7.2.6; Mean thermal transmittance (W/m²K) for the measured points 

Point A3 (baseline) both during IR thermography and evaporative cooling analysis and surface 

temperature factor analysis, has been evidenced as the driest area of the wall. On this point the 

lowest thermal transmittance value (0.478 W/m²K) was recorded.  

The U value gradually rose on the areas evidenced as the most influenced by moisture presence: 

in point H3, H7 and I7, the thermal transmittance (U) was found to be three times or more higher 

than the baseline point (A3). Although eventual presence of cracks or geometrical irregularities 

might exist, the results confirmed the unavoidable influence of moisture on the thermal 

properties variation of the measured brick masonry.  

In Table 5.7.2.7, the deviation between the U value calculated with moving average and the U 

value mathematical average per each measured point is reported. The highest variation has been 

evidenced in point H7 where the difference between the two calculation methodologies is almost 

22%. With regard to the rest of the points, the deviation between the methods is always lower 

than 15%.  

According to EN 9869 [191] the average method is not recommended for monitoring campaigns 

not performed in steady conditions. Therefore, the results obtained from the moving average 

method are preferred. 

 

  
U (W/m²K)  moving average 

method 

U (W/m²K) matematichal 

average method 
Deviation (%) 

Point A3 0.478 0.428 10.47 

Point H3 1.557 1.758 12.94 

Point H7 1.586 1.933 21.87 

Point I7 1.662 1.884 13.37 

Table 5.7.2.7; Thermal transmittance value (W/m²K) point deviation between mathematical average method and mean 

moving average method 

The experimental standard deviation for the measured independent variables  (internal and 

external surface temperature and heat flow) as well as the thermal conductance combined 

standard uncertainty, calculated as the positive square root of the combined variance of each 

measured independent variables  are both plotted in Table 5.7.2.8. 

The maximum thermal conductance uncertainty is reasonably observed where the experimental 

external surface temperature standard deviation is higher (see measurement points H3 and H7). 

This condition caused the temperature gradient reduction, resulting in a slight increase of the 

heat flow standard deviation and a less accurate value for thermal conductance, hence 

transmittance. 
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Measurement Point 

Indoor Surface 

Temperature, Standard 

Deviation 

Outdoor Surface 

Temperature, Standard 

Deviation 

Heat Flow, 

Standard 

Deviation 

Thermal 

conductance (Λ) 

uncertainty 

(W/m²K) 

A3 0.14 0.56 0.56 ±0.08 

H3 0.44 1.64 0.64 ±0.83 

H7 0.77 1.97 1.19 ±1.04 

I7 0.21 0.86 0.46 ±0.45 

Table 5.7.2.8; Uncertainty quantification per measurement point; independent variables (indoor-outdoor surface 

temperature and heat flow) standard deviation; measured thermal conductance (Λ) uncertainty. 

5.8 CONCLUSIONS 

In this study, an indirect monitoring methodology aimed at evaluating historic building envelope 

thermal performance and its variation according to moisture distribution was introduced.  

The methodology, applied to a traditional brick-masonry, foresees a non-invasive approach that 

can be undertaken in historic and heritage buildings where it is impossible to perform invasive 

analysis on the building envelope.  

In the author’s opinion, such a methodology should be performed prior to any ERI design as it 

allows evaluation of the actual energy performance of the historic building envelope as well as 

its relation between physical materials deterioration and energy performance alteration. The 

latter aspect is relevant in order to: 1) obtain knowledge of the real building envelope 

performance (instead of notional or tabular based one) permitting to calculate more accurately 

the building envelope-induced energy losses and 2) allow a building-tailored ERI design 

considering also the possible need for preparatory restoration activities for boosting the long-

term ERI environmental effectiveness. Indeed, in case of undiagnosed presence of moisture 

deterioration in the building envelope, any ERI performed for improving its energy performance 

will be an ephemeral intervention that in the worst scenario may cause environmental burdens 

shift if the ERI loses its initial performance before its expected End Of Life.  

 

The methodology and related monitoring activities were tested in the Vleeshuis Museum from 

March to May 2014. 

According to the developed methodology, masonry thermal non- homogeneities, caused by 

moisture distribution, were identified for successively assessing thermal transmittance value 

deviation between masonry dry and moistened areas. Quasi in contact hygrothermal monitoring 

together with iterative Infrared imaging and heat flow metering allowed to outline that, although 

the investigated masonry was subjected to natural drying, it did not dry homogeneously. This 

circumstance, mainly caused by the heterogeneous moisture distribution, was evidenced by the 

increase of the surface temperature heterogeneity factors. 

A progressive reduction of the difference between mean indoor air temperature and mean 

masonry surface temperature, confirmed masonry homogenization and drying by the end of the 

monitoring period. However, the damp areas, although progressively warmer and drier, showed 

local surface temperature far colder than the rest of the masonry; this was explained by the 

presence of residual moisture on the specific areas. This was confirmed by iterative Infrared 

imaging and hygrothermal monitoring results. 

A partialization of the masonry thermal performance, consisting in a thermal transmittance 

increase on the wet areas compared to the driest one, was registered. The moistened points 

showed thermal transmittance value from 69% (H3) to 71% (I7) higher than the driest masonry 

surface part (A3). These findings confirm the role played by moisture in radically perturbing the 

thermal properties of building components, hence building envelope performance.  
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Local moisture presence might cause, as in the present case study, simultaneous increase of 

thermal transmittance value, evaporative cooling and masonry surface heterogeneity factor, 

generating thus an irregularly distributed thermal bridge. 

 

It can be concluded that, moisture incidence should be evaluated onsite before any envelope 

retrofitting intervention design as its influence may nullify the effectiveness of any insulation 

alternative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

6 Integrated approach for historic 

buildings microclimate diagnosis  
 

 

 

 

 

 

An integrated indoor microclimate diagnosis permits understanding of the indoor-outdoor 

building climatic interactions and evaluation of the extent of indoor hygrothermal variability 

caused by building use. Moreover, since the cumulative physical deterioration of the building 

envelope plays a relevant role in altering building indoor microclimate, it is essential to combine 

both building envelope and indoor microclimate monitoring in a comprehensive diagnostic 

approach.  

In this Chapter, an integrated microclimate diagnosis of the Vleeshuis museum main exhibition 

hall is introduced. The developed diagnosis, based interalia on statistical modelling, is aimed at 

evaluating the long-term indoor microclimate variability consequent on external climatic 

conditions, people presence, HVAC systems operating, use of the building and possible effect of 

building envelope deterioration. 

Such analysis provides a global picture of the building performance and, simultaneously, 

verifying of the mutual relationship between different aspects of performance as well as their 

influence on the building Indoor Microclimate Quality.  
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6.1 INTRODUCTION 

Performing building indoor microclimate diagnosis means on the one hand verifying how the 

building interacts with its outdoor climate [222][223] and on the other hand understanding the 

indoor microclimate variation consequent on variation of internal heat and mass loads 

[144][224][225]. Moreover, because the building envelope materials deterioration process plays 

a significant role in the indoor microclimate alteration and building energy performance 

[215][179][130], it is fundamental to evaluate both indoor building microclimate and building 

envelope state of conservation as well as its hygrothermal performance (see chapter 5) [226]. If 

heat, air and moisture transfer through the building components is uncontrolled, not only might 

it cause overall building thermal performance reduction [226][168][227][79], but it may trigger 

indoor hygrothermal alterations with consequent risks for cultural heritage preservation and for 

people comfort and health [215][58][228][229]. 

Given the existence of a cause-effect relationship between building performances, building 

materials state of conservation and building use, the implementation of holistic building 

monitoring and diagnosis instead of monothematic building assessment activities (e.g. energy 

audits) should be favoured (see chapter 1). This is even more significant in case of historic, 

heritage buildings and museums. In these buildings, the usual presence of non-centralized 

equipment, the opening of doors at each visitors entrance, the lighting system, the inconstant 

installation’s schedule, the building physical deterioration and the long-term effects of previous 

restoration works may constitute a possible source of microclimate instability or even increased 

building energy consumption. As a result, global building performance can only be improved by 

understanding and addressing these aspects in their totality.  

Nevertheless, given the large amount of data and multiple research questions at the basis of a 

building indoor microclimate diagnosis, statistical tools may integrate the conventional data 

analysis. The study presented in this Chapter develops an indoor microclimate diagnosis based 

on the use of statistical models. 

 

The use of descriptive and inference statistics in support of microclimate analysis (with 

exploratory or confirmatory purposes) is becoming more frequent also in cultural heritage 

science [230]. This occurs especially after the introduction, within national and European 

standards [231][55], of microclimate data analysis methodologies based on the support of 

statistics. 

It should be mentioned that this support should not be independent from a physical understanding 

of the environmental phenomena. Indeed, the physics involved in the microclimate dynamics 

permits identification of the appropriate statistics to be used for better analysing the problem. 

Moreover the latter do not replace the former for purposes of problem understanding. In other 

words, a correlation coefficient may express the relation between variables but it does not explain 

the reasons for this relationship. Nevertheless, statistical modelling may facilitate the 

microclimate diagnosis especially with regard to long-term monitoring wherein large amounts 

of data are involved. 

S. P. Corgnati, M. Filippi et.al, [232][77] recurred to descriptive statistics-based indicators for 

globally assessing the indoor thermo-hygrometric safety of paintings during temporary 

exhibitions. Similar analysis supported by descriptive statistics (e.g. cumulated percentages, 

frequency indicators, bivariate correlations, etc.) were also undertaken by J. Ferdyn- Grygierek 

[233] for evaluating the indoor climate of a large museum building and by F. Sciurpi et.al [234] 

for deciding upon microclimate control strategies in an Italian museum. H.E. Silva and F. M.A. 

Henriques [235] proposed a comparison between two statistical methods for the definition of 

safe (historic) climate target in a Portuguese church according to the EN 15757 standard and an 

adjusted version of the latter [236].  
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Other authors performed exploratory analysis for assessing specific microclimatic issues by 

relying on statistical inference. F. J. Garcia-Diego and M. Zarzo [237] applied multivariate 

statistics to understand the likelihood of moisture formation on a renaissance fresco in the 

Cathedral of Valencia, Spain. The same multivariate analysis was implemented by P. Merello 

et.al in [238] for characterizing the microclimate variability of an open-archaeological site in 

Pompeii, Italy, and for recognizing abnormal microclimate patterns.  

The above-mentioned contributions have the value of the integration of statistical inference with 

canonical hygrothermal data analysis in the field of cultural heritage. This integration is a 

fundamental aspect considered in the present study. 

6.2 STUDY OBJECTIVES 

The main objective of the study presented in this chapter, is to introduce an integrated 

methodology for indoor microclimate assessment of historic, heritage buildings and museums. 

This methodology integrates (1-year) environment monitoring, infrared thermography and 

building documentation analysis.  

The performed indoor microclimate diagnosis relies on combining building physics analysis and 

inference statistics. In the author’s opinion, the latter is supportive in order to: a) discriminate 

among the countless climatic circumstances likely to influence the indoor building microclimate 

stability; b) compare possible causes of hygrothermal fluctuations or c) confirm hypothesis 

emerged during instrumental monitoring or data analysis. 

The study of the building documentation combined with results from IRT and environmental 

monitoring, permitted precise identification of the water infiltration sources in the building 

masonries concluding the analysis discussed in chapter 5. This approach not only is fundamental 

in terms of building microclimate evaluation but also in terms of building envelope thermal 

energy assessment. Indeed, it yields important insights for possible interventions targeted at the 

restoration or performance improvement of the building. The study was performed in the main 

exhibition hall of the Vleeshuis museum.  

 

An introduction to the case study and to its indoor microclimate control systems is given in the 

section on methodology (section 6.3). In the same section, the instrumental and analytical 

research methodology undertaken is described. Study results are discussed in section 6.4 and 

conclusions are drawn in section 6.5. The specific objectives and limitations of the present study 

are summarized below.  

 

 With regard to the assessment of the building masonries, the study focusses on the 

following: localisation of moisture in the building masonries and identification of water 

infiltration sources. Although the building envelope analysis was performed with regard 

to the entire building, the results discussion is limited to the North-East building corner 

(ground and first floor) as found to be the most representative for allowing a good 

understanding of the moisture infiltration causes and effects. This aspect of the study is 

based on the study discussed in the previous Chapter. 

 With regard to the assessment of the influence of heat and moisture loads on the 

exhibition hall microclimate stability, the study focuses on the following: a) the effect  

of outdoor climate on the indoor one; b) the effect of visitors on the indoor microclimate 

variations; c) the effect of climate control equipment operation and building use on the 

indoor hygrothermal variability; d) the effect of infiltrative air on indoor hygrothermal 

fluctuations.  

 The specific aspects concerning the influence of the current exhibition hall 

microclimate quality on people comfort perception and movable cultural heritage safety 
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are discussed in chapter 9, where a multi-objective IMQ certification methodology is 

introduced. 

 The microclimate monitoring, was performed during the year 2014-15. However, due 

to logging failure, data from July the 20th to September the 8th were lost, hence not 

included in the analysis. The outdoor environmental parameters considered in the 

analysis were taken from a weather station 6 km distant from the museum (Deurne). 

 The exhibition hall is equipped with independent humidifiers. As it was found that the 

machines were not constantly in use throughout the monitored year, their influence on 

the indoor hygrothermal variability was analysed according to the most conservative 

scenario. In other words, the results with regard to this scenario represent the influence 

humidifiers might have on the indoor microclimate, if constantly used at their maximum 

power.  

6.3 STUDY METHODOLOGY 

In section 6.3.1, the Vleeshuis is presented giving l details additional to those given in the 

previous Chapter. The methodology for the infield instrumental monitoring is described in 

sections 6.3.2 and 6.3.3 and analytical procedure for the microclimate diagnosis is discussed in 

section 6.3.4. 

6.3.1 Case study description 

For the purpose of this study, the main exhibition hall on the ground floor was continuously 

monitored; see Figs. 6.3.1.1(a-c). The building is technologically characterized by brick 

masonries and vaults at the basement and ground floor and brick masonries and timber ceilings 

at the upper floors. The brick masonries of the ground floor are opened by almost 220m2 stained 

single glass windows (≈35% of the floor area). 

The building is equipped with centralised heating system with high temperature radiators 

(temperature set-point 20°C)68 . No cooling or mechanical ventilation system is present with the 

sole exception of an independent air heating and ventilation unit installed on the North-East part 

of the exhibition hall (see Fig. 6.3.1.1.c and Fig. 6.3.2.1). The air unit, without humidity control, 

allows air change rate of 3500m3/h (exhibition hall net volume ≈5300 m3). The exhibition hall 

is equipped neither with a humidity control system nor with a temperature one.  

The humidity is controlled by independent humidifiers (often found defective or not in use), 

while temperature regulation is allowed by the adjustment of the radiator thermostats. 

Nevertheless, as the radiators are located on the boundary walls -where also part of the collection 

is exposed- several terminals are constantly closed so as not to endanger the cultural objects.  

                                                           
68 Recently the two centralised boilers present during the monitoring campaign were replaced. Nevertheless, the 

distribution system and terminals were not changed. 
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Fig. 6.3.1.1.a-c (from left to right); Ground floor exhibition hall of the Vleeshuis internal view (a); example of 
humidifier present in the exhibition hall (b); air heating and ventilation unit integrated in a closet (similar to the 

showcases) on the North wall (c) 

 

Even if in this study the methodology as introduced in chapter 5 was not repeated, it is expected 

that the masonries drying process as discussed in chapter 5 triggers similar vapour evaporation 

in the exhibition hall and in all the spaces at the first floor where identical moisture infiltrations 

were observed. The problem of infiltrative water in the building masonries is not recent. It was 

already observed during restoration works in 1964 (see Annex 2.1). It is worth mentioning that 

not only the brick masonries deterioration is supposed to affect indoor microclimate stability, 

but also the almost 220 m2 of stained glass windows, and more specifically their connection to 

the masonries. Due to the deterioration of the stone making up the structural frame of the glass 

panes, constant infiltrative heat and moisture was observed at the windows edges. Also this issue 

was observed during restoration works in 1964 (see Annex 2.2 and 2.3)  

Next to the infiltrative losses via the windows, also the five building towers (especially the ones 

directly connected to the exhibition hall), are responsible for continuous heat loss, making the 

microclimate in the exhibition hall unstable and strongly dependent on the outdoor climate 

circumstances. 

6.3.2 Indoor Microclimate monitoring  

The environmental parameters continuously monitored in the exhibition hall and considered in 

the microclimate analysis are given in Table 6.3.2.1. The measurement protocol, especially with 

regard to the sensors location, was developed on basis of findings from a preparatory short term 

monitoring performed in the summer of 2013 [239]. 

 

Position code Physical Parameter Logger 

Accuracy 

(of absolute 

reading) 

Time resolution 

(sampling interval in 

min) 

0.1.2-0.1.4-0.1.5 Dry bulb temperature 

(°C) 
Hobo U12 (±0.35) 15 

0.1.2-0.1.4-0.1.5 Dew temperature (°C) Hobo U12 (± 2.5%) 15 

0.1.2-0.1.4-0.1.5 Relative Humidity (%) Hobo U12 (± 2.5%) 15 

0.1.2-0.1.4-0.1.5 Light Intensity (lux) Hobo U12 (± 2.5%) 15 

0.1.2 CO2 (ppm) Vaisala GM70 (± 2%) 15 

0.1.2 Air Velocity (m/s) MM 0038 Innova (0.05⍺+0.05) ** 120 

** with air velocity <1m/s and 0.25⍺ with air velocity up to 10m/s  

Table 6.3.2.1; Parameters continuously monitored in the exhibition hall 
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External environmental parameters, utilized for the microclimate analysis, were taken from the 

weather data station in Antwerp-Deurne (6km distant from the building). These are:  dry bulb 

temperature (°C), dew point temperature (°C), relative humidity (%), global horizontal solar 

radiation (W/m2), wind speed (m/s), wind direction (°E from N), atmospheric pressure (Pa), 

cloud covering (fraction). The sensors for the indoor measurement were installed in the 

exhibition hall 1.30 m above the floor. Their location as well as the location of air heating unit 

and humidifiers is plotted in Fig. 6.3.2.1. The distance between sensor 014 (entrance) and 012 

(centre of the space) is 10m, the distance between sensors 012 and 015 (back of the exhibition 

space) is 13m and the distance between sensors 012 and 015 is 22m. 

 

 
Fig.6.3.2.1; Localization of sensors in the exhibition hall (red circles) air heating unit (black arrow) humidifiers 

(squares); the humidifiers distance from the sensor was always >2m 

6.3.3 Infrared Thermography (IRT)  

In the north-east corner of the building, the existing tower is not directly connected to the 

exhibition space, see Fig.6.3.3.1, this permitted measurement of outer masonry surface 

temperature distribution towards a heated and unheated space: respectively exhibition hall and 

tower.  

The indoor-outdoor thermal imaging performed in accordance with EN 13187 [194] and the 

methodology presented in chapter 5, permitted localisation of the infiltrative water in the 

masonries as well as identification of the origin of the infiltrations. The latter was possible by 

combining Infra-Red Thermography (IRT) with analysis of building photographic 

documentation related to past restoration works. This was done by superimposing the IRT 

thermograms with the archive pictures and technical drawings of previous restoration works. The 

position of the thermogram discussed in section 6.4.6 is reported in Fig. 6.3.3.1. 

 

 
Fig.6.3.3.1; North-East façade with tower; indication of IRT thermograms discussed in section 6.4.6 
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6.3.4 Indoor Microclimate data analysis  

Based on the monitored parameters given in Table 6.3.2.1, MR (g/kg) and water vapour pressure 

(hPa) were calculated every 15 minutes and hourly averaged; see Eq. 1 to 4 from [240] in the 

Annex 2.4. 

The ratio between mass of water vapour and dry air (mixing ratio, MR) allowed analysis of the 

air mass interactions between the indoor and outdoor environment. Indeed, because MR is 

invariable to both isobaric and non-isobaric and adiabatic and non-adiabatic processes (because 

of its independency from pressure, volume and temperature), its analysis allowed understanding 

of the hygrothermal dynamics in the monitored exhibition space. In this Chapter, MR is also 

termed, for simplicity, water vapour concentration and is calculated according to Eq. 4 in Annex 

2.4.  

Inside-outside temperature, mixing ratio and relative humidity were analysed throughout the 

entire monitored period under conditions a) and b) reported below, namely when the indoor air 

temperature and vapour pressure were higher or lower than the ones outside. For the sake of 

simplicity the conditions a) and b) are termed overheating and overcooling (see Eq. 6.1 and 6.2). 

The mentioned conditions were defined in order to better assess the exhibition hall hygrothermal 

patterns in case of outwards (condition a) or inwards (condition b) heat and moisture transport. 

According to these scenarios -aimed at dichotomizing the physics of the heat and moisture 

transport- the microclimate dynamics were analysed also by means of statistical tests.   

 

Condition A: overheating 
(heat-moisture flows towards outside) 

Condition B: overcooling 
(heat-moisture flows towards inside) 

{
T(in) > T(out)

  Vp(in) > Vp(out)
 Eq. 6.1 {

T(in) < T(out)

  Vp(in) < Vp(out)
 Eq. 6.2 

 

The possible hygrothermal instability sources present in the exhibition hall were: portable 

humidifiers, visitors and staff, ventilation through the entrance door, ventilation due to the air 

heating unit, infiltration through the envelope and moisture evaporation from the building 

masonries. The influence of each one of the mentioned hygrothermal disturbance was tested by 

combining data analysis and tests statistics. The statistical tools considered in this study are 

explained below.   

 

 Test of mean independency (t-test). This study used t-tests for observing the variation 

between microclimate circumstances. Indeed, by analysing the extent of a possible non-

random variation it was possible to assess the influence of e.g., people presence, doors and 

air-heating unit operation, air infiltration etc. on the indoor microclimate variability. 

The t-test, allows verification of casual inference by looking at the mean difference between 

statistical populations. In this study, this test was used with only one independent continuous 

variable per time, manipulated in two ways, and only one predicted variable per time (also 

continuous). The t-test allows analysis of the influence of the manipulation of a predictor on 

a predicted value. In other words, the test works as a regression model that predicts the 

outcome on basis of a group membership. If the membership to a group plays a role in varying 

the outcome, this will result in a significant (non-random) variation of the predicted mean.  

 Partial correlation. This correlation model allows observation of the relationship between two 

variables when the effect of a third variable is held constant. The partial correlation was used 

in the study for looking at the relation between air water vapour concentration and air 

temperature by taking into account influence of the air velocity.  
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 Multiple regression model. A regression model was developed for quantifying the relation of 

each significant environmental parameter on the variation of the exhibition hall mixing ratio 

(MR). The regression model was developed on basis of indoor and outdoor parameters found 

to be significant both during microclimate assessment and model development. The model 

was developed on the least square method, and the improvement consequent on each 

parameter addition was evaluated by means of explained variance (R2) and explained 

variance in function of the model degrees of freedom (F-test).  

 

The effect of each heat and/or moisture source on the microclimate stability of the exhibition 

hall was assessed according to the methodology given below. 

6.3.4.1 Influence of portable humidifiers 

The use of portable humidifiers in the exhibition space, though continuous throughout the year, 

was erratic. The humidifiers were observed to be often defective, moved or not in use. However, 

during onsite inspections it was generally found that 4 humidifiers were in use. The maximum 

water vapour entered in the exhibition hall by the four machines (assumed at their maximum 

power) was calculated. This simplified- scenario provides understanding of the maximum 

influence of the humidifiers on the exhibition hall water vapour enrichment.  

6.3.4.2 Influence of visitors and staff 

The influence of visitors and staff on the possible air volume vapour enrichment was tested by 

means of independent t-test and by analysing the hygrothermal parameters distribution 

throughout the monitored period. 

The test was developed in two hierarchical steps: test 1 and test 2 for both cold (months 11-12-

1-2) and warm (months 6-7-9) periods.  

Test 1, aimed at verifying the mixing ratio mean variation between non visiting and visiting days, 

excluding the highly frequented concerts events (100 people on average). In case of negativity 

of the first test, in other words in case the mean vapour concentration during museum visiting 

days was found to be not significantly different from the one during closing museum days, a 

second test (test 2) was performed. The second test aimed at verifying the same as the first but 

including the concerts events, see Table 6.3.4.2.1.The second test allowed verifying whether the 

variation of water vapour concentration was insignificant also in case of short intervals with high 

occupation rate. 

 
Independent 

t-test 

continuous variable 

(in the model) 
dummy variable (in the model) Time interval 

Test 1 Mixing Ratio_012 

 
closing hours visiting hours 1pm to 11pm 

Test 2 Mixing Ratio_012 

 
closing hours visiting + concert hours 1pm to 11pm 

Table 6.3.4.2.1; Independent t-Test conditions for test 1 and 2 

The museum can be visited from Thursday to Sunday from 10am to 5pm; on other days the 

exhibition space is closed to the public. However, since in the cold period, the contribution of 

visitors in terms of vapour concentration enrichment was observed with a time lag in comparison 

with the visiting hours (see Fig. 6.4.3.2), the t- tests were performed considering the time interval 

1pm to 11pm. This allowed taking into account the enrichment and successive dilution of vapour 

concentration during and after the visiting time.  

From the hourly mixing ratio calculated on basis of the monitored indoor environmental 

parameters and considering a per capita water vapour production of 50g/h in [241], the average 

vapour load produced by people during museum visits was calculated. Further, the results were 

compared to the museum administration data. It is worth mentioning that 50g/h vapour 
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production refers to people involved in activities with low metabolic rate such as attending a 

religious ceremony. We assume this (low) metabolic activity is not different from visiting a 

museum or listening to a classic concert. 

6.3.4.3 Influence of ventilation due to the operating of the entrance sliding door 

The ventilation rate produced by the entrance door or windows opening is supposed to be 

invariable throughout the year, this because the openings are not differently operated during the 

seasons for obvious safety reasons. 

For understanding the effect of the entrance door opening on the indoor air movement, an 

independent t-test was done. The modelled dummy conditions were: museum closed and opened 

within the time interval 10am-5pm (museum opening hours), hence when the door is operated. 

The test was performed for cold and warm periods considering as continuous variable the indoor 

air velocity (m/s) measured in point 012 (centre of the space). 

6.3.4.4 Influence of air infiltration and air heating unit  

Even if the ventilation stays invariable between opening and closing days throughout the whole 

year, the infiltration rate may change with consequent influence on the air velocity inside the 

exhibition space and therefore on the vapour concentration. 

Wallace E. et. al, in [242] observed that air infiltration rate is temperature gradient dependent 

and it increases in proportion of 0.0156(ach) per 1°C of temperature difference increase (indoor-

outdoor).  

Due to the big volume of the exhibition hall (≈5300 m3), it was not possible to perform a blower 

door test. However, the influence of the air infiltration on the indoor microclimate was quantified 

by analysing the indoor air velocity. This approach gives continuous information on the air 

infiltration/exfiltration influence on the indoor hygrothermal conditions and permits verification 

of the relation between air infiltration and temperature gradient. The indoor air velocity sensor 

was placed away from direct sources of ventilation in order to measure the whole air buoyancy 

of the space and to continuously detect indoor –outdoor air mass exchanges.  

Due to the presence of the air-heating unit, temperature gradient and air velocity increase were 

unavoidably correlated. For this reason it was necessary to isolate the effect of temperature 

gradient increase given by the unit. Therefore, for the t-t test only the nocturnal hours (<10am, 

>5pm) were considered. In these hours, the air unit was not in use, people were absent and 

radiators set point temperature (during cold period) was at the lowest temperature causing 

negligible convective air motion. In this way, the sole influence on the indoor air velocity was 

attributable to the air infiltration-exfiltration (with consequent buoyancy) via windows or doors. 

6.3.4.5 Influence of moisture in the masonries 

Together with indoor environmental monitoring, an Infrared Thermography (IRT) was 

performed indoor and outdoor the building masonries in order to localize thermal heterogeneities 

caused by infiltrative water possibly influencing the exhibition hall microclimate. This analysis 

combined with the study of the documentation from previous restoration works allowed 

identification of the sources of water infiltration. 
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6.4 STUDY RESULTS 

6.4.1 Microclimate diagnosis results 

This section discusses the results from both microclimate analysis and identification of water 

sources in the building masonries. It is worth mentioning that the microclimate analysis results 

are not discussed separately -from a physical and a statistical point of view- but rather on the 

basis of a global understanding as allowed by the integration of the two disciplines.  

 

 

Figure 6.4.1.1. Indoor temperature point 012,014,015; overheating 

 

 

Figure 6.4.1.2 Indoor temperature point 012,014,015; overcooling (the numerical terms on the x axis refer to the 

months not interested by overcooling)  
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The indoor building microclimate was observed to be significantly dependent on the outdoor 

climatic conditions for the entire monitoring period. Figures 6.4.1.1 and 6.4.1.2 plot the monthly 

mean outdoor and indoor temperature in overheating or overcooling conditions (see Eq. 6.1 and 

6.2 in section 6.3.4). The overheating occurred in all the months while overcooling occurred 

mainly during the warm period (June-July and September) and exceptionally at the beginning of 

the heating season (October and November) due to the failure of the heating system (for a total 

of 56 hours). 

A noteworthy cooling circumstance was registered during the warm period. Indeed, in June and 

July (no data for August are available), the indoor temperature was measured up to 3.5°C lower 

than outside. As mentioned, the building is not equipped with cooling system, hence the observed 

overcooling was generated by the building passive cooling. The air temperature and relative 

humidity trends for each measurement point with regard to the entire monitored period are shown 

in Fig. 6.4.1.3 and 6.4.1.4 respectively. 

In order to observe a first relationship between indoor and outdoor microclimate, the correlation 

between hygrothermal parameters was analysed. The correlation coefficients, of the indoor-

outdoor parameters relation, are given in Tables from 6.4.1.1 to 6.4.1.3 respectively for cold 

period (overheating), warm period (overheating) and warm period (overcooling). As the 

mentioned correlations aimed at obtaining a global understanding of the indoor-outdoor 

hygrothermal relation, no distinction between museum opening or closing days is made. 

However, a detailed evaluation of the indoor-outdoor microclimate relationships –considering 

the different building use scenarios- is discussed in section 6.4.3.   

 
Figure 6.4.1.3 Indoor temperature (°C) points 012-014-015 for the entire monitored period 

 
Figure 6.4.1.4 Indoor relative humidity (%) points 012-014-015 for the entire monitored period 

 

The Pearson correlation coefficients in Table 6.4.1.1, illustrate the typical indoor-outdoor 

hygrothermal relations during cold period, while Table 6.4.1.2 and 6.4.1.3, plot the same 

relationships during warm period respectively for the case of overheating and overcooling of the 

exhibition space.  

During the cold period, a poor correlation between outdoor and indoor temperature can be 

observed. This relationship is 0.365 in point 012 and it is never higher than 0.380 (point 015). 

The correlation, reasonably, rises during the warm period especially when the indoor temperature 

is lower than outside (no cooling system is present in the building). Reasonably, the weaker 
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relation between indoor and outdoor temperature during the cold period –compared to the warm 

one- is attributable to the heating system effect. 

 
Correlations 

(Pearson) 
Months 11-12-01-02_condition a 

  TEMP 012 TEMP Out. RH 012 RH Out. MR 012 MR Out. 

Temperature 012 1.000 0.365 -0.212 -0.280 0.786 0.267 

Temperature Outside 0.365 1.000 0.556 -0.321 0.685 0.915 

Relative Humidity012 -0.212 0.556 1.000 0.166 0.423 0.653 

Relative Humidity 

Outside 
-0.280 -0.321 0.166 1.000 -0.156 0.062 

Mixing Ratio 012 0.786 0.685 0.423 -0.156 1.000 0.659 

Mixing Ratio Outside 0.267 0.915 0.653 0.062 0.659 1.000 

Table 6.4.1.1; Pearson correlation of Temperature (TEMP), Relative Humidity (RH) and Mixing Ratio (MR) between 

point 012 and outside; Sig 0.01; months 11-12-1-2; overheating 

 
Correlations (Pearson) Months 06-07-09_condition a 

 TEMP 012 TEMP Out. RH 012 RH Out. MR 

012 

MR 

Out. Temperature 012 1 0.592 0.093 -0.306 0.76 0.309 

Temperature Outside 0.592 1 0.018 -0.717 0.426 0.239 

Relative Humidity 012 0.093 0.018 1 0.511 0.711 0.723 

Relative Humidity Outside -0.306 -0.717 0.511 1 0.125 0.497 

Mixing Ratio 012 0.76 0.426 0.711 0.125 1 0.697 

Mixing Ratio Outside 0.309 0.239 0.723 0.497 0.697 1 

Table 6.4.1.2; Pearson correlation of Temperature (TEMP), Relative Humidity (RH) and Mixing Ratio (MR) between 

point 012 and outside; Sig 0.01; months 06-07-09; overheating 

 
Correlations (Pearson) Months 06-07-09_condition b 

 TEMP 012 TEMP Out. RH 012 RH Out. MR 

012 

MR 

Out. Temperature 012 1 0.735 0.372 -0.425 0.97 0.702 

Temperature Outside 0.735 1 -0.147 -0.835 0.604 0.584 

Relative Humidity 012 0.372 -0.147 1 0.415 0.581 0.334 

Relative Humidity Outside -0.425 -0.835 0.415 1 -0.258 -0.045 

Mixing Ratio 012 0.97 0.604 0.581 -0.258 1 0.708 

Mixing Ratio Outside 0.702 0.584 0.334 -0.045 0.708 1 

Table 6.4.1.3; Pearson correlation of Temperature (TEMP), Relative Humidity (RH) and Mixing Ratio (MR) between 

point 012 and outside; Sig 0.01; months 06-07-09; overcooling 

 

The mentioned effect, especially during the cold period, can be additionally identified by the 

inverse correlation between indoor temperature and relative humidity (Pearson -0.212); similar 

negative correlation is calculated for the other points, maximum -0.261 (014). However, the 

reduction of relative humidity does not stand for water vapour reduction. Indeed the correlation 

between indoor mixing ratio and temperature explains rather the contrary (Pearson 0.786). This 

aspect, will be better discussed later in the text. 

The RH decreases because the saturation vapour pressure increases as a consequence of the 

temperature increase. The positive and significant correlation between indoor mixing ratio and 

temperature, and to a lesser extent the positive correlation between indoor relative humidity and 

mixing ratio (Pearson 0.423) explains that the temperature triggers some addition of vapour to 

the air volume. This is visible in Figure 6.4.1.5 in which the hourly variation of temperature and 

mixing ratio is plotted for the cold period. Similar results are discussed in Chapter 5. 
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Fig. 6.4.1.5. Point 012, Temperature (°C) and Mixing Ratio (g/kg) hourly average over the months: February, 

November, and December 2014-January 2015; R 0.786 

 

The water vapour enrichment caused by the temperature increase might be explained either by 

the process of evaporation of the masonries towards inside or by other sources of vapour addition 

combined with temperature increase, such as people, humidifiers, etc. Both the aspects will be 

detailed later on in the text. 

During warm period (months 6-7-9), when temperature indoor is higher than outdoor (Table. 

6.4.1.2), indoor mixing ratio correlates positively with indoor temperature (Pearson 0.76 in point 

012), however this correlation is slightly lower than the cold period. This reduction can be 

explained by a smaller temperature gradient: ∆T is 17.44°C and 9.80°C in cold and warm period 

respectively in condition a) at the 95th percentile.  

It may be supposed that also during the warm period, part of the residual vapour from the moist 

masonries evaporates inside. When the indoor air temperature is higher than outside, condition 

a (Table 6.4.1.2), the correlation between indoor temperature and RH is zero for the above 

mentioned reasons (Pearson 0.09). However, when the temperature is lower inside than outside, 

condition b (Table 6.4.1.3), the RH unavoidably increases (Person 0.372). 

From thermal imaging on the walls, there was no evidence of risk of surface condensation during 

the year. This because the walls surface temperature was higher than the air dew point 

temperature; because of this, the presence of moisture evaporating inwards might be caused by 

the natural drying of the masonry core after the moisture accumulation in winter (see chapter 6). 

During the warm period when the indoor temperature is lower inside than outside (Table 6.4.1.3), 

the correlation between indoor temperature and mixing ratio rises up to 0.97. As mentioned, in 

this case, since the temperature is lower and so is the saturation vapour pressure, the correlation 

between indoor RH and temperature is positive and significant in all the points. It is 0.372 in 

point 012 and it increases up to 0.582 in point 015. 

6.4.2 Influence of humidifiers  

The analysis related to the influence of humidifiers on the exhibition hall microclimate, was 

limited to the quantification of the maximum water vapour entered in the air volume if four 

humidifiers would be used continuously at the maximum power. The air recirculation rate at the 

given power, according to the manufacturer, is 750m3/h, with a humidifying capacity of 2.7l/h 

(45% and 23°C, RH and T) and maximum room volume (per machine) of 900m3, hence a volume 

coverage of 68%. With an approximation about the steadiness of the air temperature and, 

considering isenthalpic the air humidification from the water-based humidifiers (usually, water-

based humidifiers work with isenthalpic transformation), it was estimated that the maximum 

moisture amount entered in the air volume per hour from the 4 humidifiers was 2.01g/kg (68% 

of 2.96g/kg).  

Although the calculated vapour enrichment given by the humidifiers is an approximation, if 

looking at the high vapour concentration during the warm period (max 10.41g/kg), it might be 
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concluded that the humidifiers use can be limited or avoided in order to keep constant vapour 

concentration throughout the year. 

6.4.3 Influence of visitors and staff 

For testing the influence of people on the indoor vapour concentration variation, a test of mean 

independency was run considering both museum visiting and closing days within the time 

interval 1-11pm, during both cold and warm periods. The tested continuous variable was MR. 

The obtained results indicated that the presence of people constantly contributed to the air vapour 

increase. This increase consistently rose with the museum visiting rate.  

In the cold period, the hourly mixing ratio and also CO2 concentration and indoor temperature 

during opening days were higher than during closing days only from 1pm. In the warm period, 

the mixing ratio during visiting days was constantly above the one of closing days. In order to 

compare the mean mixing ratio variation within the same time interval, the tests were run 

considering the time interval 1-11pm. 

During the cold period and in the considered time interval (1-11pm), the mean mixing ratio was 

7.52g/kg (SE 0.03) and 7.61g/kg (SE 0.02) respectively for closing and visiting days, without 

concert events (test 1). The difference was -0.093 g/kg (CI =-0.166, -0.021), and it was 

significant t(994)= -2.524, p= 0.012 (Table 6.4.3.1 and Table 6.4.3.2). The test significance (t) 

was calculated considering the weighted variance (pooled variance) from the two differently 

sized data population. Table 6.4.3.2 reports the unweighted variance, therefore the t- values 

(compared to the one discussed in the text) might differ by a few decimals.   

 
Mean hourly Mixing Ratio 012 Statistics 

  N Mean 
Std. 

Deviation 

Std. 

Error 
Mean 

Period 

(months) 

Interval 

(hours) 

museum close 473 7.522 0.618 0.028 11-12-1-2 1-11pm 

museum open (visiting) 627 7.615 0.594 0.024 11-12-1-2 1-11pm 

museum open (visiting +concert) 649 7.609 0.586 0.023 11-12-1-2 1-11pm 

museum close 341 10.061 0.638 0.035 6-7-9 1-11pm 

museum open (visiting) 451 10.311 0.791 0.037 6-7-9 1-11pm 

museum open (visiting +concert) 462 10.295 0.788 0.037 6-7-9 1-11pm 

Table 6.4.3.1; Mixing Ratio point 012; cold period (months 11-12-1-2) and warm period (months 6-7-9); time interval 
1-11pm 

Although Test 1 as described in section 6.3.4.2 is verified, it is useful to discuss the results also 

from Test 2. Indeed, it can be observed that after including in the statistic population the opening 

hours related to the concerts (in addition to the ones of museum visits), the mean mixing ratio 

slightly decreased (Table 6.4.3.1). This occurred because of the low initial vapour concentration 

in the hours prior to the concerts. Figure 6.4.3.1, clearly shows this circumstance with regard to 

the last week of October 2014. 

The concerts are performed once per month during the last of the three museum closing days, on 

Wednesday. In Figure 6.4.3.1, it is visible that immediately before the concert on October the 

29th, the exhibition space has low mixing ratio (8.36g/kg), this happened because no vapour was 

accumulated during the previous two closing days. Successively, during the concert hours, the 

mixing ratio increased up to 9.15g/kg. 
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7.56 0.01 -4.78 790 0.00 -0.25 0.05 -0.35 -0.15 

    -4.92 786 0.00 -0.25 0.05 -0.35 -0.15 

Table 6.4.3.2; Independent t-test for equality of the mean (mixing ratio); Test 1, readings without concert events (1-

11pm) 

The air mass was enriched by 5kg of water vapour in less than three hours (the number of people 

participating to the event was on average 100). After the concert, the vapour started being diluted. 

Nevertheless, before the entrance of visitors during the successive day (15 hours later) the indoor 

vapour concentration (read Mixing Ratio) was still 0.19g/kg higher than the one previous to the 

concert. In other words, still 1.22kg of water vapour emitted from concert attenders was not 

expelled.  

 

 
Fig. 6.4.3.1 Indoor air temperature (°C) and mixing ratio (g/kg) monitored from point 012; last week of October 2014. 

 

The mean hourly mixing ratio and temperature in the exhibition space during the cold period, 

both in case of museum visiting and closing days (excluding concerts) are plotted in Figure 

6.4.3.2. Although the difference is negligible, the mean air temperature during closing days is 

≈0.10°C higher than the one during opening days (see Table 6.4.3.3). It should be noted that the 

data plotted in Table 6.4.3.3, refer to opening and closing days, without distinction between 

nocturnal and diurnal hours. A more detailed analysis on the nocturnal hours, hence without the 

influence of people and heating air unit, is discussed in section 6.4.5. 
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  Temperature (°C) Mixing Ratio (g/kg) CO2 (ppm) 

 Min Max  Mean  Min  Max  Mean  Min Max  Mean  

opening days 

(cold period) 
 

≈17.20 ≈18.10 
≈17.50 

≈7.30 ≈7.70 
≈7.50 

≈510 ≈630 
≈560 

9am 6pm 10am 6pm 10am 6pm 

closing days 

(cold period) 
 

≈17.30 ≈18.00 
≈17.60 

≈7.30 ≈7.60 
≈7.45 

≈495 ≈540 
≈520 

9am 5pm 10am 5pm 9am 4pm 

opening days 

(warm period) 

≈21.20 ≈22.40 ≈21.70 

 

≈9.80 ≈10.40 ≈10.10 

 

≈540 ≈715 
≈600 

6am 3pm 5am 5pm 10am 17pm 

closing days 

(warm period) 

≈21.10 ≈22.10 
≈21.50 

≈9.70 ≈10.10 
≈9.90 

≈500 ≈600 
≈550 

6am 4pm 7am 5pm 9am 2pm 

Table 6.4.3.3; Cold period (months 11-12-1-2) and Warm period (months 6-7-9); Indoor temperature, Mixing Ratio 

and CO2 summary statistics for museum opening and closing days 

 

Because of the strong relation between air temperature and mixing ratio already discussed in 

section 6.4.1, the slightly higher temperature during the closing days (compared to the opening 

ones) results also in a higher mixing ratio. However, during the opening days, people presence 

results in a faster relative increase of temperature, mixing ratio and CO2 between 10am and 5pm. 

Meaning that, for a large part of the day, it is the rate of hygrothermal variations that attests the 

influence of visitors rather than the absolute value of the hygrothermal parameters. If observing 

the parameters hourly maximum variation, meaning the maximum parameter difference in the 

given time interval, it can be observed that: 

 

 
Fig. 6.4.3.2. Mean hourly indoor mixing ratio and temperature during closing and opening hours of the museum (opening 

10am-5pm); cold period (February, November, December 2014 and January 2015); point 012 

 

 during the museum closing days, the indoor air temperature maximum variation was ≈0.60°C 

between 9am and 5pm, while it was ≈0.90°C between 9am and 6pm during museum opening 

days;  

 during museum closing days, the mixing ratio maximum variation was ≈0.30g/kg between 

10am and 5pm, while it was ≈0.40g/kg between 10am and 6pm during museum opening 

days.  

 During the museum closing days, the CO2 maximum variation was ≈47 ppm between 9am 

and 4pm, while it was ≈122 ppm between 10am and 6pm during museum opening days. 

 

Clearly, from the moment the museum is open (10am), a significant increase of temperature, 

vapour concentration and CO2 is registered in comparison with the closing days. But the readings 

of each parameter are higher than the ones registered during the closing days only from 1pm; see 

Figure 6.4.3.2. The extra vapour produced by people is diluted between 6pm and 8pm. After this 

period, the residual vapour concentration decreases similarly (with the same slope) as the closing 

days.  

Considering the time interval from 1pm to 6pm (before vapour dilution), the daily extra water 

vapour added by people to the exhibition hall air mass is ≈0.34g/kg or 2.20kg. If considering a 
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vapour production of 50g per hours per person (see [143]), in the exhibition space during the 

cold period, there were on average 8people/hour. 

During the warm period, again results from the independent t-test, confirmed, that people 

presence influenced the mean vapour concentration variation in the exhibition space. The mean 

mixing ratio was 10.06g/kg (SE 0.05) and 10.31g/kg (SE 0.05) respectively for closing and 

opening days, without concert events (test 1) and during the time interval 1-11pm, see Table 

6.4.3.1. The mean difference was -0.250 g/kg (CI =-0.35, -0.15), significant t(786) = -4.922, p= 

2E-05, see Table 6.4.3.2. 

 

 
Fig. 6.4.3.3. Mean hourly indoor mixing ratio and temperature during closing and opening hours of the museum (open 

from 10am to 5pm); cold period (June, July, September 2014); point 012 

 

Figure 6.4.3.3, shows the hourly mixing ratio and temperature of museum opening (dotted black 

and red lines) and closing (continuous black and red lines) days during the warm period. 

Differently from the cold period, the indoor mixing ratio during the opening hours was always 

higher than the closing hours, but similarly to the cold period the relative increase of temperature, 

mixing ratio and CO2 was faster and more significant in presence of people as reported below. 

Focussing on the parameters hourly maximum variation, meaning the maximum parameter 

difference in the given time interval, it can be observed that: 

 

 during the museum closing days, the indoor air temperature maximum variation was ≈1.00°C 

between 6am and 4pm, while it was ≈1.20°C between 6am and 3pm during museum opening 

days.  

 During the museum closing days, the mixing ratio maximum variation was ≈0.40g/kg 

between 7am and 5pm, while it was ≈0.60g/kg between 7am and 5pm during museum 

opening days. 

 During the museum closing days, the CO2 maximum variation was ≈100 ppm between 9am 

and 2pm, while it was ≈178ppm between 10am and 5pm during museum opening days. 

 

If the entire visiting time interval 10am-5pm (before vapour dilution) is considered, the added 

water vapour from visitors during an average visiting day in summer was ≈8.60kg (or 1.87g/kg); 

resulting in an average of 170 people per day or 30 person/hour. The occupation rates for the 

cold and warm period, calculated on basis of the measured vapour concentration, were in 

agreement with the ones provided by the museum administration. 

6.4.4 Influence of ventilation due to the operating of the entrance sliding door 

As described in section 6.3.4.3, the influence on the vapour concentration produced by air 

ventilation was assessed by observing the relation between: indoor and outdoor air velocity, air 

temperature, relative humidity and mixing ratio during museum opening and closing hours. 

Further, a test of mean independency of the indoor air velocity for museum opening and closing 



138 

 

days during both cold and warm periods was performed. The considered time interval was 10am-

5pm (museum opening hours, namely when the door is operated). According to this time interval, 

museum opening and closing days during the cold and warm periods were analysed.  

For the cold period, the results from the independent t-test confirmed that the opening of the door 

had no influence on the mean indoor air velocity variation. The mean air velocity was 0.063m/s 

(SE 0.006) and 0.058 (SE 0.005) respectively for closing and opening days, without concert 

events and during the time interval 10am-5pm, see Table 6.4.4.1. The mean difference was 0.005 

m/s (CI =-0.012, 0.021), not significant t(79)= 0.56, p= 0.577; see Table 6.4.4.2. Similar results 

were obtained also with regard to the warm period. The door opening was not significant for the 

mean air velocity variation. The mean air velocity was 0.054m/s (SE 0.005) and 0.058 (SE 0.004) 

respectively for closing and opening days, without concert events and during the time interval 

10am-5pm, see Table 6.4.4.1. The mean difference was -0.004 m/s (CI =-0.016, 0.007), not 

significant t(99)= -0.748, p= 0.456; see Table 6.4.4.2. 

 
Mean hourly Air velocity 012 Statistics 

 N Mean 
Std. 

Deviation 
Std. Error 

Mean 
Period 

(months) 
Interval 
(hours) 

museum close 30 0.063 0.034 0.006 11-12-1-2 10am-5pm 

museum open (visiting) 51 0.055 0.037 0.005 11-12-1-2 10am-5pm 

museum close 41 0.054 0.030 0.005 6-7-9 10am-5pm 

museum open (visiting) 60 0.058 0.029 0.004 6-7-9 10am-5pm 

Table 6.4.4.1; Air velocity point 012; cold period (months 11-12-1-2) and warm period (6-7-9) 
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0.15 0.70 -0.75 99 0.46 0.00 0.01 -0.02 0.01 

    -0.75 84 0.46 0.00 0.01 -0.02 0.01 

Table 6.4.4.2; Independent t-test for equality of the mean (air velocity); readings without concert events; cold 

period and warm period, time interval 10am-5pm 

 

The results from the test confirmed that the door opening had no effect on the variation of the 

indoor air velocity both in the cold and warm period, confirming that the ventilation rate in the 

exhibition space stays invariant throughout the seasons. This is also confirmed by the 

invariability of the mean indoor air velocity during the opening days between cold and warm 

periods, see Table 6.4.4.1. It is worth noting that the indoor air velocity during the museum 

closing days in the cold period in the time interval 10am-5pm, is slightly higher than during the 

same time interval in the museum opening days. This condition might depend either on the 

increase of the air convection due to the heating system or on the increase of air infiltration or 

exfiltration; this aspect will be discussed in the next section. 
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6.4.5 Influence of air infiltration and air heating unit 

Beside the radiators from the centralized heating system, the exhibition hall has a heating and 

ventilation air unit (see Figure 6.3.2.1 and 6.3.1.1.c). The unit, located in the North-East corner 

of the building, has no humidity control and the air is blown into the space through two outlets 

at the top of the unit. The air flow rate at the outlets, measured on March the 4th 2015 (2.30pm) 

was 3500m3/h, air velocity was 3.16m/s, air temperature 41.5°C and relative humidity ≈16.4%. 

In the same moment air temperature and relative humidity in the exhibition space were only 

slightly heterogeneous: ≈18.70°C and ≈57.50% in point 014 (the closest to the unit), ≈18.30°C 

and ≈58.0% in point 012, ≈18.70°C and ≈57.0% in point 015. It is worth mentioning that, even 

if the air unit causes a slight alteration of the hygrothermal stability, this does not cause risks for 

the cultural objects; see chapter 8 and [243]. Considering the seasonal time intervals, it can be 

observed that: 

 

 During the cold period, the nearest sensor to the air unit 014, resulted in a slightly higher 

temperature and lower relative humidity as well as in a slightly higher standard deviation in 

comparison with the other points (see Annex 2.5). This condition describes the air unit in 

intermittent heating modality. 

 During the warm period, the air temperature in point 014 (both in overheating and 

overcooling) did not have substantial variation compared to the other points. This occurred 

because the air unit does not provide cooling. Indeed, the coolest point of the exhibition room 

was 012 in the middle of the space; see Annex 2.6 and 2.7. It should be noted that in all the 

points the increase of air temperature consequent to the operating of the lighting system was 

negligible69. 

 

From now on, the results are discussed with regard to the evaluation of building air infiltration 

and its influence on the indoor hygrothermal dynamics, especially with regard to mixing ratio 

variation.  

In a study by L. Wallace [242], after continuous measurement of the building infiltration rate, it 

was concluded that the latter increases with indoor-outdoor temperature difference increase. Also 

in the presented study, a linear relationship between hourly temperature difference (indoor-

outdoor) and indoor air velocity (R 0.80) was observed. However because the air heating unit 

was also responsible for temperature gradient and air velocity increase, it was necessary to 

remove the readings during its operation in order to avoid false correlation. If the readings when 

air heating and ventilation unit is not activated are considered, in both cold and warm periods it 

is still possible to observe that indoor building microclimate is affected by air infiltration, and 

that the infiltration increases when the air temperature gradient indoor-outdoor increases 

confirming the findings from Wallace in [242]. This can be also observed in Fig. 6.4.5.1 where 

the hourly values of temperature difference and air velocity are plotted for the entire monitored 

period, during the nocturnal hours (6pm-9am). Correlation coefficient R 0.68. A more robust 

correlation may be expected with higher air velocity sampling frequency. 

 

                                                           
69 During the museum opening days in the cold period, the Pearson correlation coefficient between temperature and light 

intensity was respectively 0.13 in point 014, 0.17 in point 015 and 0.11 in point 012. During the summer period the light 

intensity had a higher influence on indoor air temperature, especially in points 014 and 015 as more exposed to the 
windows; the correlation coefficient was respectively 0.20 and 0.22. The R value of point 012, located in a central and 

always darker position, was 0.07. 
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Figure 6.4.5.1; Hourly temperature gradient (°C) and air velocity (m/s) during nocturnal hours (6pm-9am) for the 

entire year; Pearson correlation coefficient (R) 0.68 

 

In order to evaluate the indoor microclimate variations caused by infiltrative air, the bivariate 

relationship between air velocity and environmental parameters during the nocturnal time 

interval (6pm-9am) was quantified; both for cold and warm periods; namely, when the system 

was not in function; see Table 6.4.5.1. In turn, air temperature, mixing ratio, relative humidity, 

CO2 and temperature difference inside-outside were correlated to the indoor air velocity. 

Although the correlations are statistically significant, not all of them are robust. Nevertheless, 

they allow an understanding of the indoor-outdoor hygrothermal dynamics. It is worth noting 

that the effect of the relationship between ∆T and air velocity causes -in summer and winter- two 

opposite effects as discussed below.  

In the cold period (months 11-12-1-2), during nocturnal hours when the heating system is on 

(only radiators), the air infiltrating from outside (read air velocity) produces a lowering of the 

∆T (R -0.22; sig.0.01) meaning that infiltrative air is cooling down the indoor air temperature 

otherwise heated up by the radiators, see Table 6.4.5.1 (left column). Consistently the correlation 

between indoor temperature and indoor air velocity is negative (R=-0.22; sig.0.01); see also 

Table 6.4.5.2. The mentioned indoor temperature reduction is less significant during the cold 

period in comparison with the warm period because of the unavoidable contribution of the 

radiators. However, despite the mentioned slight indoor temperature reduction, the mixing ratio 

in the exhibition space tends to increase. This condition, apparently in contradiction with that 

observed in Fig. 6.4.1.5, is a consequence of the combination of a high temperature gradient and 

increase of indoor air velocity (see later in this section). Reasonably, the relative humidity 

increases as a consequence of the saturation water pressure decrease (consequent to the 

temperature reduction). In the warm period (months 6-7-9), during the same nocturn hours the 

infiltrative air increases the ∆T (R 0.33; sig. 0.01) meaning that the infiltrative air is cooling the 

(already cool) indoor air temperature; see Table 6.4.5.1 (right column). Consistently the air 

temperature of the exhibition hall decreases with the air velocity increase (R -0.77; sig. 0.01). In 

other words in both the periods of the year, the indoor temperature lowers with air infiltration.  

Further, during the warm period, because of the strong indoor temperature diminishing, also the 

mixing ratio lowers accordingly. What is mentioned occurs without the air unit contribution as 

it is not in use at night time. 

The different linear relationship between ventilation and mixing ratio among cold and warm 

period is remarkable. During the night hours in the cold period, the increase of air velocity causes 

an increase of vapour concentration (R 0.21), however this does not occur during the night hours 

in the warm period (R -0.41); see Table 6.4.5.1. This condition might be explained by the effect 

of air velocity on the indoor air temperature, and therefore on the mixing ratio. Indeed, in the 

cold period, during the nocturnal hours, although the infiltrative air enables a slight indoor 

temperature reduction, the temperature gradient (inside-outside) is still >23°C. In other words 

the indoor temperature is still far higher inside than outside, hence part of the moisture in the 

masonries is likely to still evaporate inwards. On the contrary, during the warm period, the air 

infiltration causes a substantial temperature drop. The temperature gradient is halved compared 
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to the one during the cold period (see Annex 2.8), as a consequence the inwards masonry 

evaporation process decreases and accordingly the mixing ratio. The temperature reduction is 

responsible of the relative humidity increase (R 0.27). 

 

 
Air velocity 012 cold period, museum 

closing days, nocturnal hours (<10am, 

>5pm) 

Air velocity 012 warm period, museum 

closing days, nocturnal hours (<10am, 

>5pm) 

Temperature 012 -.219** -.773** 

Mixing Ratio 012 .211* -.412** 

Relative Humidity 012 .522** .268* 

CO2 012 -.319** -.170 

ROOTSQ DT 012 -.225** .337** 

Table 6.4.5.1; Pearson correlation coefficient (R); (**) Correlation is significant at the 0.01 level (2-tailed); (*) 

Correlation is significant at the 0.05 level (2-tailed); nocturnal hours (<10am, >5pm); museum closing days; condition 

a) and b) 

The increase of masonries evaporation rate consequent on the temperature increase (see also 

chapter 5) observed both during the cold and warm period (diurnal hours), is evidently caused 

by the prevalence -within the process of masonries evaporation- of the heat term over the 

aerodynamic one; as observed by D. D’Agostino in [179]. However, not only the air temperature 

but also the air velocity boosts both vapour dilution in the exhibition space air volume and 

masonry evaporation. For better contrasting these phenomena, namely the contribution given by 

the indoor air velocity to the vapour concentration increase in the different periods of the year, 

the partial correlation between air temperature and mixing ratio controlled for the air velocity 

was analysed. The correlation was performed considering the readings from the warm and cold 

periods, for both museum opening and closing days, for nocturnal and diurnal hours; see Table 

6.4.5.2. 

In all the circumstances except one, it is possible to observe that air velocity has either no 

influence (on the relationship indoor temperature- mixing ratio) or a positive one; this is seen by 

the invariability of the correlation coefficient or by its reduction in the case of partial correlation. 

This shows that air velocity, in the specific case, increases the relationship between air 

temperature and mixing ratio. This boost is clearer during closing hours in the warm months 

because there is less moisture extraction from the air volume  and a larger amount of vapour 

concentration compared to the cold period. 

 
 Closing days 
 Cold period Warm Period 
 Pearson Partial Pearson Partial 

diurnal 0.750 0.749 0.622 0.524 

nocturnal 0.760 0.845 0.605 0.495 
 Opening days 

diurnal 0.730 0.720 0.930 0.930 

Table 6.4.5.2; Pearson correlation coefficient and Partial correlation coefficient; all the correlation coefficient reported 

in the table are significant at 0.01 (2-tailed); nocturnal hours (<10am, >5pm); the correlated parameters are air 

temperature and mixing ratio, controlled for air velocity. 
 

Only in the cold period during the nocturnal hours was the increase of correlation coefficient 

observed, from the simple correlation (R 0.76) to the partial correlation (R 0.845), meaning that 

the air velocity in fact tended to reduce the relationship between air temperature and mixing 

ratio, confirming what was explained above with regard to Table 6.4.5.1 (left column).  

Namely, the infiltrative air from outside reduced the indoor air temperature by entering cold air 

(bearing also less vapour). This circumstance most likely reduced the moisture evaporation from 

the masonries and the total indoor vapour concentration. As already discussed, the increase of 

indoor air velocity in the monitored building, occurs when the temperature gradient (indoor-
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outdoor) is higher, e.g. during the nocturnal hours. This condition is valid for both warm and 

cold periods, see Figures 6.4.5.2 and 6.4.5.3. The mean air velocity without the influence of the 

air heating system (museum closing days) is 0.07 m/s and 0.09 m/s during nocturnal hours (6pm-

9am) respectively in cold and warm periods and 0.059 m/s and 0.055 m/s during diurnal hours 

(10am-5pm) respectively in cold and warm period. During the museum opening hours (10am-

5pm) the air velocity is almost invariable between cold and warm months as already observed in 

Table 6.4.4.1, the mean air velocity is respectively 0.056m/s and 0.058m/s . The higher air 

velocity at night-time, explains the overall higher air velocity during the museum closing hours 

as reported in Table 6.4.4.1. 

 
Figure 6.4.5.2; Mean indoor air velocity (012) during the cold period (months 11-12-1-2) for museum opening days-

opening hours (10am-5pm), museum closing days- diurnal hours (10am-5pm) and museum closing days- nocturnal 

hours (6pm-9am) 

 

The increase of the indoor air velocity (caused either by infiltration or operation of the air heating 

unit), enables the increase of the moisture evaporation from the exhibition hall masonries. A 

similar circumstance was observed by M. I. Martínez-Garrido et.al. in [227] with regard to 

outdoor evaporation and D. Camuffo et.al in [143] with regard to indoor masonry evaporation.  

Even if higher air velocity occurs at night (see Fig. 6.4.5.2 and 6.4.5.3), the vapour concentration 

reaches its maximum during the museum opening hours especially during the warm period. This 

occurs reasonably because of the cumulative effect of masonries moisture evaporation (favoured 

by the operating of the air heating unit and slight higher radiators set point temperature in winter) 

and the additional vapour load given by people.  

 

 
Figure 6.4.5.3; Mean indoor air velocity (012) during the warm period (months 6-7-9) for museum opening days-

opening hours (10am-5pm), museum closing days- diurnal hours (10am-5pm) and museum closing days- nocturnal 
hours (6pm-9am); the outliers in the graph were not considered extreme values, therefore not removed  
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The latter is higher during warm periods as the visitors rate is higher. Since the humidifiers are 

kept with the same schedule throughout the year, they give constant contribution to the air mass 

moisture enrichment with a maximum threshold of 2.01g/kg (see section 6.3.4.1). 

The relative influence of indoor and outdoor parameters on the increase of air vapour content 

was quantified by a multiple regression model fitted to the dataset of the entire year, 

indiscriminately for museum opening and closing hours. The final model explains 94% of the 

total variance (R 0.969) and includes the following significant parameters: indoor air velocity 

(𝑎𝑣), indoor air temperature (𝑇𝑖) and outdoor mixing ratio (𝑀𝑅𝑜). The rest of the monitored or 

calculated environmental parameters and their (2 ways) interactions, were dominated by the three 

mentioned parameters; hence not significant. The Mixing Ratio (g/kg), in the museum exhibition 

hall air mass can be defined by means of Eq. 6.3. The Standard Error, standardized Beta 

coefficients and significance for each parameter are reported in Table 6.4.5.3, while the model 

summary in reported in Annex 2.9. 

 
MRin = −0.64 + 0.37 Tin + 2.64 vi + 0.28 MRout                   Eq. 6.3 

 

Model 

Unstandardized Coefficients 
Standardized 

Coefficients 
t Sig. B Std. Error Beta 

3 (Constant) -0.638 0.089 
 

-7.174 0.000 

Airvelocity012 2.640 0.190 0.087 13.871 0.000 

Temperature012 0.374 0.005 0.576 70.627 0.000 

Mixing Ratio Outside 0.285 0.005 0.481 58.010 0.000 

a. Dependent Variable: MixingRatio012 

Table 6.4.5.3; Summary of coefficients for the final regression model 

In the specific museum conditions and considering the current building use and vapour sources, 

the increase of indoor air velocity causes vapour concentration increase. More specifically, 

indoor air with a velocity of 2.64 m/s adds 1g/kg of vapour to the air mass of the space 

(considering constant the other predictors). It is worth noting that although air velocity is a 

significant variable, it only explains 2% of the total model variance, the rest is explained by the 

Mixing Ratio outside (12%) and by the indoor temperature (80%). This occurs because indoor 

air velocity causes the increase of the vapour content in the exhibition hall not “by definition”70, 

but because of the combination between building equipment, management and envelope state of 

conservation. 

Conversely, both indoor air Temperature (Ti) and outdoor Mixing Ratio (MRo), enable always 

an increase of indoor vapour concentration. Their respective increase of 0.37°C and 0.29g/kg 

causes the increase of one unit of vapour concentration in the exhibition hall air volume (again 

considering one predictor at time with other predictors constant). The model diagnostic is 

reported in Annex. 2.10, 2.11, 2.12 and 2.13. 

6.4.6 Analysis of the masonries results  

The previous sections discussed the hygrothermal variability in the exhibition hall caused, inter 

alia, by moisture presence in the building masonries. This section discusses results regarding the 

identification of the water infiltrations in the masonries and possible causes of it. This study 

completes the one presented in chapter 5. 

An IRT and documentary research was performed with this purpose. Here is a summary analysis 

regarding the North-East building corner.  

                                                           
70 For instance in the case of nocturnal hours during the cold period the air velocity enables the mixing ratio reduction; 

see Table 6.4.5.2 
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The mean apparent surface temperature towards the heated exhibition space was observed up to 

1.6°C higher than the one towards the unheated tower, indicating the significant heat transfer 

through the exhibition space masonry. The surface temperature distribution was clearly 

dependent on the indoor air temperature layering and building geometry. The mean surface 

temperature difference between heated and unheated space was observed 0.8°C at the street level 

(≈2.5m) and 1.6°C at the vaults level (≈7.0 m); see Figure 6.4.6.1 and 6.4.6.2 and Annex 2.14 

and 2.15. This occurs because inside the exhibition hall, the warm air accumulates immediately 

under the masonry vaults rising the indoor-outdoor temperature difference, hence outer surface 

temperature. Both in Figure 6.4.6.1 and on the left side of Figure 6.4.6.2 a regular temperature 

distribution according to the masonry materials technology (bricks and sandstones) is visible. 

Nevertheless, this regularity is interrupted by the presence of infiltrative water generating sharp 

surface temperature reductions. Water infiltration was identified between the first and the second 

floor (at the level of the second floor ceiling beams heads) and immediately above the vault level 

(first ceiling), under the stone kerb running around the building facades; see Fig. 6.4.6.6.  

Figure 6.4.6.3 (see Annex 2.16 for details), shows the same wall area as in Fig. 6.4.6.2 but in 

presence of a sharp and irregular surface cooling caused by water infiltration. In this area, on the 

first floor, the inner plastered surface is seriously damaged by moisture; see Figure 6.4.6.4 and 

Annexes from 2.17 to 2.24.  

In Fig. 6.4.6.3 (see Annex 2.16 for details), four horizontal lines are drawn on the damp area. 

Line 1 crosses a moist area on the right side of the window above the kerb, while lines 2 to 4 

cross a moist area immediately under it. The minimum surface temperature measured on the four 

lines within the damp areas ranges between 6.7°C (line 1 and 2) and 7.2°C (line 4). Outside the 

damp area the surface temperature ranges between 7.7°C (line 2 and 3) and 7.9°C (line 4); (see 

Fig. 6.4.6.2). The maximum surface temperature measured on the same lines within the damp 

areas ranges between 7.5°C (line 1) and 7.7°C (line 3 and 4); see Fig. 6.4.6.3. While outside the 

damp area it ranges between 8.4°C (line 2) and 8.8°C (line 4); see Fig. 6.4.6.2. Clearly, 

infiltrative water in the masonry is responsible for a surface cooling in all the measured points, 

this cooling progressively diminishes when the wall dries; namely toward the ground floor (line 

4). A detailed description of the surface temperature distribution with identification of surface 

cooling due to infiltrative water on the North and East Facades is given in Annex 2.25. 

 

 
Figure 6.4.6.1; IRT North-East façade, street level (see Annex 2.14 for thermogram parameters table) 
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Figure 6.4.6.2; IRT North-East façade, vaults level (see Annex 2.15 for thermogram parameters table) 

 

 

Figure 6.4.6.3; IRT North-East façade, vaults level (see Annex 2.16 for thermogram parameters table) 

 

 
Figure 6.4.6.4; Room at the first floor on the North-East corner; the damage due to moisture in the masonry is extended 

to the entire inner plaster surface (North façade), especially behind the textile and pews.  

 

On the East façade, the moisture path in the upper part (above the kerb) is identical to the one of 

the North façade, while the one of the lower part is sharper, see Fig. 6.4.6.5 (see Annexes from 

2.26 to 2.28). In Fig. 6.4.6.5, two horizontal lines are drawn for observing the temperature 

distribution alongside the wall. Line 2 is drawn on the 2nd brick area starting from the window 

vertex, while Line 1 is drawn on the 4th brick area. The minimum and maximum surface 

temperature in line 1 (above) is respectively 7.0°C and 8.2°C, while in line 2 (below) is 

respectively 7.2°C and 8.5°C. Both the lines have average surface temperatures of 7.5°C. 
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Clearly, minimum, maximum and mean temperature are remarkably similar to the ones observed 

on the north façade as well as the absolute surface temperature reduction in presence of water 

infiltrations; see Annex 2.25.  

The problem of water infiltration in the Vleeshuis museum masonries is not recent. In the ‘60s, 

an extensive restoration of the building began. During the interventions, among others, the 

heating system was installed, the timber beams in the north-east corner of the building at the roof 

levels were consolidated by means of screwed metal profiles and all the building facades were 

cleaned by means of sandblasting. The external facades were finished with silicone-based hydro 

repellent layer (5% diluted) for avoiding driven rain infiltration. At the end of the works, it was 

noticed that the masonry core was strongly damaged by infiltrative water. Nevertheless, 

interventions were not carried out in order to solve the problem neither at that time, nor later 

[244]. 

 

 
Figure 6.4.6.5; IRT East façade, vaults level (see Annex 2.26 for thermogram parameters table)  

 

In 2007, to secure the pedestrians from the continuous fall of stones and tiles from the building, 

a temporary debris collector system was installed (Fig. 6.4.6.6). The suspended ring scaffold 

system was attached to the building facades by means of tie-rods and section bars. The sections 

were screwed, via metal plates, to the building masonries. Because it was ineffective, the system 

was re installed on a higher position in 2008 and definitively removed in 2009 [244]; Figure 

6.4.6.6 shows the building between the years 2007-2009 with the system installed.  

By superimposing the IRT thermograms with the building photographic documentation from the 

previous building restoration interventions and considering the masonries environmental 

monitoring results discussed in chapter 5, it was possible to identify the metal plates and upper 

anchors of the tie-rods (removed in 2009) as the water infiltration sources in the building 

masonries. This is clearly visible if comparing Fig. 6.4.6.5, Fig. 6.4.6.6, Annex 2.27 and 2.28. It 

is worth mentioning that the IR thermograms in Fig. 6.4.6.6 are the ones shown in 6.4.6.5 and 

Annex 2.27 (IR thermogram parameters table given respectively in Annex 2.26 and 2.28). 

 

However, it was not only the installation of the debris collecting system that brought serious 

damage to all the building boundary masonries-with consequent loss of energy performance (see 

chapter 5) and a serious threat for the housed movable heritage at the first floor- but also the lack 

of prompt intervention and improper restoration activities.  The decision (in the years ‘60s) to 

not operate on the moistened masonries core, together with the one of adding a silicone-base 

waterproofing layer on the outer side of the brick facades, has worsened the scenario. The 

application of the hydrophobic layer has forced inwards walls evaporation. The evaporation 

process was even accelerated by the heating system installed during the works. 
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Figure 6.4.6.6; East facade; current view (upper left) and view between 2007-2009 (lower left) with debris collection 

system (Vleeshuis museum archive); The tie rods anchors (detail 1) and metal plates (detail 2) of the scaffold are the 

infiltrative water sources respectively above and below the kerb, see upper and lower IR thermogram (on the right) for 

detail 1 and 2 

 

The mentioned improper restoration measures speeded-up the decay of the building thermal and 

energy performance, moreover, they are responsible for indoor efflorescence and mould growth 

as well as for possible mechanical deterioration and soiling of the artefacts attached to the walls 

on the first floor.  

6.5 CONCLUSIONS 

To detect possible building management issues and to consider building –tailored improvement 

options, it is of fundamental importance to perform a holistic and integrated building diagnosis.  

This Chapter has presented a comprehensive study aimed at identifying the possible influence of 

building envelope state of conservation as well as building and HVAC system use on the indoor 

microclimate variability in the main exhibition hall of the Vleeshuis museum in Antwerp. The 

results discussed here, together with the ones discussed in chapters 5, clarify the mutual 

interrelation between the different aspects of building performance and, implicitly, call for a 

holistic approach (as discussed in chapter 1) during historic building assessments prior to the 

design of Energy and Environmental Retrofitting Interventions (EERIs). 

Moreover, considering the large amount of acquired data and the inherent difficulty given by the 

multiple research questions at the basis of each building indoor microclimate diagnosis, the 

conventional microclimate data analysis can be combined with statistical tests. The resort to 

statistical analysis in support of physical ones allows a clear identification of the influence of 

tiny hygrothermal alterations on the global hygrothermal stability. 

In the presented study a diagnostic methodology based on statistical modelling, infrared 

thermography and analysis of previously undertaken restoration activities was developed. This 

analysis permits a general understanding of the building microclimate quality in relation to other 

aspects of performance and deterioration issues. Moreover, by implementing an integrated 

analysis such as the presented one, cognisance can be taken of the effect on the current building 
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performance (both energy performance and indoor microclimate quality, see respectively chapter 

5 and the current one) of past interventions, e.g. restoration activities. This approach is 

fundamental upon ERI design for historic and heritage buildings (wherein several previous 

interventions have modified the global building performance) as ameliorative strategies for 

allowing a longer-lasting ERI effectiveness can be identified. Furthermore, an integrated 

diagnostic approach permits understanding of how all the aspects of building performance 

interact with each other and permits understanding of how to use better HVAC systems for 

enhancing indoor microclimate quality and preventing additional deterioration or microclimate 

instability.   

 

In the previous chapter it was concluded that a dedicated analysis on the historic building 

envelope permits quantification of the current building envelope performance and its possible 

alteration due to materials deterioration. Consistent with that conclusion, it can be said that, an 

integrated microclimate analysis (as presented in this Chapter), allows identification of, interalia, 

the effect on the IMQ caused by the envelope deterioration. Moreover, it also allows to identify 

the possible reason for such deterioration causes.  

In historic buildings prior to restoration works, a building diagnosis aimed at identifying causes 

and sources of building deterioration is a common practice. The diagnosis presented in chapter 

5 and in the current one, may be integrated in that kind of diagnosis for getting a more clear 

picture of the influence of building materials deterioration on the global building performance. 

This would be a robust basis on which long-lasting ERIs can be designed. 

 

Although the results discussed below report on the microclimate issues of a specific building, 

the implemented methodology is replicable in others. In the specific case of the Vleeshuis 

museum, the presented methodology yielded understanding of the following:  

 

 Since the building is not equipped with a centralized microclimate control system, it is better 

to tune the present equipment on basis of the internal and external hygrothermal seasonal 

loads rather than considering a constant schedule throughout the year. For instance, the use 

of portable humidifiers can be limited to the cold period because during the warm period 

more moisture enters the space (due to weather conditions and increased visiting rate). This 

option ensure moisture stability in the exhibition hall throughout the whole year. 

 The cultural events in the museum with several participants (e.g., concerts), produce sharp 

increases of water vapour concentration. It was observed that the additional moisture 

produced during the concerts is not efficiently extracted at the end of the events and it 

accumulates in the air volume. For this reason, prompt extraction of the entered moisture is 

necessary. In case the water vapour concentration outside the building is lower than the one 

inside, keeping the entrance door open (after the events) for regaining the vapour content 

balance as before the event, may suffice for this purpose. Otherwise, an exhausts air extractor 

should be considered. 

 Even if the air-heating unit present in the exhibition hall was found not to provoke a strong 

partialization of the indoor microclimate dangerous for the housed collection, see chapter 8, 

it alters the indoor hygrothermal dynamics especially by accelerating the inwards masonry 

evaporation process.  

 The poor building envelope air tightness has a significant influence on the indoor 

microclimate stability. The air infiltration, dependent on temperature gradient indoor-

outdoor, enables both lowering of indoor air temperature and increase of air velocity. During 

the cold as well as warm period, in the nocturnal hours, the infiltrative air slows down the 

masonry evaporation process as a consequence of temperature reduction. 

 The presence of moisture in the building masonry is not a recent problem. This issue was 

already documented at the end of the restoration works in the ‘60s. On that occasion, no 
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prompt intervention was carried out. With time, water infiltration in the masonry became a 

cause of severe deterioration.  

 According to the results discussed here, the causes and sources of recent water infiltration 

were identified in the points in which a metal scaffold system for debris collections (removed 

from the building since eight years) was installed onto the building facades. This improper 

provisional intervention performed in 2007, has endangered almost all the cultural heritage 

objects present on the first floor of the building. Moreover it has triggered severe masonry 

deterioration processes with a significant impact on building microclimate and energy 

performance, see chapter 5. 

 Because of the high inertia of the building masonry, during the warm period, optimal 

hygrothermal quality is facilitated in the Vleeshuis museum main exhibition hall. From this, 

it can be concluded that this space does not require any cooling system: neither for people 

thermal comfort improvement, nor for preventive conservation requirements, chapter 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

Part II 
Assessment  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

7 Indoor Microclimate Quality 

(IMQ) multi-objective 

assessment: 
Methodological considerations 

 

 

 

 

 

 

Ensuring satisfactory indoor microclimate climate quality is a fundamental aspect of building 

management for both newly constructed and existing buildings. Moreover, as IMQ plays a 

driving role in building energy consumption and cultural heritage preservation, its assessment 

and certification is fundamental for allowing both building control and optimization. 

In historic buildings and museums where indoor climate requirements should simultaneously 

satisfy people comfort and movable heritage safety, it is essential to propose assessment and 

certification methodologies capable of capturing the multidimensional nature of this 

management problem. This has been stressed by the recently published EN 16883; see chapter 

2. Despite the proliferation of IMQ certification tools, a framework establishing the certification 

theoretical background, especially when different microclimate needs must be simultaneously 

assessed, is still lacking.  

This chapter gives an overview of the theoretical evolution of the microclimate assessment and 

certification. It further discusses the critical aspects of the methodology to be taken into account 

during IMQ assessment and certification. These critical aspects, especially when the developed 

IMQ certification model wants to simultaneously verify: absence of microclimate- induced 

deterioration risk for the cultural heritage objects and thermal comfort for building users. 

The aspects theoretically discussed in this Chapter will be verified by means of a case study 

within the next Chapter.  
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7.1 INTRODUCTION 

The main purpose of a building assessment or certification is to allow a structured evaluation of 

a given building performance, e.g., indoor climate performance, energy performance, etc. The 

quantification of the distance between a current building performance and an ideal one as well 

as a trustworthy comparison between buildings can be also considered a practical advantage of 

building certification schemes [245][246]. 

Moreover, not only can a building certification be supportive for external use, meaning the 

comparative assessment between two or more buildings, but also for internal purposes, meaning 

the regular performance assessment of a single building. Because buildings are intended to fulfil 

multiple performances, a certification process can be an important facilitating instrument for 

their management and control. 

In this text, the terms assessment and certification are meant as structured evaluation of one or 

more aspects of a building performance, e.g. indoor microclimate, based on the comparison 

between that aspect and a benchmark.  

Certifications for building evaluation or management are more relevant when not limited to the 

assessment of one performance criterion but when extended to the set of the different 

performance aspects (criteria) the building is supposed to satisfy simultaneously. This is because 

performance effectiveness concerning one criterion can strongly conflict with that of another, 

reflecting the implicit multidimensional nature of building management [247]. 

The potential mutual exclusivity of the several building performance requirements is widely 

discussed in the Literature with respect to different optimization (or decision-making) problems 

including, among others, indoor microclimate management [248].  

P. Penna et al. [249] highlighted the existing conflicts between people thermal comfort and 

energy saving in a multi-objective optimization evaluation of retrofit alternatives for existing 

buildings; D. Camuffo and C. Bertolin [129] and La Gennusa et. al. in [62] underlined the 

conflicts between thermal comfort for users and artworks preservation; Yu C.W.F. and J. Tai 

Kim in [250] observed how the fulfilment of the air tightness requirement, according to the 

BREEAM certification scheme, would increase the indoor concentration of pollutants as well as 

the risk of biological infestation in buildings. 

Given the potential conflict between concurrent aspects of building performance, it is advisable, 

within any certification, to adopt models capable of capturing this complexity. To allow this, the 

global building performance can be broken down into different (more controllable) performance 

indicators.  

According to the scope of the assessment, different modelling approaches may be adopted: 

multicriteria models consider simultaneously different assessment indicators, while single 

criterion models consider only one indicator of performance at a time. The first methods aims at 

providing a comprehensive building evaluation considering not directly comparable items, while 

the second one aims at providing a standalone performance certification of a specific building 

aspect.  

Care should be taken with the use of standalone certifications for external comparative purposes 

as the certified item is often dependent on other ones, excluded from the assessment. In this 

regard, the comparison of buildings based only on energy performance, might be inappropriate 

because of the exclusion of parameters which have a bearing on the building’s energy 

consumption. For instance, a comparison of different museum buildings based only on the EPCs 

(Energy Performance Certificates) risks inconsistency as the energy consumption variation 

between these museums can be triggered by different indoor climate performance requirements 

and not necessarily by building-plant systems inefficiencies.  

There is, therefore, an incontrovertible need for providing a certification of the building indoor 

climate performance next to the energy one as clearly stressed by the EN 15251 and discussed 
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in chapter 2. This requires a mind-set shift in evaluating the building performance: from a single-

objective to a multi-objective problem. 

However, in specific circumstances, the building indoor microclimate performance can be 

considered in itself a multi-objective problem. This occurs because of the diversity of the comfort 

aspects and subjects involved. In case of historic buildings or wherever cultural heritage needs 

to be preserved, the indoor climate quality should satisfy both users’ comfort and objects 

microclimate safety. This multi-objective assessment problem cannot be neglected during EERIs 

in historic buildings. Therefore it is crucial to adopt IMQ certification models allowing 

simultaneous certification of both building’s users thermal comfort and heritage objects safety. 

The multi-objective characteristic of such model may pose methodological problems, not only 

during the model development itself, but also during the (microclimate) data acquisition.   

 

The methodological evolution of IMQ assessment and certification for people and heritage 

objects from single to a multi-objective is discussed in this Chapter. The chapter also discusses 

the current methodological concerns (consequence of the lack of a coherent methodological 

framework) related to multi-objective based IMQ certification for both people and heritage 

objects. Some of these concerns will be verified by means of a case study in the next Chapter.   

7.2 WHY AN IMQ CERTIFICATION FOR HISTORIC BUILDINGS AND MUSEUMS? 

Indoor climate requirements in buildings affect energy consumption independently from the 

building performance itself, therefore an IMQ certification ought to be considered in both 

building control and optimization process. 

In the specific case of historic buildings and museums, IMQ certifications, if iterated over time, 

can be a facilitating tool for identifying: installation failures, improper user behaviour, risk of 

damage for collections and materials.  It can also be used as decision support during HVAC 

systems design.  

Moreover a certification, developed with the aim of delivering a real time (and long term) 

rendering of the microclimate quality for building users and artefacts, can be a practical 

instrument for undertaking mitigation actions or immediately intervening in case of hazards. 

Below is a more detailed, though not exhaustive, list of issues that an IMQ certification in historic 

buildings and museums can highlight:  

 

 Identification of people and collection microclimatic dissatisfaction or hazards (considering 

the specific building space requirements), see chapter 8. 

 Analysis (per building space) of hygrothermal needs overlaps between people and artworks 

for seeking optimization of exhibition safety, building energy use, environmental emissions 

and management running costs. 

 Quantification of thermal satisfaction fraction that can be eventually allocated to minor 

building user’s thermal adaptive behaviour; see chapters 3 and 4.  

 Assessment of building microclimate quality as a function of the HVAC operating; see 

chapter 6. 

 Identification of local microclimate failures that can be solved by implementing passive or 

active air mass exchange between building spaces; see chapter 8. 

 Analysis of the environmental parameters interrelation and relative incidence on the overall 

microclimate satisfaction for undertaking target-specific improvement actions. 

 Comparison of microclimatic quality between different buildings for facilitating (and making 

safer) artifacts loan procedures. 

 Optimization of the exhibitions setup considering the relation: indoor building microclimatic 

conditions and artifacts deterioration response factors.  
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 Assessment of museum institutions on common and comprehensive performance criteria.  

 Definition of EERIs according to a bottom-up strategy; see chapter 8.   

 

In practice, a microclimate certification becomes meaningful only if the assessment phase is 

followed by the action phase. Labelling should be not the final aim of the certification process. 

The first phase refers to the steps during which the building is diagnosed and an IMQ certification 

is provided, while the second phase refers to the possible set of actions to be implemented for 

correcting or mitigating the sources of the potential microclimate failure or instability.  

The two phases can be either automatized by a control system or not. In any case, they should 

be iteratively undertaken for eventually rectifying occurred deviations from the expected 

microclimate ranges. 

7.3 FROM A SINGLE-OBJECTIVE TO A MULTI-OBJECTIVE MICROCLIMATE 

MANAGEMENT FOR COLLECTIONS 

The issue of managing microclimatic quality in historic buildings, especially in museums or 

where cultural (movable and immovable) heritage is housed, is still an open international 

scientific debate. This section summarizes the evolution of indoor microclimate control from a 

single-objective to a multi-objective problem; see also chapter 3.  

In the past (and even today) safe microclimate quality for artworks preservation was supposed 

to be achieved by tightly controlling the indoor hygrothermal fluctuations. Departures from 

aprioristically defined steady-state hygrothermal thresholds were not allowed. This praxis was 

undertaken with little allowance for the specific building microclimate history or building 

geographic location. The economic and environmental running costs of such a microclimatic 

management were often disregarded. Microclimate management of this kind was characterized 

as a single-objective decision making problem represented by the unique need for ensuring stable 

microclimate for collections.  

This practice was ended with the introduction of the EN 15757:2010. This standard, admitting 

dynamic physical interactions between building and collection rather than predetermining 

hygrothermal bounds, allows also energy saving and contains the conflicts between 

hygrothermal requirements for materials preservation and building users thermal comfort. 

Evidently, the initial single-objective decision making problem evolved into a multi-objective 

one. Indeed, objectives such as: building energy consumption, microclimate safety for objects 

conservation and people thermal comfort started being considered concurrent aspects of a 

unique, decision making process. 

7.4 FROM A SINGLE-OBJECTIVE TO A MULTI-OBJECTIVE MICROCLIMATE 

MANAGEMENT FOR BUILDING USERS 

The interest in assessing and certifying building indoor climate with regard to people comfort, 

especially thermal one, is confirmed by the persistent publishing across the years of studies and 

standards targeted at developing thermal comfort assessment models and certification procedures   

[251][252][253][254][255][256][250]. 

Although indoor comfort for users and building energy efficiency were aspects which both 

gained importance at the end of the ‘80s as a consequence of the energy crisis and first 

epidemiologic studies on the building sickness syndrome, see P.M. Bluyssen in [257] and [258], 

these issues were rarely considered concurrent aspects of an unique building optimization 

problem. Indeed, the several projects aimed at delivering practices for their optimization were 

often implemented independently from each other (single-objective oriented).  
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In 1991 a workshop held by the European Communities Commission to discuss the state of the 

art on indoor air quality management (in the EU), concluded that the simultaneous achievement 

of indoor environmental comfort and energy efficiency had to be considered a first challenge, 

see P. M. Bluyssen in [259]. The latter confirms that, at that time, energy performance and Indoor 

environmental Quality (IEQ) (or IMQ) were not considered as belonging to a unique building 

management problem.  

At the end of the ‘90s, the EU project “Audit” undertook a holistic approach for concurrently 

monitoring energy efficiency and IEQ of buildings. In the same years, a similar approach was 

undertaken by the European projects: “TOBUS”, “EPIQR”, “Joule- Thermie OFFICE” and later 

on “HOPE”. These projects were either aimed at providing a multicriteria-based framework for 

the optimization and selection of retrofitting interventions or at providing a multicriteria 

evaluation of the indoor air quality in existing buildings [260][261][262][263][264]. 

These projects concluded by stressing the importance in relating building energy performance to 

IEQ satisfaction. Such relation was also mentioned within the (2002) CE 91[5].  

However, even if in the early years of this century, the interest shift from a single-objective 

(energy efficiency-oriented) to a multi-objective management procedure (including IEQ) was 

triggered [265] this assessment approach was rarely implemented in practice [266]. It was also 

not integrated within a comprehensive standardisation framework. The situation stayed 

unchanged almost until the publication of the EN 15251:2007 standard [57]. 

The EN 15251 broke new ground with regard to the assessment of building performance. Indeed, 

by providing input parameters for benchmarking the different aspects of the indoor 

environmental building performance (and suggesting long- term assessment procedures), it made 

clear the meaningfulness of providing building indoor climate performance certification next to 

the energy one.  

Though the standard has weaknesses, attributable mainly to the consideration of 

deterministically proposed comfort categories and certification methodological limits 

[267][116], EN15251 has the unquestionable merit of having enabled a mind-set shift regarding 

the building performance certification, from a single-objective to a multi-objective-based 

approach.  

7.5 CRITICAL METHODOLOGICAL ASPECTS ON MICROCLIMATE CERTIFICATION 

FOR HISTORIC BUILDINGS AND MUSEUMS  

A multicriteria-based microclimate certification aims at delivering a representative image of 

IMQ, based on a set of criteria. Each criterion represents an aspect of the indoor climate in 

relation to both: people and/or movable and immovable cultural heritage. 

Considering that a certification procedure consists of two methodological phases: (1) 

certification model development and (2) preparatory data acquisition, the final results can be 

biased either by inappropriate model hypothesis and limitations or by inaccuracies during the 

data acquisition process. 

Following the sequence from an IMQ certification (for people and cultural heritage objects), 

theoretical and procedural issues emerging during data acquisition and model development are 

discussed in this section. 

The following observations do not refer to a specific microclimate certification model, but rather 

to a general model. Indeed, although several microclimate assessment and certification models 

already exist, a robust methodology for them as yet to be developed. 
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7.5.1 Critical methodological aspects during data acquisition 

The indoor microclimate certification of an existing building can be performed either on basis 

of an onsite building environmental monitoring (instrumental or subjective, see chapters 3 and 

4) or on a calibrated dynamic building model simulation. The first option is here called 

instrumental (or subjective) measurement-based IMQ certification and the second one 

simulation-based IMQ certification. Building monitoring takes on a fundamental role in both 

certification options, not only in the first one. Indeed, in the second option it is essential for 

allowing model calibration [268][269]. 

However, a standardized procedure for monitoring the physical parameters to be fed into the 

indoor microclimate certification model is still lacking. This unavoidably results in dissimilar 

assumptions and activities during onsite measurement, especially when the certification is meant 

to provide evaluation of people and cultural heritage objects indoor microclimate comfort and 

safety. Indeed, spatial and temporal representativeness and data resolution of the sampled 

parameters often differ from certification to certification, hindering a straightforward 

comparison of the results. A summary of the mentioned issues is listed at points a) and b) and 

discussed below.  

 

a) Temporal representativeness and resolution of the environmental monitoring for users and 

collections; 

b) Spatial representativeness and resolution of the environmental monitoring for users and 

collections. 

 

As the environmental parameters are time-space dependent [114] and the monitored space might 

be more or less stable than another one or than itself in a different moment, it is necessary to 

define the extent of the microclimate spatial variability throughout the time. Hence, time-space 

representativeness and resolution of the monitored data should be analysed. These data are 

fundamental for interpretation of IMQ certification results.  

 

 Temporal representativeness means the monitoring period duration. This interval elucidates 

the temporal representativeness of the certification results but it does not necessarily coincide 

with it. Indeed, a monitoring campaign can be longer than the period to which the certification 

refers.  

 Temporal resolution means the level of detail (in time) of the acquired data; thus, the 

sampling interval of the parameters. This might have an influence on the certification results 

especially if outliers occur; see later on in this section.  

 Spatial representativeness means the space representativeness of the measured building 

segment in relation to the whole building.  

 Spatial resolution means the level of detail (in space) of the acquired data within the 

monitored space(s).  

 

Currently, as discussed in chapter 3, the EN 15757:2010 is largely applied [133][270] with the 

purpose of IMQ certification for historic buildings that house hygroscopic cultural heritage, 

However, when utilizing this standard for IMQ certification, some methodological 

considerations need to be addressed.   

As discussed in chapter 3, the standard introduces a novel methodology for calculating the 

optimal microclimate interval for allowing hygroscopic objects preservation. This interval, 

named target microclimate range, is calculated according to infield hygrothermal monitoring. 

After at least 1-year hygrothermal monitoring, the building historic microclimate can be obtained 

and on its basis the target microclimate range calculated. In chapter 3, it was observed that 

historic microclimate range is affected by the temporal representativeness of the instrumental 
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monitoring. To avoid the influence of unforeseen indoor climate variations or the limits imposed 

by short monitoring periods, it was decided to base the target microclimate range calculation on 

long term monitoring (e.g. 10 years). In the absence of available data, these can be obtained by 

means of a physically- calibrated building simulation model. 

However, when considering the EN 15757 for assessment and certification purposes (hence for 

regular microclimate control), two further concerns with regard to spatial representativeness and 

resolution of the infield acquired data need to be addressed.  

Given that in historic buildings, the indoor microclimate may differ room by room, it might be 

worth undertaking a monitoring of all the climatically governable spaces in which objects are (or 

will be) kept. This approach maximizes the spatial representativeness of the measurements and 

permits to provide a microclimate certification per each building space.  

But because the elements of a collection might be scattered in different points of the space, it 

might be necessary to deal with microclimate heterogeneities even in the same space. 

According to the EN 15757, the monitoring of the historic climate should be performed in the 

vicinity of each object to be preserved. However, when more objects (with equal conservation 

state) are located in a building space, it is considered common practice to monitor the room 

microclimate [58][59][66][233][271][236]. 

If the space is homogeneous, one measurement point in an undisturbed (possibly centred) 

position of the space or the averaging of the readings from different loggers located in the room 

might be a sufficiently accurate approach. But, if the space is heterogeneous, the option of 

averaging the readings from two (or more) parts of the room should be evaluated with caution. 

Indeed, such procedure, does not offer an accurate understanding of the indoor climate due to 

the flattening of the microclimate heterogeneities.  

As an example, during the continuous monitoring of a room with well mixed air mass, heat and 

vapour of a peripheral part dynamically interact (towards the equilibrium) with a more centred 

one. This interaction is registered if two loggers are located in both the spots. If peripheral 

environmental heterogeneities occur, the averaging of the readings from the two loggers, would 

provide information about a climatic condition that does not exist in reality. Moreover, the 

calculation of the target microclimate based on this average would result in a more permissive 

hygrothermal variability for the entire room even if departures from the environmental stability 

were registered only in one localized part of the space. Obviously what is mentioned refers to 

parts of the monitored space where local environmental conditions constantly differ from the rest 

(due to e.g. peculiar building geometry, orientation, building envelope deterioration or specific 

architectonic features) rather than outliers caused by e.g. temporary solar glare on the logger. If 

the peripheral areas evidence constant variation from the rest of the room space, a separate 

certification and management of the parts might be considered. This aspect will be observed by 

means of a case study in the next Chapter. 

However, monitoring each object microclimate proximity (though theoretically understandable), 

might require a countless amount of sensors. If the space is sufficiently homogeneous, the 

installation of several loggers in each object microclimatic vicinity might not necessarily result 

in an increased spatial resolution of the acquired data (hence of the certification results). 

Moreover, this large effort in terms of sensors number might constitute an issue for professionals 

and museum curators [58][59]. 

The assumption to verify in order to solve this problem and to allow parsimony of measurement 

instruments is: “what if several objects, with similar sensitivity and state of conservation, are 

exhibited for a long time (say the known historic climate) in the same space and location? Is it 

not reasonable to imagine that, because the global space microclimate is unchanged, the same is 

true for each object microclimate proximity?”  

In the author’s opinion, if the objects are scattered in a certain space, and the microclimate 

through the space is proven to be sufficiently homogeneous, one measurement point in an 

undisturbed position of the confined environment or the average of the readings from different 
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loggers, can deliver a sufficiently accurate estimate of each object microclimate proximity. 

Consequentially, the resulting target microclimate may apply to all the objects exposed in the 

free air. The latter would allow reducing measurement points while still obtaining accurate IMQ 

certification results. Obviously this concept holds valid only if rather small variations occur 

between the free air and the objects interface. This should be a priori verified during a 

microclimate diagnosis. These variations might be reasonably large for objects located on the 

building envelope and smaller for objects exposed in the free air. Moreover, no microclimatic 

partialization caused by e.g. building envelope deterioration phenomena, such as the ones 

discussed in chapter 5, should occur. The above mentioned methodological considerations were 

verified during the IMQ certification of the exhibition halls of the Vleeshuis museum and are 

discussed in chapter 8.  

 

With the purpose of indoor microclimate assessment and certification for building users, the ISO 

7730 and EN 15251 are generally taken into account in the existing models. However, neither 

the standards themselves nor the other standards quoted in them provide complete information 

about the monitoring temporal and spatial representativeness and resolution.  

For the purpose of long- term certification, the EN 15251 specifies that the environmental 

parameters should be measured for a whole year or for a representative interval of time within 

95% of the building spaces or within representative building spaces. The double option offered 

by the standard in terms of temporal and spatial representativeness makes the certification praxis 

highly variable. 

When considering a certification of the indoor climate based on subjective evaluation, the 

standard prescribes obtaining user's response for a representative number of times during the 

year within each representative space of the building. The term representativeness is never 

defined in the standard, either numerically or  theoretically. It is after all not surprising, as 

reported by Heinzerling D. et.al. [251], that current proposals for buildings indoor climate 

certification (some of them based on the EN 15251) consider monitoring periods ranging from 

1 day to 5 years. Obviously, such results cannot be compared to each other even if developed on 

the basis of an identical certification model. The certification of a building thermal quality differs 

if calculated on one week measurements or on the whole heating season.  

Furthermore, the standard does not specify how to deal with temporal data resolution. This is not 

a marginal problem as data acquired with different sampling intervals might yield different 

certification results.  

For instance if calculating the weighting factors for certifying the thermal discomfort on basis of 

the degree hours criteria (see method B, Annex F in EN 15251[57]), the results can differ if room 

operative or dry bulb temperature have been sampled each 15 or 60 minutes and outliers have 

occurred. The occurrence of rare extreme events does not change the local climate but affects 

the average values D. Camuffo [54]. If these average values are used for determining weights 

within a certification procedure, the result can be altered. The alteration of the certification 

results, when utilizing the degree hours long term assessment method, can also be caused by an 

(un)intentional variation of the assessment time interval, as discussed by F. Nicol et. al. [272]. 

The issue of temporal representativeness and resolution is also relevant when certifying people 

environmental satisfaction on the basis of subjective evaluations based on regression models, see 

chapter 4. Indeed datasets with low representativeness and resolution might leave a large part of 

the variance unexplained, meaning no robust certification results. 

With regard to people thermal comfort certification, especially if involved in non-stationary 

activities, the considerations with regard to microclimate spatial resolution (discussed with 

regard to the cultural heritage objects) are less meaningful. Indeed, because people move in the 

space, it is arguable that their thermal comfort sensation alters during their movement. Therefore, 

their transient comfort sensation is somehow self-compensating and their thermal acceptance 

does not vary if small hygrothermal time-spatial variations occur. 
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With regard to time-dependent variations, ISO 7730 states that temperature cycles within 1°K as 

well as temperature drifts of 2°K/hour are unlikely to affect people thermal comfort. Therefore, 

the space microclimate may be considered steady and the PMV-PPD model applies. This was 

also observed in a study by L. Schellen [273]. With regard to space-dependent variations, the 

ISO 7730, though developed for fully controlled environments, admits minor spatial (operative) 

temperature variations. Indeed, the temperature considered within PMV interval categories is not 

expressed by a point value but rather by a range; Table A1 in [147]. 

Spatial resolution is a relevant issue also when considering a simulation based microclimate 

certification. Indeed, building dynamic simulation software solutions, characterize the physical 

parameters of a space as the mean value of that space. Possible microclimate heterogeneities 

existing in the reality are thus neglected. The onsite measurement, aimed at registering the 

environmental parameters to be utilized for a further building model calibration, should be 

planned in coherence with the calculation and visualization capabilities of the used software. For 

instance, measuring room air temperature with a data logger in contact with a wall, is not only 

methodologically wrong in itself (because the obtained data might be biased by local boundary 

conditions, for instance absorption or evaporation of the wall itself) but it is also misleading if 

the building model is supposed to be calibrated on that data. 

Another issue that may have an influence on the data acquisition, hence on the IMQ certification, 

is the position of the instruments in the space. In the EN 15251 and the quoted EN ISO 7726 

[274], no information on the appropriate monitoring instruments location is given despite its 

importance within the measurement process [54]. 

7.5.2 Critical methodological aspects during certification model development 

Besides inaccurate methodological steps during the data acquisition process, assumptions within 

the certification model development may also affect the reliability of the results. The potential 

sources of inaccuracy, discussed below, are: model design and criteria selection (section 7.5.2.1); 

weighting procedure (section 7.5.2.2) and aggregation procedure (section 7.5.2.3). 

7.5.2.1 Model design and criteria selection 

As already mentioned elsewhere in the Chapter, microclimate certification models are structured 

into a family of criteria where each of them responds to a specific aspect of the microclimate 

certification. The set of criteria should answer the certification problem exhaustively without 

being redundant and incoherent with the certification object. The criteria for an indoor 

microclimate certification model can be either aggregated indexes of performance derived from 

existing comfort models, such as Predicted Mean Vote (PMV), Percentage of People Dissatisfied 

(PPD), etc. or physical attributes, such as Operative Temperature (OT), Relative Humidity (RH), 

CO2 concentration (CO2), Illuminance (E) etc. Although no limitations are advisable in the 

concurrent use of aggregated index of performance and physical attributes, the use of physical 

attributes both as single criteria and within aggregated indexes should be avoided since by doing 

so the model would be double counting.    

Moreover, when selecting the criteria for long term indoor microclimate certification, it may be 

practical to consider indicators that relate a given criterion occurrence to a time interval (such as 

Percentage Inside or Outside the Range etc.) instead of considering criteria mean values. 

However if the frequency of performance is linked to performance categories, the model function 

is characterized by discontinuities. If the model is meant to deliver a single score, the use of 

averaged physical attributes should be discouraged. Indeed the certification based on average 

values does not provide any meaningful understanding of the microclimate quality. This is 

because the simple mathematical averaging flattens the dataset. Consequently, a certain space 

with, say, high upper and lower, temperature fluctuations, might obtain identical marginal value 
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as another one with more constant temperature. Furthermore, if the marginal value of each 

criterion is supposed to be aggregated, the final score is unavoidably biased, especially if a (high) 

weight is attached to the biased criterion. It is worth noting that in case of simultaneous 

certification for people and artefacts, although the certification results are generally delivered 

with regard to the same reference time period for both, the time standardization is based on two 

separate time intervals: the occupation time and the entire reference time period for people and 

artifacts respectively. The reference (time) period should be declared as well as the start and the 

end of the considered warm and cold periods, especially if discrete measurement of the criteria 

for thermal assessment is considered. Otherwise certification results may be unclear [272][254]. 

7.5.2.2 Weigthing procedure 

Another significant issue to take into account when developing a certification model, is the 

methodology for selection priorities. In the specific decision context, two steps of weighting can 

be identified: in the first one, the priorities for balancing between people comfort and cultural 

objects safety (generally hygrothermal comfort) are set and in the second one the importance for 

each criterion (in which the certification object is subdivided) is agreed.  

The first weighting stage, highly significant, is the more delicate. The weighting at this stage can 

be performed on basis of Risk Assessment or Panel of Experts (PoE).  

In the second weighting stage, each criterion within the certification domain (both for collections 

and people), is weighted by means of Panel of Experts (PoE) or regression analysis techniques. 

With regard to the environmental criteria prioritization for people, the following should be 

considered: 

 

 The marginal importance attributable to each criterion of indoor comfort sensation is personal 

and not always constant. This varies, among others things, on the basis of: building location, 

typology of activity, time permanence in the space, clothing thermal resistance etc. Whenever 

possible, these weights should be based on infield subjective or experimental investigations 

results rather than on experts’ judgment. 

 Although methodologies, have been developed for reducing the uncertainty during the 

prioritization procedure within a Panel of Experts [275], issues such as number of participants 

and affiliation, professional experience on the specific management topic, possible conflict 

of interests or independency from the decision making process, etc. should be clarified as 

they are not trivial aspects and can bias the weights.  

 When defining the weights on basis of statistical models, such as regression models, Principal 

Component Analysis (PCA), factorial analysis, etc., the observations with regard to onsite 

subjective or instrumental monitoring time and spatial representativeness and resolution 

should be taken into account. 

The prioritization process of the environmental criteria concurring in the definition of the 

object safety, can be based on experimental data. The analysis of the materials response factor 

at different environmental conditions can be considered a good practice for establishing the 

weights.  

7.5.2.3 Aggregation procedures 

Another issue to consider when developing a microclimate certification model is the aggregation 

of the criteria scores. The scores aggregation, according to the certification aims, can be 

considered in two (not compulsory) steps below discussed. 

 

a) Aggregation of the single microclimate criteria scores into a synthetic certification 

score. 
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b) Aggregation of the certification scores from each building space into a global building 

score. 

 

The aggregation mentioned at point a), refers to the models deemed to provide a final labelling 

of the global quality by combining the marginal criteria scores. This aggregation can be 

supportive for rapid scrutiny e.g. the indoor climate quality of a space and calling for more 

detailed investigations only if a defined threshold value is surpassed (this operation implies 

performance thresholds definition). The inherent problem of such a model is the implicit 

interchangeability of the criteria, meaning that if a given criterion gains a low score and another 

gains a high score, the final result flattens the specific score contribution. This weakness can be 

solved, as in Multi Attribute Utility Theory (MAUT), either by tuning the weights for each 

criterion or by providing next to the global score a break-down of the single criterion score. 

Another aggregation possibility, mentioned at point b), refers to the certification of a whole 

building on basis of the aggregation of each single space score. Methodologies for allowing this 

aggregation are given in Annex I, EN 15251 [57]. 

However, there exists a remarkable difference of views with regard to this aggregation step. This 

explains why standardization of the comfort sensation at a building scale, before being a matter 

of the certification models, is a theoretical concern. The fundamental problem is: “How the 

comfort (or discomfort) quality expressed with regard to each space should be averaged for 

obtaining the comfort quality of a whole building?” The current methodologies propose either a 

weighted average based on the space geometry (first approach) or on the space occupancy 

(second approach). The first approach considers that each space score should be averaged and 

weighted in function of the net surface (or volume) of the space, while the latter considers that 

the single space score should be weighted in function of the given occupancy rate. In other words, 

the first approach relies on the fact that the bigger is the certified space, the larger should be its 

influence on the total building certification, while the second approach relies on the fact that the 

more occupied is the certified space, the larger should be its influence on the total building 

certification score.  

Both methodologies have limitations. The first aggregation method implies that the certification 

of small spaces, even when highly occupied (or with several cultural objects to be preserved), is 

less meaningful than that of big ones. At the same time, the second aggregation method implies 

that the certification of less occupied spaces (although big and with several artefacts), is less 

significant than the one of highly occupied spaces. Moreover, another issue with regard to the 

second aggregation approach should be pointed out. If the certification is developed on comfort 

criteria indexes based on mean (dis)comfort percentages, it might occur that the given comfort 

score does not represent the actual occupants comfort sensation; this inconsistency (if the second 

weighting approach is chosen) is amplified in spaces with high occupancy rate. In the author’s 

opinion, it might be worth considering a weight in function of the occupancy if the certification 

is based only on infield subjective evaluations as in this case it is possible to account for the 

actual score variance. 

Another point to be considered in the aggregation process is how the certification with regard to 

the artefacts should be integrated into the aggregation function. As the process of aggregation 

implies a clear understanding of where the comfort sensation should be allocated (to occupants 

or to building spaces?), this process becomes even tougher when considering also the artifacts 

within the certification domain. In that case, the question becomes: “which weighting process is 

more indicated for them? Amount of objects per room? Objects importance? Objects sensitivity 

to the microclimate variability?” The answer is not straightforward as there might be a risk of 

simplifications that results in non-conservative microclimate management. In view of the 

observations above, it might be worth introducing, instead of a weighted average of the spaces 

score, a graph (such as a radar) which shows the distribution of the score variability within the 

entire building. However, if a single value for the entire building needs to be compulsorily 
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provided, the simple average (without weights) of all the spaces score with an indication of the 

deviation from the mean as well as the best and worst score, might be preferable. A table 

providing the specific results for each space should also be provided. 

7.6 CONCLUSIONS  

Given the implicit relationship between building indoor climate and other aspects of the building 

management, IMQ certification can be a facilitating control instrument especially in historic 

buildings, museums or where different indoor climate requirements should be simultaneously 

(and continuously) satisfied and controlled. 

However, even if numerous models for assessing people indoor climate comfort exist, models 

that allow concurrent IMQ assessment and certification for both cultural heritage objects and 

building users are still lacking. The absence of such multi-objective –based IMQ certification 

models, makes complicated the process of indoor microclimate control and optimization in 

heritage buildings and museums. This is because the aspects of microclimate comfort and safety 

are observed separately without an immediate synthesis. Therefore, without obtaining a (real-

time or a-posteriori) global picture about the IMQ. In such a way, any action affecting the 

building microclimate (whether it is a reparair measure or developed within a preventive- 

conservation action plan) cannot be assessed considering its simultaneous effect on both the 

certification targets: building users and housed heritage objects. 

  

Nevertheless, when developing a multi-objective based IMQ certification methodology, not only 

the certification model takes on a multi-dimensional relevance, but also the data acquisition 

process in itself. Moreover, as the certification results strongly rely on the acquired data, it is 

important to verify their quality. More specifically, data temporal and spatial representativeness 

and resolution should be verified to avoid biased IMQ certification results. 

 

This chapter first gave an overview of the process that moved IMQ certification practice from 

single-objective to multi-objective. Further, the methodological issues to take into account upon 

multi-objective based IMQ certification of historic and heritage buildings were discussed 

focussing, interalia, on the limits of the current standards, if it is desired to use them for IMQ 

certification. Part of the methodological aspects described in this chapter, will be studied in the 

next Chapter by means of a case-study application.  

 

 

 

 

 

 

 

 



 

 

8 Indoor Microclimate Quality 

(IMQ) multi-objective 

assessment: A case study 
 

 

 

 

 

 

Considering the methodological considerations discussed in chapter 7, a multi-objective-based 

IMQ certification model is proposed in this Chapter. The IMQ of the two exhibition halls of the 

Vleeshuis museum is, hence, assessed.  

Because the hypogeum exhibition hall presented summer overheating issues, a passive cooling 

strategy was modelled for attempting to reduce indoor air temperature. The IMQ for the second 

exhibition hall is assessed before and after the retrofitting implementation. 
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8.1 INTRODUCTION  

chapter 6 discussed how IMQ of a building may be affected by both external climate and internal 

loads.  

Building envelope is the first filter to the external climate loads and smoothes out the external 

weather fluctuations keeping more stable the indoor building microclimate. Building systems, if 

present, ensure additional indoor microclimate control beyond the one allowed by the envelope 

itself. However, a constant microclimate control, as chapter 6 demonstrates, is not easily viable 

in historic buildings. Considering that a poor IMQ might influence building users comfort and 

cultural heritage conservation, it is fundamental to assess and certify it continuously.  

In contrast with an indoor microclimate diagnosis (as presented in chapter 6), considered as a 

one-time action with explorative assessment purposes, the certification as described in this 

Chapter, is a continuous assessment activity (see also Terminology). It can be defined as the 

systematic verification of given microclimate parameters fulfilment to intervals of quality, 

performance, safety, or steadiness.  

The parameter benchmarks may be suggested either by current standards or by applied research 

[147][57][276]. Since IMQ certification allows understanding: building equipment 

effectiveness, artefacts state of conservation, people thermal satisfaction etc., it might be a 

powerful instrument for supporting decision making on environmental retrofitting actions, 

building installations improvement and preventive conservation strategies [277][278][26].  

However, as discussed in chapter 7, in IMQ assessment, theoretical and methodological pitfalls 

may arise both 1) during onsite-data acquisition processes and/or 2) during IMQ certification 

model development. In this chapter, these aspects are discussed on the basis of two applications: 

the IMQ certification for the ground floor exhibition hall of the Vleeshuis museum in its current 

state and, the same certification for the hypogeum exhibition hall in its current and 

environmentally retrofitted state.  

In the Literature, methodologies for heritage buildings and museums environmental diagnosis 

are widely diffused [75][279][128][119][77][232][270][78]. However, microclimate 

certification models incorporating people comfort and cultural heritage safety are not yet 

available despite their value for a more comprehensive building management. Furthermore, 

though IMQ certification procedures for people comfort already exist [147][57], the 

methodological issues to be considered during onsite data acquisition (prior to the certification 

model development) have not yet been addressed. This unavoidably results in different 

monitoring activities and therefore in certification results which are hardly comparable [251]. 

 

8.2 INDOOR MICROCLIMATE QUALITY CONTROL IN HISTORIC BUILDINGS BY 

MEANS OF PASSIVE VENTILATION 

Before the customary use of climatic control through mechanical installations, the use of passive 

solutions for building ventilation, hence overheating reduction, was a popular design option 

[280][281][282]. Indeed, historic buildings were designed or equipped with basic technologies 

for increasing heat and mass flow in order to enhance Indoor Microclimate Quality and comfort 

[282][283][284].  

Currently, in order to reduce discomfort caused by summer overheating in historic buildings and 

museums, there is frequent resort to passive cooling strategies. These technologies are mainly 

chosen to limit building destruction or invasiveness caused by HVAC system installation and 

operation [285][286][287][288][289][45][290][291] and to limit the alteration of building indoor 

microclimate [281][292].   
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Historic architecture, such as the one investigated in this study, may allow indoor air-cooling by 

means of tower systems that allow reduction of indoor air temperature by means of indoor-

outdoor air pressure difference.  

Although passive solutions, are currently confined to a minority among the EERI design, these 

options are efficient alternatives to mechanical cooling or ventilation, as providing good thermal 

comfort and air quality while reducing air conditioning consumption [281][293][294]. Moreover, 

from a Life Cycle viewpoint, such strategies are evidently valid as (virtual71) or real energy 

savings may be allowed without initial or recurrent embodied burdens.  

Passive cooling applications, seeking to smooth out summer temperature peaks, by exploiting 

both solar or cold chimneys effects, in four Swiss historic buildings were discussed by C. Ancay 

[290]. In the reported cases, the strategies were based on straightforward design intuitions. The 

monitored building basements, during summer, showed air temperature far lower than the one in 

the upper building levels, therefore the existing air ducts (chimneys and shafts) were reused as 

solar chimneys forcing an upwards air movement from the basement to the attic. By means of 

the implemented passive cooling, the summer air temperature peaks in the studied attic rooms 

were lowered by 14.5°C. 

Adaptive ventilation systems, for improving indoor hygrothermal quality during short year 

periods in cold climates were reported by P. K. Larsen et.al [295] and T. Brostrom et. al [296]. 

Examples of reuse of existing architectural features for minimizing installations invasiveness 

and maximizing IMQ in heritage buildings are discussed in [45][297]. 

Although several authors concluded on the effectiveness of passive solutions for improving 

historic buildings IMQ, a free running microclimate management is not always sufficient to 

ensure safety for the heritage assets. This is especially due to high air velocity and uncontrollable 

hygrometric fluctuations. For this reason, a multi-objective IMQ assessment and certification 

methodology, such as the one presented in this Chapter, targeted at controlling both people 

thermal comfort and safety for the cultural heritage, can be supportive.  

8.3 STUDY OBJECTIVES 

 The study analyses the methodological issues emerging during experimental 

microclimate monitoring targeted to IMQ certification as discussed in chapter 7. More 

specifically, it focusses on the time-spatial representativeness and resolution analysis 

of acquired data to be inputted in the certification model; 

 The study investigates a passive cooling for possibly reducing summer overheating in 

the hypogeum exhibition hall (this problem was not registered in the main exhibition 

hall at the ground floor). This specific part of the study is based on a summer 

experimental monitoring performed in the Vleeshuis museums in summer 2013. 

Therefore, the analysis of the passive strategy effectiveness as well as the IMQ 

certification for the hypogeum exhibition hall refer to the mentioned short monitored 

period; 

 In order to verify the time-spatial resolution of the data acquired during the monitoring, 

the study performs an analysis of microclimate heterogeneity. This analysis should be 

preparatory to any IMQ certification. The mentioned analysis is valuable especially 

with regard to IMQ certification for cultural heritage objects not transient in the space. 

With regard to building users, a sensitivity analysis was performed for evaluating 

people thermal comfort variations consequent on spatial hygrothermal variations; 

                                                           
71 Virtual energy consumption is meant as the possible energy consumption resulting from the operating of a HVAC 
system that would be installed instead of the passive cooling strategy for allowing the same microclimatic control. The 

concept of virtual environmental burden is explained in Chapter 12.   
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 The IMQ categories for people comfort are derived from the ISO 7730 and EN 15251 

standards for heating and free running periods respectively. The selection of standard-

based thermal certification methodology (rather than subjective one as proposed in 

chapter 4) allows verification of the sensitivity of comfort category classes variability 

(when calculated on a standard based) to microclimate heterogeneity in the confined 

environment; 

 The IMQ categories for movable heritage are derived from the target microclimate 

range calculated according to the EN 15757. Since the objects exposed to the free air in 

the monitored exhibition halls are mainly lacquered pianos, harpsichord and painted 

timber panels, the IMQ certification model focusses on the microclimate induced 

mechanical deterioration for timber panels; 

 The study introduces a multi-objective model for the simultaneous certification of IMQ 

for building users and movable heritage. The model is developed according to the 

considerations discussed in chapter 7. Criteria such as acoustic and lighting comfort for 

people, or biological and chemical deterioration risk for movable heritage, are not 

included. 

8.4 BACKGROUND FOR A SIMULTANEOUS IMQ CERTIFICATION FOR BUILDING 

USERS AND CULTURAL HERITAGE  

IMQ certification for movable and immovable heritage as well as for building users consists in 

the evaluation of multiple aspects of safety and comfort.  

Often, optimal comfort for people is identified as the neutral thermal sensation (see chapter 4). 

This sensation can be defined as the psychological and physiological condition in which the 

person is satisfied about the surrounding environment and no variation is sought to compensate 

any discomfort [76]. Similarly, the region of microclimate safety for objects is the area in which 

the hygrothermal fluctuations are comprised within a range of variation between zero and a 

safety threshold [144]. Within this neutral (safe) area no deterioration occurs. On basis of this 

parallelism it is possible to develop IMQ certification models including both building users and 

movable heritage.  

With regard to people, a short and non-exhaustive list of comfort aspects is: thermal comfort, 

lighting comfort, acoustic comfort and air quality comfort, while with regard to artefacts the 

aspects of safety are related to hygrothermal quality, light and level of pollutants in the air. Not 

fulfilling the mentioned comfort or safety aspects might cause discomfort for the people and 

physical, chemical or biological deterioration for the cultural assets. 

Theoretically, the global comfort for people is reached only if all the multiple levels of comfort 

are simultaneously accomplished. Nevertheless, it may be still possible to show environmental 

acceptability even if one or more environmental criteria is out of the comfort area. This occurs 

because, depending on the activity in which people are involved, the physical attributes 

characterizing the environmental comfort sensation acquire different importance 

[298][299][300]. Conversely, for ensuring safety to the cultural heritage objects, all the 

environmental aspects need to be simultaneously satisfied. Hence verified. However, as 

discussed in chapter 3, because relative humidity, especially in presence of hygroscopic 

materials, is responsible for faster material deterioration processes, its control and adjustment 

might have priority over air temperature [134]. Also thermal gradients can cause mechanical 

stress in materials; therefore, air temperature short term fluctuations should be controlled and 

limited. The latter are also considered within the proposed here IMQ certification model.  
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8.5 REPRESENTATIVENESS AND RESOLUTION OF ACQUIRED MICROCLIMATE 

DATA FOR IMQ CERTIFICATION: CONSIDERATIONS 

In the study presented in this Chapter, the considerations reported in chapter 7 with regard to the 

analysis of the spatial microclimate heterogeneity (spatial resolution) are analysed first according 

to existing standard methodologies and second by evaluating the current spatial hygrothermal 

variation between sensors. Based on the second analysis, it was possible to draw conclusions 

about the microclimate heterogeneity for both movable heritage and building users. With regard 

to the latter, an additional sensitivity analysis was performed. 

 

However it should be mentioned that there exists a difference between microclimate 

heterogeneity analysis targeted at IMQ diagnosis (as discussed in Chapter 7) or at IMQ 

certification (as here discussed).  

 

In the first case, even tiny variations need to be carefully investigated as they may stand for 

specific microclimate issues caused by e.g. building envelope or installations failures. In the 

second case, variations within homogeneous IMQ quality intervals are negligible (unless 

controllable by the building equipment). In other words, because IMQ certification aims at 

linking microclimate control with building management, the small microclimate spatial 

variations are unlikely to be managed by common HVAC systems. Hence, they may be 

disregarded. This condition does not apply if the system allows for high-resolution control of the 

confined space. 

8.6 STUDY METHODOLOGY  

8.6.1 Case study 

The general characteristics of the Vleeshuis museum and also the ones of the main exhibition 

hall at the ground floor were described in chapters 5 and 6. Additionally to the main exhibition 

hall, the museum collection is also exhibited on the basement floor (see Fig. 8.6.1.1.a). This 

space is internally connected to the building via a tower located on the south-oriented façade (see 

fig. 8.6.1.1.b-d).  

 

   
Fig. 8.6.1.1.a-d; Transversal section of the building and indication of the two exhibition halls (a, left); winding 

staircase in the south tower with logger (b); connection door to the basement exhibition hall (c) and connection to 

the first floor (d, right) 

 

The planar dimensions of two exhibition halls are ≈370m2 for the hypogeum hall and ≈600m2 for 

the ground floor hall. The net maximum height at the basement is 3.45m and at the ground floor 

is 8.50m. The total net volume of the two exhibition halls is respectively ≈1300m3 and ≈5300 
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m3(see Fig. 8.6.1.1.a) at the basement and at ground floor. Given the volumetric difference and 

the architectonic features of the two exhibition halls, dissimilar microclimates are experienced 

in the two levels throughout the year. Moreover, given the presence of halogen lamps and limited 

volume, the air temperature at the basement floor is generally warmer than the one at the ground 

floor throughout all the year. This circumstance may cause overheating during the warm period. 

Moreover, given its hypogeal location, the vapour content in the cellar is higher (due to moisture 

and water absorption from the street level) and fluctuates than the one at the ground floor. Further 

details on the geometry and technology of the hypogeum exhibition hall are given in the next 

section. 

8.6.2 Passive cooling of the hypogeum exhibition hall 

According to the study objectives discussed in section 8.3, a passive ventilation scenario for 

possibly reducing summer overheating in the hypogeum exhibition hall of the Vleeshuis museum 

was investigated.  

The basement exhibition hall is divided in two spaces by a central brick masonry ≈1m thick. 

Space A (South oriented) is directly connected to the tower, while space B (North oriented) is 

connected to space A by an opening into the central wall; see Fig. 8.6.2.1 (left and right). 

The objective of the proposed passive ventilation was to exploit the differential of the air pressure 

between the basement and the top of the tower to try and reduce indoor air temperature in the 

hypogeum. As the indoor- outdoor air pressure difference is governed by wind speed and 

temperature layering (stack effect), the proposed option aimed at verifying the effectiveness of 

their combination. The tower is considered as solar chimney [290] allowing reduction air 

temperature in the basement by means of air buoyancy between the basement and its top. The 

stack- effect was coupled with cross ventilation; indeed, the windows from the North facade in 

space B (see Table 8.6.2.1.1) were modelled in open-configuration in order to possibly increase 

air velocity (50% of the windows surface was modelled in open configuration).  

 

 
Fig. 8.6.2.1; Three-dimensional representation of Vleeshuis Museum (centre); exhibition spaces A connected to the 

south – tower (left): hypogeum exhibition space B connected to space A (right) 

8.6.2.1 Passive ventilation modelling  

For the study, VE2014 (Virtual Environment) and its integrated Computational Fluid Dynamics 

(CFD) module Micro-Flo was used72.  

Additionally to the analysis of the global microclimate for the entire monitored (and modelled) 

summer period, CFD simulations were performed for verifying more in detail -during one typical 

                                                           
72 More information on the software is given in chapter 10. 
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summer day (31/07/2013)- the indoor air temperature and velocity distribution in the most 

stressed part of the simulation domain, namely, on the axes connecting the tower with the 

basement level and, further, on the opening between the two parts of the exhibition space (see 

Fig. 8.6.2.1.1) If, the implementation of the passive ventilation were to cause too high air velocity 

in the mentioned axes, the EERIs can not be considered safe for the preservation of the exhibited 

collection.  

The CFD module in Micro-flow adopts the primitive variable approach, which requires the 

solution of the three velocity component momentum equations together with equations for 

pressure and temperature (conservation equations) [301]. The set of conservation equations is, 

linearized and discretized according to the meshing of the computational domain. The domain 

has been gridded considering 0.10 m grid spacing (homogeneously distributed without 

adjustments at the edges). Therefore, it is subdivided in finite non- overlapping and contiguous 

volumes constituting a geometrical (3D) grid. For each elementary volume the conservation 

equations are expressed as linear algebraic equations (which are iteratively solved). For studying 

the fluid flow, in this study, the k-ε turbulence model was taken into account. In order to reduce 

the calculation time, the computational domain, was geometrically simplified: the two spaces 

were considered as parallelepiped 2.75m high73 and the south oriented tower was considered as 

unique cave structure. 

 
Fig. 8.6.2.1.1 Three dimensional representation of the basement level; South oriented space (A), North oriented 

space (B); South tower (T) 

 

The space, divided by the central wall in part A (South oriented) and part B (North oriented) is 

represented in Fig. 8.6.2.1.1. A summary of the geometrical characteristics for the simulated 

space is given in Table 8.6.2.1.1. The two parts of the exhibition hall are modelled as separated 

thermal zones (spaces A and B) connected via a void with the dimension of the connecting gate. 

The “zone typing” modelling approach gave the possibility to better control the simulated 

hygrothermal parameters over the measured ones.  

 

 
Max. 

Length 

(m) 

Max. 
Width 

(m) 

Max. 
Height 

(m) 

Volume 

(m³) 

Floor Area 

(m²) 

Floor 
Perimeter 

(m) 

Window 

Area (m²) 
Windows 

Exhibition -1 A 25.00 7.20 2.75 629.90 179.98 64.47 7.79 5 

Exhibition -1 B 27.00 7.20 2.75 678.75 193.93 68.35 8.22 6 

South-tower  3.30 3.40 30.10 329.80 10.899 12.64 6.81 14 

Table 8.6.2.1.1; Geometrical characteristics of the computational domain 

For characterizing the simulation- system boundaries and tuning the building model according 

to the monitored physical quantities, infield experimental measurements (in addition to the 

environmental monitoring) were performed. More specifically, an IRT and a BDT were carried 

out for measuring walls surface temperature and ACH in the hypogeum exhibition hall. The 

                                                           
73 The exhibition spaces are 0.65m lower than the reality as they have been interrupted before the vaults 
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measured walls surface temperature was on average 23±2°C. Although slight variations occurred 

due to heterogeneous hygrothermal distribution on the masonries (also discussed in Chapter 6), 

the boundary walls and vaults were modelled with isothermal surface temperature set at 23°C. 

The BDT was performed only in part B assuming that both the parts have similar air tightness. 

During the test, the connection door between the two spaces was sealed with plastic air-proofing 

sheet and, the fan of the Blower- Door was placed at the entrance of the exhibition space which 

is excluded from the simulation domain; see Fig. 8.6.2.1.2.  

 

   
Fig. 8.6.2.1.2; Blower Door Test in space B and sealing of the connection between space A and B 

 

The measured average ACH in pressurisation and depressurisation modality according to EN 

13829:2001 [302] was 4.29 (h-1) and the standardized one was 0.22 (h-1)74. 

Both the exhibition spaces are equipped with 100W halogen lamps (dimmer constantly set at 

50%) and 50W lamps (dimmer variously set). Furthermore, 48W neon lamps are installed in the 

showcases. Since this study aims at assessing the global hygrothermal characteristics of the 

exhibition space, the sensible heat gains from the lamps were not modelled as punctual heat 

sources but rather as uniformly distributed temperature increase on each space surface. The 

considered radiant fraction according to the lamps typology installed in the hall was set to 0.45.  

People metabolic activity in the museum is reasonably low, sensible heat gains and latent heat 

gains per person are considered respectively 67W and 50W75 (see also chapter 6). The two parts 

of the exhibitions space were modelled considering 0.5 as occupancy factor during the museum 

visiting time. This assumption is based on the consideration that the total amount of people 

present in the museum will be not concentrated in the hypogeum exhibition hall but rather shared 

between the two levels.  

As already discussed in chapter 7, most of the commercial dynamic simulation programs 

(including the one used here),simulate room Temperature and Relative Humidity as spatial 

averages of the modelled thermal zone. It is for this reason that the exhibition halls were 

modelled with two independent (though connected) thermal zones. In such way, the simulated 

hygrothermal quantities can be compared more precisely to the measured hygrothermal 

quantities, using for the latter, the spatial average of each part rather than the air temperature or 

relative humidity measured on a specific point. Nevertheless, this process was not possible for 

part B as only 1 (though centred) data logger was installed.  

 

                                                           
74 For the standardisation process see chapter 10 
75 From Table 6.2 Benchmark allowances for internal heat gains in typical buildings; Internal heat gains-Section 6; 

CISBE Guide A 2006 [334] 
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Fig. 8.6.2.1.3; Part A hypogeum exhibition hall; Simulated VS Measured Relative Humidity 

 

In the specific case, the microclimate model calibration was focussed especially on Relative 

Humidity considered as the driving factor for microclimate- induced hygroscopic objects 

mechanical deterioration (see chapter 3). The hypogeum exhibition hall calibrated model, had,  

over the entire monitored period, hourly maximum RH deviation of 3.27% and 3.59% in Part A 

and B respectively; see Fig. 8.6.2.1.3 and 8.6.2.1.4. Maximum air temperature deviation was 

1.2°C in part A and 2.8°C in part B.  

 

 
Fig. 8.6.2.1.4; Part B hypogeum exhibition hall; Simulated VS Measured Relative Humidity 

 

The erratic use of (manually set) portable humidifiers as also observed at the ground floor 

exhibition hall (see chapter 6) has not allowed further reduction of deviations between measured 

and simulated quantities. Indeed, the mentioned equipment did not follow a fully trackable 

schedule and during the study, it was not possible to monitor each unit. Nevertheless, the 

deviations obtained are considered sufficiently precise for the successive passive cooling 

simulations.  

In order to design the passive ventilation strategy, some fundamental building bioclimatic 

features were analysed during the monitoring and, specifically, during the considered typical 

summer day (31 July 2013).  

During the monitored period, the (outer) mean wind direction in Antwerp was W-NW, and the 

mean velocity 4m/s, with possible peaks up to 8m/s76. For obtaining an initial understanding of 

the wind impact on the building, a wind rose diagram was observed for the considered typical 

day and the specific Vleeshuis orientation; Fig. 8.6.2.1.5a. According to the diagram, the outlets 

of the system were selected. Although perhaps more convenient for the geometrical and physical 

configuration of the solar chimney, the windows on the tower roof are not operable, therefore, 

solely the contribution of windows 1,5,6,7,8 was taken into account; Fig. 8.6.2.1.5b-c.  

 
 

                                                           
76 Meteonorm data for Antwerp Deurne (2013) 
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Fig. 8.6.2.1.5.a-c Wind-rose, Mean wind direction and percentiles of wind velocity at the Vleeshuis museum on 

31/07/2013 (a, left); outlets of the system modelled in the simulations (b, centre) and in the building tower (c, right) 

 

The highest wind frequency, for the selected day has orientation W-NW (in coherence with the 

entire monitored period) and air velocity between 3 and 6m/s. The flow rate at each tower outlet 

considered in the time interval 9.30 am 17.30 is plotted in Fig. 8.6.2.1.6.  

 

 
Fig. 8.6.2.1.6; Airflow (l/s) through the outlet windows at the tower outlets 

According to the airflow rate, it can be seen that the natural ventilation during the museum 

opening time (10am-5pm) is a valid option for extracting air mass from the basement. Although 

night cooling in historic buildings has been often observed as an effective passive ventilation 

strategy for reducing indoor air temperature due to cumulated sensible gains [303], this technique 

cannot be applied in the specific case study for obvious safety reasons.  Three on five investigated 

windows (1,6,8) have high air flow rate (>400l/s), for the whole time interval, while two of them 

(7,5) have either low or discontinuous ventilation. However during the simulations all the 

windows were kept open. As the South oriented tower is connected to the basement via an 

operable door (in fact, the sole outlet extracting exhaust air from the basement), the airflow rate 

through the door was quantified. The air mass leaving the basement via the tower is almost 

constantly 2000l/s; see Fig. 8.6.2.1.7. The door surface percentage was 100% open for the entire 

time interval while the North oriented windows surface was modelled 50% open.  

 
Fig. 8.6.2.1.7; Airflow (l/s) through the door connected with the basement 
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8.6.3 Building microclimate monitoring  

Both the exhibition halls were continuously monitored throughout the year 2014-15. The long-

term monitoring protocol, especially with regard to the sensors location at the ground floor, was 

developed on basis of findings from the short term monitoring performed in 2013 [239]. The 

monitored quantities measured in the two exhibition halls are reported in Table 8.6.3.1. 

 

Inside-position code Physical Parameter Logger 
Accuracy (of 

absolute reading) 

0.1.2; 0.1.4; 0.1.5 

-1.1.1; -1.1.2; -1.2.3 
Dry bulb temperature (°C) Hobo U12 (±0.35°C) 

0.1.2; 0.1.4; 0.1.5 

-1.1.1; -1.1.2; -1.2.3 
Dew temperature (°C) Hobo U12 (± 2.5%) 

0.1.2; 0.1.4; 0.1.5 

-1.1.1; -1.1.2; -1.2.3 
Relative Humidity (%) Hobo U12 (± 2.5%) 

0.1.2-0.1.4-0.1.5 Light Intensity (lux) Hobo U12 (± 2.5%) 

0.1.2 CO2 (ppm) Vaisala GM70 (± 2%) 

0.1.2 Radiant temperature asymmetry (°C, 

W/m²) 
MM 0036 Innova (± 1) * 

0.1.2 Operative Temperature (°C) MM 0060 Innova (± 0.3) 

0.1.2 Air Velocity (m/s) MM 0038 Innova (0.05⍺+0.05) ** 

* Difference Air Temperature- Plane Radiant Temperature <20°K 

** with air velocity <1m/s and 0.25⍺ with air velocity up to 10m/s 

Table 8.6.3.1; Parameters monitored in the exhibition halls (0 ground floor; -1 basement) 

 

At the ground floor, the parameters monitored for the assessment of building-users thermal 

comfort were measured during three short time intervals throughout 2014 in point 012; while 

parameters measured for IMQ assessment for movable heritage, were measured continuously 

through the whole year in all the measurement points, see Table 8.6.3.2. However, due to loggers 

failure, data from July the 20th to September the 8th are not taken into account in the analysis. 

With regard to the basement level, the measured parameters reported in Table 8.6.3.1, were 

registered from 2013 until 2015. However, the IMQ certification here discussed only refers to 

the period from July until September 2013 for which the passive cooling strategy was modelled; 

see Table 8.6.3.2. 

 

 Temporal representativeness Temporal resolution 

Ground Floor Start (date) End (date) 
Sampling 
(minutes) 

Averaging  
(minutes) 

Building users     

heated period 1 04/03/2014 12/04/2014 120 120 

warm period 11/08/2014 30/09/2014 15 60 

heated period 2 01/10/2014 26/11/2014 120 120 

Movable Heritage     

 19/02/2014 31/01/2015 15 60 

Basement Floor     

Building users     

Warm period 25/07/2013 06/09/2013 15 60 

Movable Heritage     

 25/07/2013 06/09/2013 (*) 15 60 

The historic target microclimate for the hypogeum exhibition hall was determined on the basis of a monitoring 

performed in 2014-2015 

Table 8.6.3.2; Characteristics of the monitoring campaign: temporal representativeness and resolution 
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Parameters in Table 8.6.3.1, were sampled each 15 minutes with the exception of: Operative 

Temperature, Radiant Temperature Asymmetry and Air Velocity, sampled each 120 minutes.  

Because the low temporal resolution for the last three quantities (given by logger memory 

capacity) might yield biased results in presence of outliers, a data analysis prior to the IMQ 

certification was performed. 

In order to acquire data in vicinity of the certification targets, the sensors were installed 1.30 m 

above the floor. To avoid biased heat and moisture transfer due to contact between sensors and 

building (or other) surfaces, each logger was installed on an independent support distant from 

any environmental disturbance. At the top of each support, a 1.5 mm thick highly conductive 

metal wire extension (0.15 m long) was installed for hanging the instruments and measuring the 

free air. Sensors MM 036, MM038 and MM060 were positioned on a dedicated support also 

distant from surfaces, see Fig. 8.6.3.1. 

 

        
Fig. 8.6.3.1 (left-centre) and b (centre); Hobo U 12 data logger during the installation at the ground floor and 

basement; Innova MM 0036, MM 038, MM 060 and Vaisala GM 70 sensors during the installation at the ground 

floor; c (right) 

 

The position code for each logger is given in Table 8.6.3.1 and in Fig. 8.6.3.2 and Fig. 8.6.3.3. 

With regard to the ground floor, the distance between sensor 014 (entrance) and 012 (centre of 

the exhibition space) is ≈10m, the distance between sensors 012 and 015 (back of the exhibition 

space) is ≈13m and the distance between sensors 014 and 015 is ≈22m.  

With regard to the basement floor, the distance between sensors -1.2.1 (part of the exhibition 

space connected to the rest of the museum) and -1.1.2 is ≈ 13m, the distance between sensors -

1.2.1 and -1.1.1 is ≈11m and the distance between sensors -1.1.1 and -1.1.2 is ≈14.5m. 

 
Fig. 8.6.3.2; Localization of sensors (circles) at the ground floor, indication of the air-heating unit (arrow) 
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Fig. 8.6.3.3; Localization of sensors (circles) at the basement floor, indication of the entrance to the hall and the door 

of the tower (arrows) 

8.6.4 Analysis of microclimate heterogeneity  

Methodologies for the evaluation of environmental heterogeneity of a given monitored space for 

the purpose of people thermal comfort assessment or microclimate diagnosis are introduced 

respectively by the EN 7726 and UNI 10829 standards [274][231]. The latter does not propose 

a tailored analysis of space heterogeneity, however it introduces a stepwise methodology for 

deciding upon sensors location on basis of some considerations of spatial microclimate 

variability in fact it can be considered a spatial heterogeneity analysis.  

Furthermore, a widely accepted methodology for the representation of environmental parameters 

spatial variability, to support microclimate studies, is introduced by D. Camuffo [130] and 

integrated in the EN 16242:2013 [44]. 

The EN 7726 method, refer to within the EN 15251, defines a monitored space as bioclimatically 

homogeneous if the relation in (8.1) in a given moment is verified. 

   
𝜑(𝑖) − 𝜎𝜑(𝑖)

<  𝑎(𝜑) 𝑋                    Eq. 8.1 

  

Where 𝜑(𝑖) is the punctual reading registered at the point (i) for the (φth) environmental 

parameter, (𝜎(𝜑)) is the mean value of the (φth) parameter measured in all the measurement 

points; (𝑎(𝜑)) is the required or desirable sensors accuracy with regard to the (φth) environmental 

parameter and (X) is a constant; see Table 4 in [274]; 

Further, the standard ISO 7730, does not provide a methodology for the spatial microclimate 

analysis of the monitored space, but rather suggests intervals of maximum Operative 

Temperature variation; see Table A1 in [147]. 

The UNI 10829 method, suggests assessing whether air Temperature and Relative Humidity 

readings from preparatory snap-shots measurements satisfy the relations in (8.2) and (8.3). 

 
∆Temp ≤ 2°C                   Eq. 8.2 

∆RH   ≤ 5%                                     Eq. 8.3 
 

Where (∆Temp) and (∆RH) are temperature and relative humidity absolute differences between 

knots on a 5m space meshing. If the relations are satisfied, the space can be considered 

reasonably homogeneous and long term microclimate monitoring can be performed on the same 

mesh. Even if the mentioned methodologies allow for a general evaluation of the spatial 

microclimate variability, they do not allow for a precise understanding of the actual spatial 

hygrothermal heterogeneity as the following limits are present: 
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 The actual hygrothermal deviation between points is not taken into account as only 

maximum thresholds are considered; 

 The extent of the actual parameters variation in relation to the actual instruments 

distance is neglected; 

 The heterogeneity assessment is dependent on instruments accuracy (EN 7726); 

 The heterogeneity assessment is not considered in function of time.  

 

The UNI 10829 gives a threshold for maximum temperature and relative humidity variability 

with reference to a max distance, however the consideration of a maximum threshold does not 

allow identification of actual microclimate heterogeneities.  

In the author’s opinion, the consideration of actual microclimate variation related to the sensors 

distance is fundamental. Indeed, higher environmental readings deviations may be tolerated for 

larger measurement point distances. Moreover, the evaluation of the microclimate heterogeneity 

should be independent from the sensors accuracy, otherwise a given environment may be judged 

homogeneous by less accurate instruments and vice versa. 

Further, the time frequency of the environmental parameters spatial variations should be 

considered. How should a space be judged if it is not homogeneous for say only 10% or 5% of 

time? This issue is even more crucial when performing short monitoring intervals as 

hygrothermal dynamics are more or less stable during short moments of the year compared to 

long-term monitoring. 

For the reasons explained above, the spatial heterogeneity was tested by means of pairwise 

comparison of the differences between the current hygrothermal readings from the measurement 

points in both the monitored spaces. The absolute difference was calculated by the Root Squared 

Deviation (RSD) (minimum and maximum) and by the Root Mean Squared Deviation (RMSD) 

of temperature and relative humidity readings; see Eq. 8.4 and 8.5. 

 
 

RSD = √(φ(i,t) − φ(i,t))
2 

 

 

𝑖 = 1, 𝑛̅̅ ̅̅̅    𝑡 = 1,𝑚̅̅ ̅̅ ̅̅  

 

Eq. 8.4 

 

RMSD = √
∑  (φ(i,t) − φ(i,t))

2n
t=1

n
 

 

𝑖 = 1, 𝑛̅̅ ̅̅̅    𝑡 = 1,𝑚̅̅ ̅̅ ̅̅  

 

Eq. 8.5 

    
 

RSD′ =
√(φ(i,t) − φ(i,t))

2

𝑑
 

 

 

𝑖 = 1, 𝑛̅̅ ̅̅̅    𝑡 = 1,𝑚̅̅ ̅̅ ̅̅  

 

Eq. 8.6 

 

RMSD′ =  
√

∑  (φ(i,t) − φ(i,t))
2n

t=1

n
𝑑

 

 

𝑖 = 1, 𝑛̅̅ ̅̅̅    𝑡 = 1,𝑚̅̅ ̅̅ ̅̅  

 

Eq. 8.7 

 

Where (𝜑(𝑖,𝑡)) is the (φth) environmental parameter measured at the time t (1, m) in the point i 

(1, n). Both RSD and RMSD are, hence, standardized on the actual sensors distance (d), see Eq. 

8.6 and 8.7. In this study, the sensors distance is higher than the one suggested by the UNI 10829 

and no vertical gradient is taken into account because the collection and visitors are located at a 

maximum height of 3m. However, the maximum thresholds of the hygrothermal parameters as 

suggested by the UNI 10829 were always met.  
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With regard to the ground floor, the heterogeneity analysis allowed not only the evaluation of 

IMQ spatial variability for movable heritage but also for building users. However, because it was 

only possible to install an indoor microclimate station in one measurement point (012), the spatial 

microclimate heterogeneity, and its influence on people thermal comfort was quantified by 

means of sensitivity analysis. This research step was not undertaken for the basement floor where 

the indoor climate station was not installed. Operative Temperature (OT) and Mean Radiant 

Temperature (MRT) from point 012 (see Table 8.6.3.1 and Fig. 8.6.3.2) were altered considering 

the maximum measured spatial temperature deviation at the 95th percentile. Considering the 

altered parameters (including relative humidity), the PMV was re-calculated and the IMQ re-

certified. In the study, the following simplifications were admitted:  

 

 Air temperature spatial deviation instead of OT or MRT ones was considered because the 

latter two were measured only in one measurement point (012). However, from a comparison 

of T, OT and MRT in point 012 the difference between MRT and T was negligible (≤1°C), 

meaning that the radiative component in the monitored space is rather small, see Fig. 8.6.4.1. 

This simplification is admitted also in EN 15251, Annex A77. Given the negligible difference 

between air- dry bulb Temperature and Operative Temperature (see Fig. 8.6.4.1), the first 

was used instead of the second during both cold and warm period IMQ certification.  

 For the purpose of the IMQ certification, air velocity was considered constant in the space. 

Indeed, air velocity was measured < 0.1m/s and <0.15m/s respectively for the 77.8% and 

99.6% of sampled data. 

 

 

 
Figure 8.6.4.1; First vertical axes: Air temperature, Operative Temperature, Mean Radiant Temperature during heating 

period 1 (point 012); second vertical axes Difference Mean Radiant Temperature- Air Temperature (°C) 

8.6.5 Microclimate certification 

The developed certification model is based on the concept of microclimate neutrality described 

in section 8.4. The model considers the neutrality condition as zero and the deviation from it as 

symmetrical stepwise numerical (and linguistic) alterations, such as good conditions (±1), 

moderate conditions (±2) unacceptable conditions (±3). The model presented here is symmetric 

and category- dependent.  

The advantage of a symmetrical IMQ long-term certification model as well as the disadvantages 

of a categories-dependency are discussed by S. Carlucci [254]. Although a category-based IMQ 

certification model generates discontinuities at the edge of each category interval (because not 

developed on a continuous function, see chapter 7), it allows a rapid microclimate control, crucial 

                                                           
77 The mentioned deviation should not exceed 2°C 
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in the management process of historic buildings and museums. For allowing a long-term 

evaluation of the hygrothermal comfort, the model refers to Percentage Inside the Ranges (PIR).  

This allows verifying the cumulated time frequency of each assessment criterion (φ (k)) in the 

category intervals; for both people (IMQ (P)) and movable heritage (IMQ (H)); see Eq. 8.8. 

 

𝐼𝑀𝑄(𝐻,𝑃) = ∑ 𝜑(𝑘𝑖)

𝑛

𝑘𝑖=1

 Where {
𝜑(𝑘) ≤ Cat(∂) upper limit

𝜑(𝑘)≥ Cat(∂)lower limit
 Eq. 8.8 

 

In the first step, two dimensionless time frequency matrices, for people (T(P)) and movable 

heritage (T(H)), are built considering respectively the frequency of time during which the (φth
(P)) 

or (φth
(H)) criterion (in rows) falls in the (∂th) category interval in Eq. see 8.9. 

 

𝑇(⍺) = 

[
 
 
 
 
𝑡1,1 … 𝑡1,𝜕 …𝑡1,𝑛

⋮
𝑡𝜑,1 …𝑡𝜑,𝜕 …𝑡𝜑,𝑛

⋮
𝑡𝑚,1 …𝑡𝑚,𝜕 …𝑡𝜑,𝜕]

 
 
 
 

 𝜑 = 1,𝑚̅̅ ̅̅ ̅̅     𝜕 = 1, 𝑛̅̅ ̅̅̅ 

 
Eq. 8.9 

 

 

Where (⍺) refers respectively to people (P) or movable heritage (H); (m) refers to number of (φ) 

criteria; (n) refers to number of (∂) category intervals. In this study (m (P) =1), (m (H) =2), while 

(n =7). The magnitude of the microclimate deviations from the neutral comfort, is expressed by 

a stepwise numerical perturbation of 0. With this purpose, the vector (β) is introduced.  

The incidence vector (β) is a (7x1) matrix, with elements ranging from {-3 …+3}. In this study 

symmetrical importance is given to upper and lower deviations, however a weighted or 

asymmetrical incidence might be considered according to the specific building and collection 

conservation requirements. With regard to the movable heritage and for taking into account the 

daily fluctuations and the risk of climate-induced mechanical deterioration of the objects, the 

incidence vector includes incremental factors; see Table 8.6.5.1.1 and Table 8.6.5.1.2. 

In the second step, the incidence matrices for heritage (P(H)) and people (P(P)), are calculated as 

the product of the time frequency matrices (T(H)) or (T(P))  and the perturbation (β) vector; 

considering its elements in absolute value. The result is a (mx1) matrix describing, for each 

considered criterion, the extent of deviation from the microclimate neutrality. The latter is 

calculated as the product between the deviation time frequency (time frequency matrix) and the 

deviation magnitude (perturbation vector with incremental factors); see Eq. 8.10-8.11. 

(𝑃(𝐻))  =  (𝑇(𝐻))  ·  (𝛽) 

(𝑃(𝑃))  =  (𝑇(𝑃))  ·  (𝛽) 

Eq. 8.10 

Eq. 8.11 

 

Because the different indoor climate aspects may play a different role in the global comfort 

perception and even more for hygroscopic materials (see chapter 3), it is considered a weighting 

step. In the following study, the importance for the considered hygrothermal indicators with 

regard to the cultural heritage objects was defined on the basis of literature results. The weights, 

respectively 0.33 for temperature and 0.67 for relative humidity, are considered for the long-term 

fluctuation (seasonal fluctuations). 

In the third step, the weighted incidence matrices for people (𝑃(𝑃)̅̅ ̅̅ ̅) and heritage  (𝑃(𝐻)̅̅ ̅̅ ̅̅ ) are 

calculated as the product of the transposed incidence matrices, (P(P))Tor (P(P))T and the theoretical 

weighting vector {�̅�𝑃} or {�̅�𝐻}; see Eq. 8.12-8.13.  

 

 
(𝑃𝑃
̅̅ ̅)  =  (𝑃𝑃) 𝑇  · (�̅�𝑃) (𝑚 = 1) Eq. 8.12 

(𝑃𝐻
̅̅ ̅)  =  (𝑃𝐻)𝑇  · (�̅�𝐻) (𝑚 = 2) Eq. 8.13 
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The results of the matrices can be intended as single scores for each microclimate criterion 

representing the current performance with regard to people or heritage criteria taking into 

account the extent of the occurred deviations and the importance of the single examined 

environmental criterion. If necessary, a simultaneous index of performance (Simultaneous 

Performance Index-SPI) can be calculated in order to provide a complete picture of the current 

microclimate quality with regard to cultural heritage objects and building users, see Eq. 8.14. 

 

𝑆𝑃𝐼 =  
∑ 𝑃(𝐻,𝑃)

̅̅ ̅̅ ̅̅ ̅𝑛
𝑚=1

∑  𝑚
 (𝑚 = 3) Eq. 8.14 

 

Where m - number of criteria considered with regard to both heritage and people. At this point, 

an adjunctive weighting process, for distinguishing the importance between heritage and people 

needs according to the space requirements, may be introduced. However it is not considered in 

this study. As explained above, the optimal microclimate quality coincides with the microclimate 

neutrality (0) for both people and cultural heritage. The obtained SPI, other than 0, represents a 

deviation from the optimal microclimate comfort or safety. 

8.6.5.1 Microclimate quality categories for movable heritage 

For the definition of IMQ for the cultural heritage, multiple microclimate categories of comfort 

were considered. Progressive intervals of deviation from the microclimate neutrality were 

determined on the basis of the building target microclimate inferred from the building historic 

climate as discussed in chapter 3 [304][138]. For the purpose of this study, the neutral 

microclimate (microclimate target range according to EN 15757) for hygroscopic movable 

heritage, is calculated on the basis of one year dataset for both the exhibition spaces. 

As described in chapter 3, the target microclimate is calculated by admitting short-term 

fluctuations not higher than the ones already experienced by the building materials in the past. 

The 14% of risky short-term fluctuations, the 7th and 93rd percentile, are eliminated. However, 

less demanding, but still safe hygrothermal ranges, are proposed in the literature considering the 

10% positive and negative variation around the hygrothermal seasonal cycles (long- term 

fluctuations) or the exclusion of the 10% extreme short term fluctuations instead of 14% [236]. 

The additional two microclimate relaxation limits are considered in the proposed model as 

additional categories: “moderate” (±2) and “good” (±1). In summary, the categories of deviation 

are: (0) optimal; (±1) good; (±2) moderate (or still acceptable); (±3) unacceptable; see Table 

8.6.5.1.1. 

It is well known that short-term fluctuations might generate even higher risk than seasonal ones 

as likely to affect the surface layers of a given cultural object and generate mechanical 

deterioration on the stratum and sub-stratum of the object [128]. Because of this, the assessment 

of the short-term (daily) cycles was included in the certification model.  

However, the calculation of daily hygrothermal cycles is not unequivocal and, by varying the 

calculation method, the results are different. In the author’s opinion, the Centred Moving 

Average (49 periods) is the most appropriate methodology (this is explained more in details in 

Annex 3.1). 

In Fig. 8.6.5.1.1, temperature and relative humidity daily cycles, calculated on the CMA (49 

periods) with regard to the spatial average in the main exhibition hall of the Vleeshuis museum 

are ordered and plotted in a scatter plot. 
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Dev. 

(𝛽) 
MCH Microclimate Comfort Heritage 

Short term fluctuations;  

Incremental factors to (𝛽) 

±3 φ(k) >  φ̅30(k)+φ̅30(k)10%; φ(k) < φ̅30(k)-φ̅30(k)10% - 

±2 

 

φ̅30(k)-φ̅30(k)10%≤ φ(k) ≤ φ̅30(k)+φ̅30(k)10% 

 

Temp-RH short fluctuations 

0 Condition A 

0.5 Condition B 

2 Collapse in 3 Condition C 

±1 
φ̅30(k)-∆φ L≤ φ(k) ≤ φ̅30(k)+∆φ U  

∆φ L = 5th perc; ∆φ U = 95th perc. 

Temp-RH short fluctuations 

0 Condition A 

0.5 Condition B 

1 Collapse in 3 Condition C 

0 
φ̅30(k)-∆φ L≤ φ(k) ≤ φ̅30(k)+∆φ U  

∆φ L = 7th perc; ∆φ U = 93rd perc. 

Temp-RH short fluctuations 

0 Condition A 

0.5 Condition B 

0 Collapse in 3 Condition C 

Table 8.6.5.1.1; Categories ranges for collection (H) 

Condition A (RH) Condition A (Temp) 

{
∆(RH,day)< ∆(RH,90)

∆(𝑅𝐻,𝑖)< ∆(𝑅𝐻,𝑝𝑙𝑎𝑠𝑡)
; ≥ 90% (𝑁1), ≥ 95% (𝑁2) {

∆(Temp,day)< ∆(Temp,90th)

𝑇( 𝑖)  > 𝑇(𝑔)
; ≥ 90% (𝑁1), ≥ 95% (𝑁2) 

Condition B (RH) Condition B (Temp) 

{
∆(RH,day)> ∆(RH,90)

∆(𝑅𝐻,𝑖)< ∆(𝑅𝐻,𝑝𝑙𝑎𝑠𝑡)
; ≥ 80% (𝑁1), ≥ 95% (𝑁2) {

∆(Temp,day)< ∆(Temp,90th)

𝑇(𝑖)  > 𝑇(𝑔)
; ≥ 80% (𝑁1), ≥ 95% (𝑁2) 

Condition C (RH) Condition C (Temp) 

{∆(𝑅𝐻,𝑖) >  ∆(𝑅𝐻,𝑝𝑙𝑎𝑠𝑡); > 5% (N) {𝑇( 𝑖)  > 𝑇(𝑔);> 5% (N) 

Table 8.6.5.1.2; Conditions a, b and c for short fluctuations (H) 

The resulting logarithmic curve shows (risky) outlying values on the top- right corner. If 

considering temperature and relative humidity daily cycles up to the 95th percentile, these are 

respectively 2.5°C and 7% maximum. In order to allow a conservative scenario, the model 

considered the 90th percentile of the mentioned daily fluctuations.  

 
Figure 8.6.5.1.1; Ordered CMA (49 periods) temperature and relative humidity fluctuations; the readings refer to the 

spatial average in the ground floor exhibition hall; in grey 90th and 95th percentiles 

 

It is worth remembering that preventing daily fluctuations other than the most frequently 

experienced ones by the materials (e.g., 90th percentile), does not mean avoiding the risk of 

materials deterioration, but rather means reducing the probability that it occurs [54]. This 

approach, especially valid in case of hygroscopic materials, is meaningful if also combined with 

a specific materials-based risk assessment. 

Since in both the monitored exhibition spaces, the majority of the objects exposed in the free- 

air is made up of timber panels (e.g. pianoforte or painted panels) in the IMQ certification model 

the climate-induced mechanical deterioration model firstly introduced by M.F. Mecklenburg et. 
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al [305][135][136] was taken into account. This model was coded with good level of 

approximation by P. Lankester and P. Brimblecombe [306], see Table 8.6.5.1.3. 

It is worth noting that the equations coded by P. Lankester and P. Brimblecombe identify the 

boundary of the elastic region of the timber panel mechanical deformation. RH fluctuations over 

the lines expressed by the equations, are likely to generate plastic deformation in tension or 

compression. These equations do not include the region of failure, which is reasonable from a 

preventive conservation viewpoint.  

 

Absorption Desorption 

Initial RH Critical RH Initial RH Critical RH 

10<=RH<30 1.5RH+1 10<=RH<30 0.8RH-3.33 

30<RH<=40 1.0 RH+18 30<RH<= 50 0.6 RH+3.33 

40<RH<=50 0.5RH+38 50<RH<=60 0.9RH-12 

50<RH<=60 0.4RH+43 60<RH<=70 2.0RH-78 

60<RH<=90 0.8RH+19 70<RH<=80 1.6RH-50 

- - 80<RH<=90 1.05RH-6 

Table 8.6.5.1.3; Critical RH ranges for timber panels deformation elaborated according to [305]; from [306]  

 

For certifying the IMQ including short-term fluctuations, two additional levels of assessment 

were integrated in the model, described by conditions from A to C in Table 8.6.5.1.2 and set out 

here.  

 

 Condition A represents the circumstance of optimality where both short-term fluctuations 

and mechanical tensions in the materials do not generate any potential risk to the object for 

the large majority of time. Even if the short –term fluctuations exceed the considered limits 

for 10% of time, still the risk of mechanical deterioration is extremely limited (5% of 

exceedance). The incremental factor to the perturbation vector is zero. 

 Condition B represents a more typical condition, wherein the conditions reported in A with 

regard to the short term fluctuations are met for 80% of time, but no risk of plastic 

deformation for the timber panel is evidenced for more than 5% of time. The incremental 

factor to the perturbation vector is 0.5.  

 Condition C is an emergency situation: independently from long and short term microclimate 

fluctuations, more than 5% of relative humidity fluctuations may potentially trigger plastic 

deformation in the timber panels. The occurrence of such circumstance makes the category 

equivalent to the last one (3). 

 

Therefore, the first assessment level aims at evaluating if short-term (daily) fluctuations deviate 

from the ones experienced by the objects according to their historic microclimate. The second 

one aims at verifying whether the relative humidity cycles may generate plastic deformation to 

timber panels (∆RH, plast).  

The second assessment level also verifies whether the air dry bulb temperature is higher than 

12°C (glass transition temperature). Indeed, temperature below the glass transition T(g) might 

increase the risk of painted film cracking: oil, alkyd or acrylic layer become brittle with air 

temperature lower than ±12°C [128]. Therefore, even if there may not be risk of deformation for 

the timber panel, there may be risk of embrittlement to its painted layer.  

8.6.5.2 Microclimate quality categories for building users 

For the definition of the category intervals with regard to building users thermal comfort, the 

intervals provided by the ISO 7730 and EN 15251 standards respectively for the cold and warm 

period were used; see Table 8.6.5.2.1. 
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Deviation (𝛽) 
MCP (Microclimate Comfort 

People) winter 
MCP Microclimate Comfort People) free running 

±3 PMV < -0.7; PMV> + 0,7 𝜃𝑖𝑚𝑎𝑥 > 0.33𝜃𝑟𝑚 + 18.8 + 4; 𝜃𝑖𝑚𝑖𝑛 < 0.33𝜃𝑟𝑚 + 18.8 − 4 

±2 -0,7 ≤ PMV ≤ + 0,7 0.33𝜃𝑟𝑚 + 18.8 − 4 ≤ 𝜃𝑖 ≤ 0.33𝜃𝑟𝑚 + 18.8 + 4 

±1 -0,5 ≤ PMV ≤ + 0,5 

 

0.33𝜃𝑟𝑚 + 18.8 − 3 ≤ 𝜃𝑖 ≤ 0.33𝜃𝑟𝑚 + 18.8 + 3 

0 -0,2 ≤ PMV ≤ + 0,2 0.33𝜃𝑟𝑚 + 18.8 − 2 ≤ 𝜃𝑖 ≤ 0.33𝜃𝑟𝑚 + 18.8 + 2 

Table 8.6.5.2.1; Categories ranges for people (P) 

8.7 STUDY RESULTS 

8.7.1 Microclimate heterogeneity 

A summary of Root Squared Deviation (RSD) and Root Mean Squared Deviation (RMSD) of 

temperature and relative humidity between measurement points in the ground floor and 

hypogeum exhibition halls is given in Table 8.7.1.1.  

Even if according to the EN 7726 and UNI 10829 standards the exhibition spaces can be 

considered homogeneous, calculating the current hygrothermal deviation between points on the 

basis of the methodology introduced in section 8.6.4 gives a more detailed picture of the climatic 

variability. 

Despite the larger volume and direct connection towards outside, the microclimate in the 

exhibition hall at the ground floor is more homogeneous than the one in the hypogeum. 

Microclimate variability is registered in both the exhibition halls as consequence of specific 

building use configuration and envelope deterioration issues.  

 

 
RMSD 

(%) 

RSD Min. 

(%) 

RSD Max. 

(%) 

RMSD’ 

(%/m) 

RSD’ max 

(%/m) 

RH 012/014 1.934 0.000 6.709 0.193 0.671 

RH 012/015 0.858 0.000 3.914 0.066 0.300 

RH 014/ 015 1.864 0.000 7.158 0.084 0.325 

RH -1.2.1/-1.1.2 1.972 0.000 12.130 0.151 0.930 

RH -1.2.1/-1.1.1 2.813 0.010 9.320 0.255 0.850 

RH -1.1.1/-1.1.2 1.364 0.000 6.860 0.094 0.470 

 
RMSD 

(°C) 
RSD Min. 

(°C) 
RSD Max. 

(°C) 
RMSD’ 
(°C/m) 

RSD’ max 
(°C/m) 

Temp 012/ 014 0.349 0.000 1.136 0.035 0.113 

Temp 012/ 015 0.210 0.000 1.260 0.016 0.096 

Temp 014/ 015 0.253 0.000 1.020 0.011 0.046 

Temp -1.2.1/-1.1.2 .472 0.000 2.260 0.036 0.170 

Temp -1.2.1/-1.1.1 .715 0.000 1.920 0.065 0.170 

Temp -1.1.1/-1.1.2 .322 0.000 0.970 0.022 0.070 

Table 8.7.1.1; Pairwise temperature (Temp) and relative humidity (RH) difference between measurement points in the 

ground floor exhibition hall and hypogeum exhibition hall 

At the ground floor, mean temperature difference between points was between 0.21°C (± 0.35°C) 

and 0.35°C (± 0.35°C) with maximum difference 1.26°C (±0.35°C).  

However, the measured maximum difference was an exceptional event as for the 95th percentile 

the absolute temperature difference between points was <0.71°C (±0.35°C); see Table 8.7.1.2. 

From a diagnostic point of view, though temperature difference between points is numerically 

low, it is still possible to observe a partialization of the temperature distribution in the space. 

Indeed, the air temperature difference between the entrance and the centre of the space (points 
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014-012) is almost constantly 0.17°C higher than the one registered between the centre and the 

back (012-015). 

This is also observable with respect to Relative Humidity. In the 95th percentile, the RH 

difference between entrance and centre of the space was 3.99% (±1.50%) while it was 2.24% 

(±1.52%) between the centre and the back. This may suggest that the indoor microclimate from 

the centre to the back is more homogeneous than the one from the entrance to the centre. 

However, the hygrothermal variations between the back and the centre of the space are negligible 

for 75% of registered data. Indeed for 75% of time, the rate of hygrothermal variation between 

the entrance and the centre of the space (014-012) for temperature and relative humidity was not 

higher than 0.05°C/m and 0.26%/m respectively. 

 
Percentiles 5.00 10.00 25.00 50.00 75.00 90.00 95.00 

RH RSD 012-014 0.42 0.69 1.17 1.76 2.59 3.37 3.99 

RH RSD 012-015 0.06 0.11 0.29 0.70 1.28 1.85 2.24 

RH RSD 014-015 0.18 0.38 0.94 1.67 2.60 3.71 4.22 

RH RSD -1.2.1/-1.1.2 .073 .150 .583 1.346 2.227 4.567 7.936 

RH RSD -1.2.1/-1.1.1 .521 .789 1.589 2.599 3.547 5.238 6.801 

RH RSD -1.1.1/-1.1.2 .271 .485 .740 1.221 1.868 2.474 2.815 

Temp RSD 012- 014 0.04 0.07 0.17 0.35 0.49 0.62 0.71 

Temp RSD 012- 015 0.01 0.02 0.06 0.14 0.36 0.48 0.54 

Temp RSD 014- 015 0.02 0.04 0.10 0.22 0.39 0.51 0.58 

Temp RSD -1.2.1/-1.1.2 .048 .096 .193 .384 .513 .870 1.717 

Temp RSD -1.2.1/-1.1.1 .110 .333 .546 .651 .873 1.186 1.347 

Temp RSD -1.1.1/-1.1.2 .032 .080 .133 .257 .484 .693 .742 

Table 8.7.1.2; Percentiles of pairwise temperature and relative humidity differences between measurement points in the 

ground floor exhibition hall and hypogeum exhibition hall 

At the basement level, the microclimate largely differed between the two monitored parts (part 

A south oriented, part B north oriented). This is a circumstance among the ones recalled in 

chapter 7 for which a separate IMQ certification might be necessary.  

Reasonably, as the hygrothermal dynamics differed between the two parts, most likely also the 

historic microclimate experienced by the objects exhibited in the two parts differed, therefore 

the microclimate target range may also differ. In this case, two separate certifications need to be 

provided (see further in this section). Obviously this would imply a separated microclimate 

control of the air volume in the two parts. 

The maximum temperature deviation between part A and B was registered up to 2.26°C 

(difference between points -1.2.1 and -1.1.2). However, such a large variation was registered a 

maximum of 10% of sampled data. Indeed, up to 90% of time the temperature difference between 

the two parts was not larger than 1.20°C (difference between points -1.2.1 and -1.1.1). It is worth 

highlighting that the maximum temperature deviation at the ground floor for the same percentile 

was half this value. This shows that, despite the 5 times smaller volume of the basement 

(compared to the one at the ground floor), a larger microclimate heterogeneity exists.  

This can be confirmed by observing the maximum temperature deviation (at the same percentile) 

between the two measurement points in part A (South). Their maximum temperature deviation 

is 0.69°C (distance between points 14.5m), half of the maximum temperature registered between 

the two parts. It should be pointed out that the mentioned maximum temperature deviation 

between loggers was very similar to the one registered at the ground floor where a better air 

mixing was permitted given the absence of intermediate walls (0.62°C, 012-014).  

The above can be seen by looking at the Standardized Root Squared Mean Deviation. This 

quantity, instead of absolute maximum values of deviation, calculates maximum rates of 

deviation accounting for the current distance between measurement points (see Table 8.7.1.1).  
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The temperature between points within part A (south oriented) varied with the same rate as in 

the most homogeneous part at the basement floor (rate <0.02°C/m, e.g. 012- 015). The variation 

rate between the two different parts of the basement exhibition hall (part A and B) varied with 

the same rate as in the most heterogeneous part of the ground floor ( rate <0.04°C/m, e.g. 014-

012). 

The situation is identical with regard to the Relative Humidity deviations. Between the two parts 

of the space, there were RH deviations up to 12.13%. Although this circumstance was registered 

for only 5% of time, the RH deviations between part A and B of the hypogeum exhibition space 

differentiated almost constantly by 7% (95th percentile). The maximum registered RH variation 

between points at the same percentile in the ground floor exhibition hall was 4.22%. Moreover, 

the mentioned RH deviation at the ground floor was measured on a distance of 22m rather than 

13m as in the basement (distance between -1.2.1 and -1.1.2).  

In part A, the RH variation between the two points is maximum 2.8% for 95% of the monitored 

data. This variation is consistent with the one registered in the most homogeneous part of the 

ground floor (e.g. 012- 015).  

Considering the standardized variations, it can be observed that RH RMSD’ in part A varies with 

identical rate of variation as the most homogeneous part in the ground floor (rate <0.10%/m). 

Further, the rate of variation between part A and B is similar (and even slightly larger) to the one 

registered in the most heterogeneous part of the ground floor (rate <0.26%/m between parts A 

and B in the basement and <0.19%/m between 014-012 at the ground floor).  

From what the above, it can be concluded that there exists a hygrothermal variation between the 

two adjacent parts of the hypogeum exhibition hall. This variation is larger (especially with 

regard to the hygrometric variations) than the one registered in the most variable part of the 

ground floor (between the entrance of the museum and the centre of the space).  

This large microclimate differentiation between the two parts of the hypogeum exhibition hall 

can be most likely attributed to the presence of the central wall that does not allow (despite the 

presence of a wall opening) for a complete air mixture between the two air volumes. 

Consequentially the two parts maintained specific and independent microclimates more 

influenced by local boundary conditions (discussed later on in the text) than by the constant air 

mass exchange between the two parts. 

With regard to the main exhibition hall (at the ground floor), a sensitivity analysis for testing 

people thermal comfort variability according to the observed spatial hygrothermal variation was 

performed. The latter aspect should be taken into account upon IMQ certification; see chapter 7. 

With this purpose, the maximum temperature deviation registered for 95% of sampled data 

(±0.71°C) was respectively added and subtracted to the Operative Temperature and Mean 

Radiant Temperature. The same was done for the RH (±3.99%).  

Successively, the 2-hour based PMV for heating period as well as thresholds of indoor 

(Operative) Temperature for the free- running period were recalculated considering the 

positively and negatively altered parameters and the IMQ after the alteration was recertified. The 

obtained (altered) PMV (and operative temperature ranges) represent the maximum spatial 

thermal comfort variation according to the registered microclimate heterogeneity. In other 

words, they permit calculation of the extent to which the IMQ can vary if considering the largest 

registered variations (excluding the outlying deviations, ≥ 95th percentile). 

When developing an IMQ certification for movable artefacts (especially if the EN 15757 is taken 

into account), the analysis of the differences between hygrothermal fluctuations (long and short 

term fluctuations) in each measurement point, is even more relevant than the analysis of the 

absolute difference of temperature and relative humidity readings as discussed above. Indeed, 

especially short term fluctuations play a more significant role on objects conservation than 

temperature and relative humidity absolute values themselves. For this purpose, the short and 

long-term fluctuations calculated for each measurement point and for the spatial average were 
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analysed and compared with the exception only of point -1.1.2 for which data gaps did not allow 

such calculations.  

As mentioned in chapters 3 and 7, if cultural heritage objects are kept in a given open space, it 

is reasonable to suppose that these objects interact with the indoor microclimate. If a given 

environment is spatially homogeneous (hence a good air mix exists), seasonal and short-term 

fluctuations should be identical in each point. In reality a perfect homogeneity is impossible. 

However if the deviations are negligible, the room microclimate certification can be considered 

representative for all the objects microclimate proximities. This assumption (see chapter 7), in 

contrast with the theoretical formulation of the EN 15757 standard, was tested and discussed 

below; see also chapter 3. 

In order to evaluate in detail the magnitude of deviation between objects microclimate proximity 

and free air, the hygrothermal conditions in proximity of randomly located objects in the 

exhibition space at the ground floor were measured and compared to their closest measurement 

point (measurement points are indicated in Fig. 8.6.3.2).  

During snapshot measurements, air velocity, air temperature, relative humidity and contact 

temperature were measured, the last was measured by means of IR imaging. In presence of glass, 

the IR thermography was done by previously taping a portion of the target surface with paper 

tape (see Fig. 8.7.1.1.a-c). Specific attention was given to the objects located on the direction of 

the air-heating unit outlets as the latter were observed to be concern of microclimate perturbation 

(Fig. 8.7.1.1.a). Indeed, as described in chapter 6, during the museum opening hours the air 

heating and ventilation unit is working and in the cold period, the warm air blowing from it 

causes air velocity and temperature increase. Obviously, this circumstance is less sharp during 

the warm period as the unit does not provide cooling.  

Currently, a large amount of objects near the unit are exposed either in unsealed showcases or 

behind protective (not in touch) glass panels. In proximity of the showcases closest to the unit 

outlet (Fig. 8.7.1.1.a-c), hygrothermal conditions similar to the closest point 014 were observed. 

Air temperature and contact temperature were 0.48°C and 0.46°C higher than point 014, air 

velocity was 0.03m/s and relative humidity was 1.49% lower compared to point 014. Nowhere 

were sharp differences between free air and objects proximity registered. 

Additionally to the mentioned test, the long and short-term Relative Humidity and Temperature 

fluctuations were calculated for each measurement point in both ground floor and basement level 

and pairwise variations between points were calculated78.  

The results confirmed, for both the exhibition spaces, what was described above on the basis of 

absolute hygrothermal readings. 

 

   
Figure 8.7.1.1.(a-left); Localization of the air-heating unit in the exhibition room (during measurement at the inlet; 

(b-centre) Microclimate measurement in proximity of the first unsealed showcase in the direction of the heating unit 

airflow (c-right) Air temperature 19.2°C, air velocity 0.03m/s; contact temperature 19°C (IRT on paper spot); 
relative humidity 59% 

                                                           
78 The calculation process for long- term and short-term fluctuations is explained in chapter 3. 
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With regard to the ground floor, the CMA of temperature for the 95th percentile was max 0.57°C 

(±0.35°C) different between the entrance and the centre (014-012); the same difference was 

negligible between the centre and the back (012-015). Similarly, for the 95th percentile, the CMA 

of relative humidity was up to 2.96% (±1.50%) different between the entrance and the centre of 

the space (014-012), while it was negligible from the centre to the back (012-015); see Table 

8.7.1.3. The Pearson coefficient for the three CMA pairwise correlation was always > 0.997 (sig. 

0.01) explaining the overall homogeneity of the indoor microclimate dynamics. 

   

Percentiles 5 10 25 50 75 90 95 

RSD CMA Temp 012-014 0.10 0.11 0.25 0.35 0.41 0.52 0.57 

RSD CMA Temp 012-015 0.09 0.10 0.12 0.16 0.23 0.24 0.25 

RSD CMA Temp 014-015 0.01 0.03 0.10 0.18 0.30 0.37 0.45 

RSD CMA Temp -1.2.1/-1.1.2 - 
 

- - - - - - 

RSD CMA Temp -1.2.1/-1.1.1 0.44 0.45 0.48 0.54 0.93 1.19 1.21 

RSD CMA Temp -1.1.1/-1.1.2 - - - - - - - 

RSD CMA RH 012- 014 1.12 1.18 1.41 1.72 2.45 2.75 2.96 

RSD CMA RH 012- 015 0.11 0.14 0.24 0.42 0.79 1.01 1.11 

RSD CMA RH 014- 015 0.88 1.01 1.25 1.76 2.23 3.15 3.41 

RSD CMA RH -1.2.1/-1.1.2 - - - - - - - 

RSD CMA RH -1.2.1/-1.1.1 .030 .060 .170 .440 1.30 2.28 2.51 

RSD CMA RH -1.1.1/-1.1.2 - - - - - - - 

Table 8.7.1.3; pairwise difference between seasonal fluctuations (CMA)  

In Table 8.7.1.4, the 7th and 93rd percentile values of the short-term fluctuations (calculated as 

described in chapter 3) for each measurement point at the ground floor as well as for the spatial 

average are given. The right side of the table reports absolute deviations between single points 

percentiles and spatial average percentiles.  

Because of the temporary interruption of the monitoring between July and September, the 

percentiles are calculated for two time intervals, 06/03-03/07/2014 and 21/09-31/12/2014. 

However, according to the results from the monitoring campaign in 2013, it is expected that the 

absence of readings in August does not vary the calculated percentiles. 

In Table 8.7.1.4, it can be seen that the central part of the space (point 012) is the most stable to 

short- term hygrothermal fluctuations, the back part (015) has highest and lowest temperature 

short term fluctuations, while the front (014) has the highest relative humidity short term 

fluctuations. This may be consequent to the door operating and vicinity to the air heating unit 

(without humidity control) as discussed in chapter 6. 

 

Temperature 
Temp 

015 

Temp 

014 

Temp 

012 

Temp 

(spatial) 
Dev. 012 

 

Dev. 014 

 

Dev. 015 

 

7th Percentile (°C) -1.50 -1.46 -1.37 -1.43 0.07 0.03 0.07 

93th Percentile (°C) 1.61 1.58 1.51 1.55 0.04 0.03 0.06 

Relative Humidity RH 015 RH 014 RH 012 RH (spatial) Point 012 Point 014 Point 015 

7th Percentile (%) -3.15 -3.47 -2.88 -3.06 0.18 0.42 0.09 

93th Percentile (%) 2.90 2.96 2.64 2.81 0.17 0.15 0.09 

Table 8.7.1.4; short term fluctuations 7th and 93rd Percentiles for three measured points and spatial average; absolute 

deviation between spatial average and single measurement points percentiles (right side) 

With regard to the basement level, it was not possible to calculate long- term fluctuations for the 

measurement point -1.1.2 because of data gaps. Therefore, the comparison is limited to the two 

different parts of the hypogeum exhibition hall: part A (south, point -1.1.1) and B (north, point -

1.2.1); see Table 8.7.1.3. Nevertheless, based on the above discussed results from the 
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hygrothermal analysis, and considering the similarity of hygrothermal deviations between point 

-1.1.1. and -1.1.2 with the ones from points 0.1.2 and 0.1.5 (at the ground floor) it is expected 

that in the basement, the two measured points in part A would have similar long-term and short- 

term fluctuations as the ones registered for the two mentioned points at the ground floor. 

However, the latter could not be verified in this study.  

The long-term temperature fluctuation was, for the 95th percentile, up to 1.21°C (±0.35°C) 

different between part A and part B of the exhibition hall (-1.1.1 and - 1.2.1). This difference is 

more than double the highest one registered at the ground floor. Similarly, for the 95th percentile, 

the long-term Relative Humidity fluctuation was up to 2.51% different between measurement 

points in part A and B of the hypogeum exhibition hall. This difference is similar to the one 

observed in the most heterogeneous part at the ground floor (between the entrance and the centre, 

012 and 014).  

The Pearson coefficient for the long-term fluctuations pairwise correlation (between space A and 

B) was >0.996 (sig. 0.01) for Relative Humidity and >0.931 (sig. 0.01) for Temperature. 

Although Relative Humidity long-term fluctuations, are numerically different between the two 

parts, they vary with a similar pattern over time. The same cannot be said about long-term 

temperature fluctuations. Indeed, the latter are not only largely different in absolute value (2.51% 

at the 95th percentile), but also in their pattern of variation over time (Pearson RH long-term 

fluctuations<Pearson Temp long-term fluctuations).   

Further the short-term fluctuations for part A and B were analysed; see Table 8.7.1.5. From this 

analysis it was understood that the hypogeum microclimate not only presents different long-term 

(seasonal) fluctuations between the two parts, but also different short-term ones. In other words, 

the two parts of the exhibition space have different seasonal microclimate dynamics (long-term 

fluctuations), moreover, within these different dynamics, their short-term dynamics are also 

dissimilar. Meaning that the microclimate of one part is almost independent from the other 

(notwithstanding that the two air masses are constantly connected).  

Part B has a microclimate deviating less (compared to part A) from its long-term hygrothermal 

cycles. Indeed, despite Temperature short-term fluctuations (7th and 93rd percentiles of the short 

term fluctuations) were similar in both the parts, Relative Humidity short-term fluctuations in 

the North- oriented part (B) were less variable from the seasonal pattern compared to the South-

oriented part (A).  

 

Temperature 
Temp -

1.1.1 

Temp -

1.2.1 

Temp 

(spatial) 
Dev. -1.1.1 

 

Dev. -1.2.1 

 

7th Percentile (°C) -0.84 -0.87 -0.78 0.06 0.09 

93th Percentile (°C) 1.05 1.09 0.97 0.08 0.12 

Relative Humidity 
RH -

1.1.1  

RH -

1.2.1 

RH 

(spatial) 

Point -1.1.1 

 

Point -1.2.1 

 

7th Percentile (%) -7.37 -5.58 -5.31 2.06 0.27 

93th Percentile (%) 6.12 4.60 4.56 1.56 0.16 

Table 8.7.1.5; short term fluctuations 7th and 93rd Percentiles for three measured points and spatial average; absolute 

deviation between spatial average and single measurement points percentiles (right side) 

 

This condition may be explained by the significant water absorption (and successive internal 

evaporation) from the street level in the South-oriented part of the exhibition hall. Water is 

absorbed from the street through the vault and inwards evaporated. This circumstance is speeded 

up during the heating season due to the operating of the heating system (in this period the largest 

RH short term deviation between the two parts was observed). The mentioned water absorption 

phenomena - absent in part B- can be clearly distinguished by the presence of efflorescence onto 

the vault brick surface (see Fig. 8.7.1.2 a-b). The latter deterioration phenomena is caused by the 

transport during the inwards moisture evaporation of the water-soluble salts such as sulphates 

[307].  
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Figure 8.7.1.2.a-b; Presence of efflorescence on the South vault (Part A) 

 

As mentioned in the introduction of this Chapter (section 8.1), it should be remembered that a 

difference exists between microclimate heterogeneity with regard to IMQ diagnosis (as 

discussed in chapter 6) and certification (as discussed in this Chapter).  

With regard to the first, if considering the results discussed until now, it is evident that there 

exists a hygrothermal partialization in both the monitored exhibition halls. This partialization is 

less significant at the ground floor and more significant in the basement.  

However, in order to understand if the spaces are also heterogeneous from an IMQ certification 

viewpoint for the cultural heritage objects, it was necessary to evaluate whether the spatial mean 

of temperature and relative humidity (from the measured points) is representative of each point 

monitored microclimate proximity. This study verifies the requirements imposed by the EN 

15757 in monitoring each object microclimate proximity instead of the microclimate in a 

representative point of the space (see also chapters 3 and 7 for more information on this 

assumption).  

The seasonal fluctuations of the spatial average (CMA (spatial)), were calculated for Temperature 

and Relative Humidity as well as the RSD between (CMA (i)) of each point and the (CMA (spatial)). 

These differences represent the variations between seasonal fluctuations calculated in each 

individual point and the ones calculated from the spatial average; see Table 8.7.1.6. 

With regard to the exhibition hall at the ground floor, it can be observed that the seasonal 

fluctuations of the spatial mean temperature and relative humidity (CMA (spatial)) accurately 

represent the ones of each measurement point (CMA (i)). Indeed, the highest deviation between 

CMA spatial average and CMA single point is observable in point 014. In this point, the 

maximum deviation for temperature is 0.36°C and for relative humidity is 2.07%. These 

deviation represents however only 5% of the data population. 

 
Percentiles 5 10 25 50 75 90 95 max 

RSD CMA 012- CMA (spatial)  (°C) 0.10 0.11 0.14 0.17 0.19 0.22 0.23 0.24 

RSD CMA 014- CMA (spatial) (°C) 0.00 0.01 0.09 0.17 0.24 0.30 0.34 0.36 

RSD CMA 015- CMA (spatial) (°C) 0.01 0.02 0.03 0.07 0.10 0.11 0.12 0.13 

RSD CMA -1.1.1- CMA (spatial) (°C) 0.29 0.30 0.32 0.36 0.62 0.79 0.80 0.83 

RSD CMA -1.2.1- CMA (spatial) (°C) 0.15 0.15 0.16 0.18 0.31 0.40 0.40 0.42 

RSD CMA 012- CMA (spatial) (%) 0.18 0.27 0.44 0.59 0.74 1.13 1.25 1.30 

RSD CMA 014- CMA (spatial) (%) 0.68 0.73 0.92 1.15 1.62 1.80 1.97 2.07 

RSD CMA 015- CMA (spatial) (%) 0.19 0.25 0.31 0.44 0.73 1.40 1.44 1.51 

RSD CMA -1.1.1- CMA (spatial) (%) 0.02 0.04 0.12 0.30 0.86 1.52 1.67 1.92 

RSD CMA -1.2.1- CMA (spatial) (%) 0.01 0.02 0.06 0.15 0.43 0.76 0.84 0.96 

Table 8.7.1.6; Pairwise difference of the seasonal fluctuations (CMA); temperature (above) and relative humidity 
(below) 
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According to the EN 15757 the target microclimate can be calculated as algebraic addition of 

the short term fluctuations to the long-term fluctuations (seasonal fluctuations). Considering the 

cumulative effect of the long and short-term deviations between point 014 and spatial average, 

it can be concluded that the maximum deviation in terms of target-microclimate definition, is 

0.42°C for temperature and 2.63% for relative humidity. In other words, if the microclimate in 

point 014 -the one deviating the most from the spatial average- would be certified considering 

the target microclimate range calculated on the spatial average, the maximum occurring error for 

temperature is lower than 0.5°C and for relative humidity is lower than 3%; see Fig. 8.7.1.3 and 

8.7.1.4.  

With regard to the exhibition hall in the basement, it can be observed that the seasonal 

fluctuations of the spatial mean temperature and relative humidity (CMA (spatial)) do not represent 

the ones of each measurement point (CMA (i)). Indeed, the highest deviation between CMA 

spatial average and CMA single point is observable in point -1.1.1. In this point, the maximum 

deviation for temperature is 0.83°C and for relative humidity is 1.92%. These deviations 

represent from 5% to 10% of the data population. If considering the cumulative effect of long 

and short-term deviations between point -1.1.1 and spatial average, it can be concluded that the 

maximum deviation in terms of target-microclimate definition, is 0.97°C for temperature and 

5.54% for relative humidity.  

 

In summary, given the small microclimate target deviation in the ground floor exhibition hall 

(<0.5°C Temp and 3% RH) and the low frequency of occurrence (<5%), it can be concluded that 

in this hall, the spatial average accurately represents the microclimate proximity of each 

measurement point. 

The target microclimate calculated according to the spatial average differs negligibly from the 

target microclimate calculated on basis of each point readings.  

 

 
Fig. 8.7.1.3; Comparison Target temperature calculated with point 014 readings and with Spatial Average readings; the 

grey stripe represents the maximum error for temperature bounds if calculated with spatial average readings instead of 
point 014 readings (0.42°C); the max deviation occurs < 5% of data population. 
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Fig. 8.7.1.4; Comparison Target relative humidity calculated with point 014 readings and with Spatial Average 

readings; the grey stripe represents the maximum error for Relative humidity bounds if calculated with spatial average 
readings instead of point 014 readings (2.63%); the max deviation occurs < 5% of data population 

However the same cannot be said about the hypogeum exhibition hall for which an IMQ 

certification on the basis of the spatial average (between part A and B) would be inappropriate 

as it would not take into account the microclimatic specificity of space -1.2.1. Therefore, for the 

purpose of IMQ certification of movable heritage in the ground floor exhibition hall, the readings 

from the spatial average are inputted in the multi-objective certification model while the two 

parts of the hypogeum exhibition space are certified separately. 

8.7.2 Current state IMQ certification 

The results with regard to the IMQ certification are discussed separately for the current state of 

ground floor and basement exhibition halls and for the hypogeum exhibition hall after the 

implementation of passive cooling.  

As mentioned in section 8.6.3, the IMQ certification for the ground floor exhibition hall refers 

to both cold and warm periods, while the one for the hypogeum exhibition hall only refers to the 

warm period (see Table 8.6.3.2).   

8.7.2.1 Ground floor exhibition hall IMQ certification 

The cold period considered in the certification is made up of two intervals: March-April 2014 

and October-November 2014. For the two intervals, 2 hours-based PMV was calculated [147]. 

Statistics for both the PMV data samples are given in Table 8.7.2.1.1. For the warm period: 

August- September 2014, the indoor operative temperature intervals per three categories of 

comfort were calculated on the basis of the free running mean temperature outside [57]. 

 

 PMV March-April 2014 PMV October-November 2014 

 Statistic Std. Error Statistic Std. Error 

Mean 0.067 0.01 -0.249 0.014 

Std. Deviation 0.22  0.353  

Minimum -0.58  -1.02  

Maximum 0.6  0.49  

Skewness 0.07 0.115 -0.023 0.098 

Kurtosis -0.247 0.23 -1.032 0.196 

Table 8.7.2.1.1; Statistics PMV period 1 (March-April 2014), period 2 (October-November 2014) 

The first heating period has positive mean around zero, meaning a thermal sensation around the 

thermal neutrality, while the second one has negative mean around -0.25, meaning a thermal 

sensation skewed towards cold.  
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The PMV samples for both the periods were tested for normality. Test results evidenced that the 

distribution from the first period (March-April) is normal (Shapiro-Wilk normality test Sig. 

0.064), while the one from the second period (October-November) slightly departs from the 

normality. This occurred due to indoor temperature readings found below the ones outdoor (see 

Fig. 6.4.1.2 in chapter 6). Nevertheless, the outlying values were consistent with the indoor 

environmental variations in the specific period, therefore retained in the certification model.  

 
 

Thermal Quality 

Heritage (H) 

Hygrometric Quality 

Heritage (H) 

Thermal Comfort 

People  (P) 

Simultaneous 

Performance Index (SPI) 

 0.11 0.23 0.48 0.27 

incidence 13.69% 27.48% 58.83% 100.00% 

Table 8.7.2.1.2; SPI with three indicators (m=3) 

On basis of the certification methodology presented in section 8.6.5, the Simultaneous 

Performance Index (SPI) was calculated for thermal quality and hygrometric quality of movable 

heritage and thermal comfort of building users. The obtained value (0.27) slightly deviates from 

the optimal microclimate; this stands for optimal and safe indoor microclimate. 

From the results in Table 8.7.2.1.2 it can be seen that the hygrometric and thermal microclimate 

quality for movable heritage only slightly deviates from the optimal microclimate. Furthermore, 

the microclimate short term fluctuations were always found in compliance with condition A in 

Table 8.6.5.1.2, therefore there was no evidence of mechanical deterioration risk (plastic 

deformation) for timber panels or embrittlement risk for the painted layers. The main observed 

deviation, though numerically small, is related to thermal comfort for building users.  

Table 8.7.2.1.3 reports the same results as in Table 8.7.2.1.2 but considering four indicators 

instead of three. Results regarding people thermal comfort are therefore separated for the cold 

and warm period. The largest deviations from neutrality occurred during the heated period (P 

0.72) while no departures from the neutrality were registered during the warm period (P 0.01).  

 
 Thermal 

Quality 

Heritage (H) 

Hygrometric 

Quality Heritage 

(H) 

Thermal Comfort 

People  Cold 

Period (P) 

Thermal 

Comfort People  

Warm Period (P) 

Simultaneous 

Performance 

Index (SPI) 
 0.11 0.23 0.72 0.01 0.27 

incidence 10.55% 21.18% 67.75% 0.52% 100.00% 

Table 8.7.2.1.3; SPI with four indicators  

Table 8.7.2.1.4, shows the frequencies of deviation from the thermal neutrality with regard to 

people thermal comfort; the three monitored periods are considered separately with their specific 

(Pp) value.  

The sensitivity analysis results related to the thermal comfort spatial variability are included both 

in term of percentage of deviations from zero and (Pp) values. 

As mentioned above, building users thermal comfort during the warm period (August-

September) is optimal. The total deviation from the thermal neutrality is negligible (P 0.01). This 

is so, also when considering the operative temperature alteration within the space. No spatial 

thermal comfort variation occurs because the registered maximum spatial temperature deviation 

(±0.71°C) is lower than the minimum one likely to cause (according to the EN 15251) thermal 

category variation (±2°C); see Table 8.6.5.2.1. In this period, the building was not equipped with 

mechanical cooling (free running).  
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 Categories of deviation from 0 (optimal IMQ) Pp̅ 

 -3 -2 -1 0 1 2 3  

Cold period; heating period 1  0.0% 0.0% 11.0% 62.0% 24.0% 2.0% 0.0% 0.41 

Alteration (+) 0.00% 0.00% 2.24% 43.62% 40.49% 11.86% 1.79% 0.72 

Alteration (-) 0.22% 2.91% 28.19% 57.94% 10.74% 0.00% 0.00% 0.45 

Warm period; free running 0.00% 0.00% 0.37% 99.44% 0.19% 0.00% 0.00% 0.01 

Alteration (+) 0.00% 0.00% 0.37% 99.44% 0.19% 0.00% 0.00% 0.01 

Alteration (-) 0.00% 0.00% 0.37% 99.44% 0.19% 0.00% 0.00% 0.01 

Cold period; heating period 2 13.0% 15.0% 24.0% 37.0% 11.0% 0.0% 0.0% 1.04 

Alteration (+) 2.10% 13.89% 23.91% 34.25% 21.32% 4.52% 0.00% 0.88 

Alteration (-) 26.01% 16.32% 25.69% 29.40% 2.58% 0.00% 0.00% 1.39 

Table 8.7.2.1.4; Frequency of deviations from thermal comfort optimality for three monitoring intervals and associated 

P (people) values; Alteration (+/-) refers to the categories of deviations calculated considering PMV altered by the 

addition (+) or subtraction (-) of temperature and relative humidity maximum deviations 

Good thermal comfort quality was also observed during the first heating period. The PMV 

samples registered during this time-interval were scattered below and above the range of thermal 

neutrality meaning that slight cool and warm sensations occurred concurrently. This condition 

resulted in an IMQ close to the neutrality (P 0.41). However, a tendency towards slightly warm 

thermal sensation is observable. This tendency increases if considering the positively altered 

PMV values for temperature and relative humidity (Alteration +). In this case it can be observed 

that the IMQ deviates more significantly from the neutrality (P 0.72).  

Nevertheless, given the cumulative percentage of PMV in categories 0 and 1 (-0.5≤PMV≤0.5) 

the IMQ is optimal and no category variation is observable. When PMV is negatively altered, 

the final result is rather similar to the original one (P 0.45). This occurs because of the 

redistribution of the votes between categories -1 and 1. Is unlikely to generate category 

variations.  

Differently from the first heating period, in the second heating period (October –November), the 

deviations were mainly negative (minimum PMV -1.02, Table 8.7.2.1.1), standing for a 

remarkable cooling of the space (P 1.04). In this period, air temperature was registered for 56 

hours below the one outside (see Fig. 6.4.1.2 in Chapter 6). This condition caused a shift of the 

registered PMV towards negative categories -2 and -3 (PMV ≤-0.7). The readings in category -

1, doubled compared to the ones registered in the first heating period. Moreover, 28% of readings 

fell within PMV categories -2 and -3. Conversely, during the first period, there were no readings 

within these categories. 

As may be expected, if the PMV is subjected to positive alteration, a reduction of the deviation 

from the thermal quality occurs because of the significant diminishing of PMV samples within 

category -3 (P 0.88). Conversely, in case of PMV negative alteration, the increased population 

sample in the negative categories resulted in a shift of the total thermal comfort quality to the 

centre of the good category (P 1.39).  It is worth mentioning that during the second heating 

period, the increase of relative humidity consequent to the temperature drop was not found risky 

for the objects. Moreover, the indoor air temperature never dropped beyond the glass transition 

temperature.  

8.7.2.2 Hypogeum exhibition hall IMQ certification  

The two parts of the hypogeum exhibition hall (Part A and B) were separately certified as the 

indoor microclimate between them was evidenced constantly different over time (see section 

8.7.1) with regard to both long-term (seasonal) and short-term fluctuations.  

Differently from the main exhibition hall, the hypogeum was certified only for the warm period, 

see Table 8.6.3.2. The IMQ certification was performed in the current state and after the 

implementation of the Passive Cooling strategy (P.C.).  
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Thermal Quality 

Heritage (H) 

Hygrometric 

Quality Heritage 
(H) 

Thermal 

Comfort People  
(P) 

Simultaneous 

Performance Index 
(SPI) 

Part A (before P.C.) 0.25 0.33 1.61 0.73 

incidence 11.41% 15.22% 73.37% 100.00% 

Part B (before P.C.) 0.25 0.33 0.96 0.52 

incidence 16.17% 21.56% 62.28% 100.00% 

Table 8.7.2.2.1; SPI with three indicators (m=3) Part A and B before Passive Cooling (P.C.) implementation 

The Simultaneous Performance Index (SPI) was calculated for movable heritage hygrothermal 

safety and building users thermal comfort. The latter was calculated according to the procedure 

given in EN 15251, using dry bulb air temperature instead of operative temperature as described 

in section 8.6.2. 

The Simultaneous Performance Index (SPI) values for Part A and B, respectively 0.73 and 0.52, 

slightly deviate from the optimal microclimate; see Table 8.7.2.2.1. Although the microclimate 

quality for cultural heritage preservation is identical in both the parts and only slightly deviating 

from the neutrality, the (Pp) values for people thermal comfort deviate from the neutrality by a 

larger extent. In Part A, people thermal comfort quality deviation is larger than 1 (but smaller 

than 2), therefore the P(P) value falls within the second deviation category from optimal 

microclimate (good microclimate quality). In Part B, people thermal comfort, though still within 

the optimal microclimate category, is strongly skewed from the comfort neutrality and almost 

falling in the first deviation category. If observing the frequencies of deviations (per deviation 

category) for the two parts (see Table 8.7.2.2.2), it can be seen that, up to ≈22% of deviations in 

Part A and ≈9% in Part B were unacceptably high (larger than category 3 calculated according 

to EN 15251 [57]). It should be mentioned that the hypogeum exhibition hall is not equipped 

with cooling or mechanical ventilation system.  

 
 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 

Part A 0.0% 0.0% 0.0% 15.6% 29.8% 33.0% 21.7% 

Part B 0.0% 0.0% 0.0% 37.6% 37.4% 16.1% 8.9% 

Table 8.7.2.2.2; Frequency of deviation from optimal IMQ for people Part A and B hypogeum exhibition hall, current 

state 

As discussed in section 10.6.2.1, with the objective of reducing air temperature in the museum 

basement level a passive ventilation strategy was modelled exploiting the joint effect of thermal 

force (stack effect) and wind force (cross ventilation).  

For this purpose, air mass transport between south- tower (top) windows and windows on the 

north-oriented basement level facade was modelled. The comparison between current and 

retrofitted Temperature and Relative Humidity for Part A and B of the hypogeum exhibition hall 

is given in Table 8.7.2.2.3.  

 

 5 10 25 50 75 90 95 

TEMP Part A-current 23.66 23.76 23.97 24.33 24.84 25.21 25.38 

TEMP Part A - Passive cooling 12.19 15.57 17.14 18.87 20.97 23.16 24.78 

TEMP Part B- current 22.81 23.00 23.29 23.66 24.23 24.69 24.87 

TEMP Part B-Passive cooling 13.05 16.19 17.41 18.87 21.09 23.10 24.16 

RH Part A- current 54.62 55.62 57.66 59.78 61.64 64.78 66.09 

RH Part A- Passive cooling 48.88 52.84 61.21 71.64 78.99 83.61 86.04 

RH Part B-current 57.54 58.37 59.83 61.79 64.75 69.11 70.47 

RH Part B- Passive cooling 48.88 52.94 61.12 70.64 77.33 82.27 85.07 

Table 8.7.2.2.3; Temperature and Relative Humidity frequency in Part A and Part B before and after the passive 
cooling implementation  
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The implementation of passive ventilation allowed significant reduction of air temperature in 

both the parts of the exhibition hall with a slight larger effectiveness in part A (directly connected 

to the tower). The increased air velocity in the basement level allowed air temperature reduction 

(compared to the current situation) by up to 11.47°C in part A and 9.76°C in part B (5th 

percentile). Considering the majority of the registered data (≤ 90th percentile), it can be observed 

that air temperature was reduced by up to 8°C and 7°C in part A and B respectively. However, 

as predictable, to the mentioned significant temperature reduction corresponded a large increase 

of RH. If considering the majority of registered data (up to 90th percentile) the occurred RH 

increase was 19% and 14.6% respectively in part A and B with exceptions up to 22% in part A 

and 15% in part B (the latter for less than 5% of the data population).  

In order to quantify the indoor air velocity increase during the passive ventilation, the most 

stressed axes between part A and B and, thus, the connection to the door of the tower (the outlet 

of the system) was modelled by means of CFD simulation. Fig. 8.7.2.2.1 shows a cross section 

with a vertical and horizontal fictitious plan (1.10 m from the floor) representing the most 

stressed part within the computational domain.  

 

 
Table 8.7.2.2.1; Vertical and Horizontal fictitious section of the most stressed plans in the hypogeum exhibition hall 

(after passive ventilation implementation); horizontal plan height 1.10m; connection to the south-tower 

On the plans, air direction and velocity as well as air temperature patterns are displayed. It is 

worth mentioning that the plotted parameters refer to the maximum values on the given plans for 

the summer typical day (July the 30th 2013). Considering that the modelled plans refer to the 

most variable part in the computational domain, the appropriateness of air temperature 

distribution and velocity are confirmed. This is because the observed air velocity in the most 

stressed vertical plan neither constitutes hazard for the collection nor causes discomfort for the 

visitors. 

Air velocity on the identified plans ranged between 0.2 m-s and 1 m-s. Obviously, the highest 

values were  registered at the inlet and outlet of the system, respectively at the windows on the 

North façade (part B) and at the door of the South tower. At the visitors legs level the air velocity 

is never higher than 0.41m-s. In the centre of both the parts of the exhibition space, where the 

collection is exhibited and where the highest concentration of visitors may be expected, the 

highest air velocity is 0.81m-s. These values neither constitute danger for the collection 

preservation nor thermal discomfort for people. 
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Thermal Quality 

Heritage (H) 

Hygrometric 

Quality Heritage 
(H) 

Thermal 

Comfort People  
(P) 

Simultaneous 

Performance Index 
(SPI) 

Part A (after P.C.) 0.93 1.52 1.66 1.37 

incidence 22.66% 37.00% 40.34% 100.00% 

Part B (after P.C.) 0.82 1.56 1.67 1.35 

incidence 20.24% 38.57% 41.19% 100.00% 

Table 8.7.2.2.4; SPI with three indicators (m=3) Part A and B before Passive Cooling (P.C.) implementation 

The IMQ certification results for part A and B after the implementation of the passive cooling 

are given in Table 8.7.2.2.4. It can be observed that after the implementation of the passive 

ventilation the IMQ in both the modelled parts decreases.  

Such a decrease occurs with regard to all the criteria considered in the certification: hygrothermal 

quality for the collection and thermal comfort for people. The Simultaneous Performance Index 

(SPI) values for Part A and B, respectively 1.37 and 1.35, significantly deviate from the optimal 

microclimate and results in good microclimate quality. This deviation is even larger if looking 

at the single performance criteria.  

In space A the thermal quality for the cultural heritage objects, though still in the optimal 

category, fall compared to the current scenario (0.93 instead of 0.25) and the hygrometric quality 

deteriora ted to the first category of deviation from neutrality (1.52 instead of 0.33). Thermal 

comfort for people, although not varying in category of deviation, did increase the deviation 

from 1.61 to 1.66.  

In space B, IMQ certification results also pictured the same quality reduction as the discussed 

for space A. Thermal quality for collection deviated from 0.25 to 0.82; hygrometric quality from 

0.33 to 1.56 and thermal comfort for people deviated from 0.96 to 1.67. In order to explain this 

circumstance it should be looked at the frequency of deviation per category for each assessment 

criteria.  

 
 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 

Part A -T (PC) 82.45% 11.30% 0.13% 2.93% 0.27% 1.33% 1.60% 

Part B -T (PC) 69.08% 8.44% 0.00% 19.38% 0.00% 2.14% 0.95% 

Part A -RH (PC) 8.24% 0.00% 1.67% 26.13% 1.16% 0.39% 62.42% 

Part B -RH (PC) 15.56% 1.20% 1.46% 21.81% 0.93% 5.32% 53.72% 

Part A (PC) 36.18% 9.27% 7.64% 30.00% 8.36% 2.55% 6.00% 

Part B (PC)  35.64% 11.45% 6.55% 29.09% 9.27% 2.91% 5.09% 

Table 8.7.2.1.5; Frequency of deviation from optimal IMQ for cultural heritage objects preservation (first four rows) 

and for people thermal comfort; Part A and B hypogeum exhibition hall, Passive Cooling (PC) 

From Table 8.7.2.2.5, it can be observed that the reduction of IMQ for all the considered 

assessment criteria is given paradoxically by a too effective functioning of the proposed passive 

cooling strategy.  

 

Indeed, if observing the thermal comfort for the collection ( Part A and B - T (PC)) in Table 

8.7.2.2.5, and for building users (Part A and B (PC)) in both the spaces modelled temperatures 

fall in the lowest negative category of deviation (-3) meaning that the indoor air temperature was 

strongly lowered.  

The indoor air temperature after the passive cooling was registered ≤19°C for 50% of the 

observations. Beside the thermal comfort categories from the EN 15251 utilized here in the 

presented IMQ certification model, such temperature would be perceived “too cold” also 

considering the actual thermal comfort perception of people in museum environment as 

discussed in chapter 4. 

In that study, though performed in a different building (still no-mechanically cooled or 

ventilated) and considering the responses from the entire year instead of the ones limited to the 
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warm season, it was observed that a predicted indoor air temperature of 21.34°C was perceived 

by respondents as “cold”. Moreover, if admitting an approximation, it was observed that a further 

air temperature reduction by 0.38°C would make people feeling ‘too cold” (20.94°C). As such, 

the here obtained air temperature after the implementation of passive ventilation, would generate 

a discomfort due to the “too effective” temperature reduction. 

 

The obvious consequence of such a temperature reduction was the increase of the Relative 

Humidity, that resulted too high, occupying the highest positive deviation category (+3). 

However, the objective of the proposed passive cooling strategy was:  

 

 To test the possible effectiveness in lowering exhibition hall indoor air temperature by 

means of the combination of stack effect and crossed ventilation;  

 To verify if in the most stressed axes the air velocity during the passive cooling may 

constitute a danger for collection preservation and people comfort. 

 

Since the simulation and certification results have evidenced the validity of the proposed passive 

cooling strategy with regard to the intended objectives, is not researched an option enabling a 

less powerful temperature cooling further.  

However, given that in the modelled scenario the outlet of the system (door tower) was set to 

100% and the inlet of the system (windows on the north façade) was set to 50%, a possible option 

for allowing a less strong temperature cooling would be the reduction of the outlet opened- 

surface. In such a way the airflow rate would be lower and the convective air temperature 

lowering would be weaker. 

8.8 CONCLUSIONS 

With the purpose of detecting possible downsides of the current building microclimate or for 

verifying the microclimate quality after the implementation of EERIs, support may be sought 

resorting to a building IMQ certification model. As in heritage and museum buildings, it is often 

necessary to maintain microclimate quality both comfortable for building users (e.g. museum 

visitors) and safe for preserving possibly housed cultural objects, IMQ certification models 

should preferably be developed on the basis of a multi-objective approach. 

 

In the light of theoretical analysis over IMQ certification for the specific case of historic and 

heritage buildings discussed in chapter 7, and tested a multi-objective based IMQ certification 

model for simultaneously verifying microclimate quality (limited to the hygrothermal quality) 

for people and cultural heritage objects was developed.  

 

A multi-objective IMQ certification model, as the one here developed, allows systematic 

verification of the fulfilment of given (microclimate) parameters to intervals of quality, 

performance or stability for different certification targets. Theoretically, the verification 

performed on the basis of multi-objective models, may allow consideration of countless 

certification targets and levels of assessment. For each certification target one or more 

performance indicators can be considered. 

In the specific case, the assessment for cultural heritage objects was based on two performance 

indicators (hygrometric quality and thermal quality), while for building users it was based only 

on one performance indicator (thermal comfort). Furthermore, for the cultural heritage objects, 

the model evaluates the microclimate quality according to two levels of assessment: 1) long term 

hygrothermal fluctuations and 2) short-term RH alteration and glass transition air temperature. 

Both the assessment levels together permit verification of whether risk of microclimate-induced 

mechanical deterioration for objects (especially timber panels) exists.  



199 

 

 

The model may be helpful for management and control of IMQ in heritage buildings and 

museums. More specifically it may allow to: 

 

 Perform a real-time or a posteriori IMQ control for more than one certification target 

considering specific and multi-layered needs for each target. In other words, it can be 

used for a continuous IMQ control assessing general and specific conditions of 

performance with regard to different assessment levels. In such a way, IMQ conflicts 

between the different targets may be promptly identified and real-time mitigation 

actions can be undertaken. Perhaps also by considering the museum visitors “cultural 

adaptability” discussed in chapter 4. 

 Perform an IMQ assessment with descriptive purposes (as in the example provided). In 

this case, IMQ during a specific period of the year and/or before and after the 

implementation of an EERI can be evaluated thereby allowing ameliorative measures 

and comparison of different measures. 

  

Furthermore, this chapter analysed the influence of the spatial microclimate heterogeneity on the 

target microclimate calculated as foreseen by the EN 15757. More specifically it analysed the 

variation between target microclimate calculated on the basis of the hygrothermal data series 

acquired for each different measurement point (objects proximity) and the one calculated on the 

basis of the spatial average of the hygrothermal readings.  

This study, in the light of what was theoretically discussed in chapters 3 and 8, was aimed at 

evaluating if, in the current EN 15757 data acquisition methodology, there may exist a hyper 

precision that does not necessarily yield to a more accurate target microclimate definition, and 

hence to more accurate IMQ certification results with regard to cultural heritage objects.   

The study clarifies that because microclimate diagnosis and certification respond to two different 

needs, the accuracy of the acquired data for the two activities do not necessarily have to be 

identical. IMQ diagnosis (see chapter 7) is aimed at identifying the possible sources of alteration 

of microclimate stability and possibly at understanding their dynamic interaction, while IMQ 

certification seeks to guide microclimate management. A level of accuracy from the IMQ 

certification beyond the possibility of an equal accurate control of the indoor microclimate by 

means of HVAC system regulation may be worthless. This study performed the mentioned 

analysis in two exhibition halls of the Vleeshuis museum, respectively at the ground and 

basement floors.  

At the ground floor it was observed that the definition of target microclimate on the basis of the 

spatial mean instead of the objects proximity, yields deviations lower than 0.5°C air temperature 

and 3% relative humidity. Therefore the readings from the spatial mean could be used (as being 

accurate enough) for the purpose of target microclimate definition and successive IMQ 

certification instead of the readings from each measured point.  

However it was not the same for the hypogeum exhibition hall for which an IMQ certification 

on the basis of the spatial average (between part A and B of the hypogeum exhibition hall) would 

be inappropriate as it would not take into account the microclimatic specificity of spaces. The 

analysis of the hypogeum exhibition hall, divided in two different but connected spaces, showed 

that there exists a significant microclimate difference between the two parts: south-oriented (Part 

A) and north-oriented (Part B). Not only did the south-oriented and north-oriented parts have 

different seasonal fluctuations, but also short different term ones. The difference of long-term 

fluctuations between the two parts is attributable to the presence of a central wall. Indeed, the 

wall, though opened by an always open passage, does not allow perfect air volume mixing 

between the two parts. Therefore, the two spaces follow different long- term cycles. Hence, 

different seasonal hygrothermal dynamics. The short-term fluctuations were also not consistent 

between the two spaces.  
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In the north-oriented space, the short-term fluctuations were registered as not significantly 

deviating from the seasonal cycles, while they deviated from the spatial average in the south-

oriented space. The reason for the large deviation of short-term fluctuations from the seasonal 

ones (especially for RH) may be attributed to the water absorption from the street level via the 

south-oriented hypogeum brick vault. This circumstance was evidenced by extended effloresces 

onto the vault surface.   

It can be concluded, with specific regard to the mentioned aspect of the study that, after a 

preparatory diagnosis, it can be estimated whether it is possible or not to reduce the number of 

monitoring points within a confined space without losing the necessary accuracy. In this case 

there was no specific need for monitoring each object microclimate proximity in the exhibition 

hall at the ground floor, but it was necessary at the hypogeum for which two separated target 

microclimate and two separated IMQ certifications were provided.  

 

Furthermore, to test the effect of the spatial microclimate heterogeneity on the standard-based 

IMQ certification methodology, a sensitivity analysis was performed. The results clarified that 

small spatial temperature variations may result in differentiation of the people thermal perception 

depending on the used thermal model. This is not a minor aspect to consider during IMQ 

certification. And it is parallel to the one discussed above with regard to the target-microclimate 

variation at the variation of each microclimate proximity. It should be remembered that in this 

study the variations between thermal perception is not actual (as the one discussed in chapter 4) 

but is based on comfort categories as delivered by the ISO 7730 and EN 15251 respectively for 

cold and free-running and warm period.  

In the case study, the alteration of ±0.71°C temperature during the warm period (considering the 

EN 15251 adaptive model) did not bring to comfort category variation in the space. However, 

this occurred during the (second) heating period (considering the ISO 7730 non adaptive thermal 

model). In the latter case, a variation of thermal comfort quality was registered although the 

environment was considered uniform according to the ISO 7730 standard. 

 

With regard to the results from the IMQ assessment, the following should be highlighted: 

 

During the monitored period, the ground floor exhibition hall was characterized by good 

microclimate quality and absence of danger for the collection (caused by risky fluctuations or 

mechanical damage for the timber panels). However, since a slight cooling of the space during 

the cold period was observed, consideration might be given to the adjustment of the temperature 

set-points. This is viable after a revaluation of the short hygrothermal fluctuations. On the 

contrary, given the perfect hygrothermal quality registered during the warm period, the 

installation of a cooling system at the ground floor exhibition hall is strongly discouraged. 

However the results with regard to the hypogeum exhibition hall pointed out that there is an issue 

of summer overheating.  

In order to reduce indoor air temperature at the basement level, a passive cooling strategy was 

simulated and calibrated on the basis of infield experimental measurements; hence, the IMQ was 

certified before and after its implementation.  

The passive strategy, by combining stack effect and cross ventilation, allowed significant 

reduction air temperature by keeping limited the indoor air velocity. However, because of the 

noteworthy temperature cooling in both the parts of the hypogeum exhibition space and the 

consequent Relative Humidity increase, the global IMQ fall in comparison with the current 

scenario. Although not here examined, less effective indoor air temperature cooling may be 

obtained by reducing the surface of the system outlet (door- tower) or the one of the system inlet 

(north- oriented windows). Such a condition would reduce airflow rate, hence it would reduce 

the convective air temperature cooling, permitting better global IMQ for both heritage assets and 

building users.



 

 

9 Life Cycle operating Energy 

saving modelling accounting for 

ERI technical decay: 

A case study 
 

 

 

 

 

 

 

In Energy Retrofitting Interventions (ERIs) life cycle energy modelling, it is assumed that the 

ERIs maintain constant technical performance until their End Of Life (EOL). This hypothesis, 

though largely diffused also within LCA studies, entails a high level of uncertainty. 

In order to obtain more robust results with regard to Life Cycle (LC) operating energy savings 

likely to be achieved by ERIs implementation, the effect of their technical performance decay 

over time should be considered. 

The study in this Chapter introduces a methodology for modelling the influence of energy 

retrofitting technical performance decay on the LC operating energy alteration over the 

intervention Service Life (SL). The developed model is tested on a case study. More specifically, 

the LC operating energy saving likely to be obtained by different retrofitting options -from 

windows maintenance to total replacement- is discussed with regard to a heritage building in 

Antwerp. The study shows that results vary significantly if, instead of the simplistic assumption 

that technical performance remains constant throughout the retrofitting SL, allowance is made 

for deterioration of technical performance over time. 
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9.1 INTRODUCTION  

Recent studies from BPIE and Ecofys concluded that strategic long-term energy saving 

objectives, such as the ones ratified by the EU COM 112:2011 [103], can only be achieved if 

deep- renovating the existing buildings stock [104][105]. Similar considerations are also 

highlighted in the EU 27:2012 European Energy Directive (EED) [7]. As already mentioned in 

chapter 2, the HBE, is not meant to be excluded from the minimum energy performance 

requirements. This for two reasons: the large share of historic buildings among the existing ones, 

and the large potentials in terms of energy saving.  

In order to set a long-term action plan targeted at achieving the EU COM 112 goals, the EED 

introduced a set of control actions (Article 7 in [7]). Within the control actions frame, each EU 

Member is asked to assess how confident it is that the yearly energy saving fraction is likely to 

be achieved by the ERIs implementation. 

In this regard, Forster et.al, [163], observed that the total energy demand reduction foreseen by 

2020 in the buildings sector will be achieved by up to 90% from interventions with medium-long 

service life. Above all, interventions aimed at improving the energy efficiency of the buildings 

envelope. Nevertheless, Forster et al., also pointed out that obstacles to the EED goals 

achievement may occur due to the so-called “Risk of non-delivery”. Namely the risk of not 

delivering the initially notified energy savings, because of materiality issues or because of an 

initial overestimation of the ERI savings (Annex V in [7]). Risks related to the ERIs technical 

failure, and its influence on the uncertainty of long-term energy savings predictions, were also 

mentioned in a study from BPIE [97]. For this reason it is fundamental to evaluate the energy 

savings not only as fixed percentage of initial savings, but throughout the entire ERIs Life Cycle, 

accounting also for their technical decay. However, though ERIs technical decay may constitute 

a large scale environmental concern, there do not exist studies addressing this issue.  

Up to now, the life cycle environmental effectiveness of ERIs is quantified only on the basis of 

the initial percentage of Operating Energy (OE) savings. In other words, it is assumed that ERIs, 

hold constant technical performance until their End Of Life (EOL). This hypothesis, though 

largely diffused, entails high level of uncertainty.  

In order to reduce this uncertainty, this study develops a model for quantifying the technical 

decay induced by retrofitting materials deterioration and standardizing such a technical 

performance reduction throughout the retrofitting intervention SL.  

The modelling approach is discussed in this Chapter by introducing its application with regard 

to a retrofitting intervention often adopted in the historic buildings current retrofitting practice: 

historic fenestration energy improvement.  

9.1.1 Historic fenestration energy improvement 

A large energy fraction in existing buildings is loss via building fenestration. According to 

Gustavnsen et al [308], if a building has 20% to 30% windows surface area, the energy loss 

through the fenestration might be 45% to 60%. 

For this reason, the upgrading of transparent component in existing buildings can be considered 

an effective option for drastically reducing their energy use. This holds true also in historic 

buildings where, although the transparent envelope surface is limited (20% in the case examined 

here), it is responsible for severe thermal losses via conduction and infiltration [309]. 

Currently, even if several fenestration improvement options are available, the one most applied 

(also in historic buildings), is total windows replacement [310]. This choice can be explained on 

the one hand by the large intervention affordability, technical simplicity and high energy saving 

potential and on the other hand by a strong lobbying activity made by window products producers 

and suppliers throughout the European Countries [35][311][312]. 



203 

 

However, windows replacement is not the sole fenestration retrofitting measure allowing major 

energy saving. Furthermore, the non-energy related drawbacks of windows replacement in 

historic buildings cannot be neglected. Next to the loss of building architectonic value, widely 

described in [310][35][311], a reduction of the property market value might occur [112]. 

Moreover, the environmental benefit of performing fenestration replacement in historic 

buildings is not always obvious from a life cycle environmental perspective because of the large 

initial embodied burdens [313].  

For these reasons, and to pursue a more prudential approach when agreeing upon fenestration 

retrofitting measures in historic or heritage buildings, it is meaningful to explore the energy 

benefits obtainable by a wide set of retrofitting alternatives rather than confining the decision 

making to the apparently most performing option. The first objective of this study is to compare 

life cycle operating energy saving allowable by eight fenestration-retrofitting scenarios and sub-

scenarios ranging from non-invasive to destructive interventions (see Table 9.1.1.1). The 

retrofitting alternatives are modelled for the Schoonselhof Kasteel, a public monumental 

building in Antwerp. 

 

Scenarios Activities 

1 Baseline model No activities foreseen  

2 Fenestration maintenance and restoration Re-putty of glass bars, frame painting and window restoration 

3 Fenestration draught proofing Sealing of window sashes and fixed frame edges + scenario 2 

4 Indoor storm-glazing addition Addition of internal secondary glazing+ scenario 2+ scenario 3 

4 (α) Indoor storm-glazing addition 
Addition of internal secondary glazing (single glazing)+ scenario 

2+ scenario 3 

         4       (γ) Indoor storm-glazing addition 
Addition of internal secondary glazing (IGU)+ scenario 2+ 
scenario 3 

5 Glass panes replacement 
Replacement of the existing window glass panes (IGU)+ scenario 

2+ scenario 3 

6 Fenestration replacement Replacement of the entire window unit  

6 (A) Fenestration replacement Replacement of the entire window unit (Aluminium frame) 

6 (PVC) Fenestration replacement Replacement of the entire window unit (PVC frame) 

6 (T) Fenestration replacement Replacement of the entire window unit (Timber frame) 

Table 9.1.1.1; Description of fenestration improvement scenarios discussed in the study 

 
 

Because materials and components within a building assembly deteriorate, any retrofitting 

intervention undergoes technical decay over time. It is argued here that this aspect should be 

taken into account within the Energy and Environmental Retrofitting Interventions (EERI) 

modelling and decision-making as it may strongly affect the results and even invalidate the 

decisions taken if they are based on the assumption that EERI keep constant technical 

performance until the assemblies End Of Service Life (EOSL). In the literature this concern is 

little explored [314][315], and addressed  only in theoretical or probabilistic terms and not 

through integrating dynamic building simulations with physical materials deterioration 

modelling. And also not included in LCA modelling. 

The second objective of the study is to quantify the operating energy saving fraction lost due to 

the technical performance decay of each (windows) perishable component and to integrate it 

within the quantification of the life cycle operating energy of each modelled sub-scenario. 

Variations of intervention iteration frequency and materials Service Life (SL) were also 

considered resulting in a total of 120 modelled sub-scenarios. The relationship between materials 

durability and life cycle operating energy is discussed in section 9.4. The windows perishable 
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components considered in this study and their technical deterioration are discussed on the basis 

of a dedicated Literature review in Annex 4.1.  

In order to achieve the mentioned objectives, the research tasks illustrated in Fig. 9.1.1.1 were 

undertaken. From onsite assessment (section 9.5.2) input data for the simulations were acquired, 

more specifically for modelling: baseline, maintained and draught-proofing -scenarios (scenarios 

from 1 to 3 in Table 9.1.1.1). Moreover using the tests performed onsite, it was possible to 

determine the initial and deteriorated performance of some materials considered in the 

retrofitting scenarios. Based on the acquired data, a steady-state windows model was developed 

and calibrated (section 9.5.3). The calibrated windows model was used for obtaining input data 

for running the dynamic building simulations of scenarios from 1 to 5. The dynamic simulations 

were run twice: firstly considering the windows perishable components in their initial state 

(obtaining the scenario energy consumption in its initial state) and secondly in their deteriorated 

state (obtaining the scenario energy consumption in its deteriorated state). General modelling 

assumptions and methodology are discussed in section 9.5.3, while specific considerations on 

the initial and deteriorated scenarios modelling are described -per scenario- in section 9.5.5. 

 

 
Fig. 9.1.1.1; Research flow chart; the arrows and numeration display respectively the activities interrelation and 

sequence  
 

The causes of deterioration of the considered (windows) perishable components were identified 

from literature research (see Annex 4.1). The effect of this deterioration on the alteration of the 

windows technical performance was modelled according to onsite measurement, literature 

results and existing standards. A new modelling proposal for including materials physical 

technical decay within LC operating Energy modelling was introduced (see section 9.5.4). 
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Modelled retrofitting scenarios are described in section 9.5.5, study results are discussed in 

section 9.6 and conclusions in section 9.7. 

Note that this study does not focus on the whole LCA of the presented EERI, hence, initial and 

recurrent embodied energy is not accounted; only building operating energy for space heating is 

considered. The considered building Reference Study Period (RSP) is 100 years. A whole LCA 

of the study presented here, will be discussed in chapter 10.  

9.2 STUDY OBJECTIVES 

According to the current research state of the art and the purposes of this study as described in 

the previous section, the main objectives of the present study can be summarized as below: 

 

 Proposing a methodology for modelling the influence of EERI technical performance 

decay on the LC operating energy alteration over the retrofitting intervention SL. In 

other words the study wants to develop a metric for quantifying LC operating energy 

alteration likely to be caused by retrofitting intervention materials technical decay. The 

developed metric, represents the yearly building energy savings decrease occurring due 

to EERI technical decay. The final aim of the developed metric and methodology is to 

integrate the theoretical concern about ERI technical decay within the LCA modelling 

methodology; this integration will be discussed in the next Chapter; 

 Testing the above mentioned methodology with regard to fenestration retrofitting 

scenarios for a heritage building; 

 Compare life cycle operating energy saving allowable by eight fenestration-retrofitting 

scenarios and sub-scenarios ranging from non-invasive to destructive interventions. 

9.3 FENESTRATION RETROFITTING IN HISTORIC BUILDINGS: ENVIRONMENTAL 

AND ARCHITECTONIC IMPLICATIONS 

The evaluation of the environmental and architectonic impacts due to the implementation of 

energy saving measures in historic buildings fenestration is not a recent matter. In 1996 the 

Swedish Directorate for Cultural Heritage commissioned the Norwegian Building Research 

Institute to undertake a study to highlight the life cycle environmental impacts of different 

windows retrofitting options in historic buildings [313]. The study, in contrast with the 

93/76/EEC Standard, concluded that the replacement of historic windows does not allow energy 

saving substantially higher than the ones allowed by other techniques such as the addition of an 

inner glazing pane. Hence, windows replacement was discouraged because of the high initial 

embodied impacts. Similar conclusions were reported in the same year in a study commissioned 

by the Historic preservation Division of the State of Vermont (USA) to the University of 

Vermont [316].   

Although information about alternative options to windows replacement was available already 

at the end of the ‘90s, several Countries (in agreement with the 93/76/EEC Directive) continued 

distributing governmental subsidies for boosting historic windows replacement instead of 

promoting fenestration repair or improvement. Rare were the cases, such as the one of the Federal 

Commission for the protection of historic monuments in Switzerland, in which Governmental 

institutions, allowed public subsidies only in case of non-invasive historic fenestration 

retrofitting [317].  

In 2006 the 93/76/EEC (SAVE) Directive was repealed, but during the 13 years of its 

implementation there was an uncountable loss of historic windows in Hungary, Finland, Norway 

and UK [35][310]. 
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9.4 RELATIONSHIP BETWEEN MATERIALS PERFORMANCE DECAY AND BUILDING 

LIFE CYCLE OPERATING ENERGY 

Generally building assemblies lose their initial performance over time, therefore their 

contribution to energy saving is not constant throughout their SL [318][319]. Physical, chemical, 

or biological deterioration of components within an assembly may alter their materials density 

or thermal conductivity (technical decay). This results in an overall assembly mechanical, 

thermal or other technical performance decay [83][80][82][320][226]. Moreover, when 

retrofitting historic buildings, the deterioration process of retrofitting assemblies can be even 

speeded up by the cumulative deterioration of the historic building materials (see chapter 5). 

Components technical obsolescence not only can alter the initial assembly performance, but it 

can even bring forward its technical End Of Service Life (EOSL) by reaching a performance 

level (e.g. thermal transmittance) lower than the one that had justified its initial installation. 

Because of this, most authors focus on the estimation of assemblies EOSL. This estimation is 

traditionally performed by means of factorial-based, probabilistic (stochastic) or engineering 

models [318][319][321][322]. However, because of the high uncertainty of the involved 

variables in the process of materials aging, it is difficult to perform an accurate forecast of the 

assemblies EOSL. 

In the author’s opinion, the issues mentioned should be addressed not only in terms of assembly 

EOL prediction, but by quantifying the Life Cycle operating Energy alteration consequent on 

materials decay. In other words, accounting for the assemblies durability as defined by Daniotti 

in [319]. This is because materials decay not only reduces assemblies SL, but also their technical 

performance. This is true especially in the case of historic buildings energy retrofitting. Indeed, 

in this kind of buildings, the state of conservation of traditional materials themselves may trigger 

anticipated deterioration of retrofitting assemblies compromising their expected performance or 

even leading to their failure earlier than expected [84]. 

Though it is widely documented that technical decay of retrofitting assemblies prevents constant 

energy saving over time [184][185][187] and recent studies urge its integration within the EERI 

modelling and evaluation [314][323], this issue is insufficiently discussed in the literature. Only 

a few contributions introduce this concern [315][324][325]. Nevertheless, in those contributions 

the technical performance decay was either modelled by means of probabilistic scenarios or by 

accounting for the effect of only one components deterioration on the steady state building 

energy use. The effect of the physical deterioration of each perishable component of the 

implemented retrofitting on the building life cycle operating energy -by also taking into account 

different replacement frequencies and materials SL- has not yet been addressed.   

Annex 4.1 gives the theoretical background of the technical deterioration for the perishable 

components considered in this study and related references. 

9.5 STUDY METHODOLOGY  

In this section, the research methodology with regard to onsite measurement activities, steady 

state windows simulations, dynamic building simulations and technical decay modelling are 

discussed. Moreover, each scenario is individually described considering the theoretical 

assumptions and limitations. 

9.5.1 Case study description 

The case study discussed in this Chapter is the Schooselhof Kasteel in Wilrijk, Antwerp 

(Belgium). The building was constructed in its current form between 1830 and 1840 in 

neoclassical style (see Fig. 9.5.1.1). The property, owned by the Municipality, will be renovated 
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in the coming years for hosting new functions. Although the building houses administrative 

offices, only a few rooms of the building are currently in use.  

The building is equipped with heating system (gas condensing boiler, 180 kW) in two of the four 

floors: ground and first floor (total heated area ≈700m2). Because insulation between heated and 

unheated spaces is missing and building envelope shows severe conservation issues especially 

on the windows, ad hoc retrofitting measures are urged for improving both energy efficiency and 

indoor microclimate quality [67]. 

 

 
Fig. 9.5.1.1; Schoonselhof Kasteel, South façade 

 

The existing windows were installed between 1830 and 1840. In 1921 a first maintenance 

intervention aimed at their restoration and varnishing occurred [326]. Later, in 1947, a second 

extensive intervention was performed as the windows were damaged by the WWII bombing. 

During this intervention, window frames were restored and broken glass panes replaced. The last 

documented restoration during which windows maintenance occurred is in 1956. Thereafter, no 

specific interventions on the fenestration were reported. In the last ten years, sporadic works on 

the windows were undertaken mainly aimed at installing provisional timber reinforcements after 

episodes of burglary and sealing with silicone the gaps between glass panes and frame bars of 

the few in-use rooms at the ground and first floor.   

The existing fenestration, including joinery, ferruling and opening systems, can be considered 

an example of Belgian windows manufacture up to 1880 [327]. The window typologies for the 

four building storeys are shown in Annex 4.2, while their poor state of conservation due to lack 

of putty on windows glazing bars, water absorption (because of paint layer decay) and rotting of 

timber is shown in Annex 4.3 and 4.4. 

As mentioned, the general state of conservation of the building fenestration is poor. Nevertheless, 

in few rooms, because of their continuous use, basic windows maintenance has been performed. 

The maintenance consisted in filling with silicone the glass bars (re-putty). In all the other rooms, 

the application of the putty occurred about 10 years ago; in these rooms, the putty is completely 

absent or severely damaged (see Annex 4.3) 

9.5.2 Onsite building assessment: Blower Door Test (BDT) and Infrared 

Thermography (IRT) 

In order to acquire input data for running the simulations and quantifying the building energy 

consumption consequent to different windows state of conservation, a Blower Door Test (BDT) 

was performed in two rooms in which maintained and non-maintained windows, respectively 

recent putty and 10-years old putty, are present.  

From now on, the two spaces are named respectively space 1 (non-maintained) and space 2 

(maintained). The two rooms have identical state of conservation of opaque envelope and 

identical orientation (North-West). The net room volume for space 1 and 2 is respectively is 
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≈80m3 and ≈160m3. The windows surface of the two monitored spaces, represents 11% of the 

total net fenestration area of the heated part of the building.  

The BDT in the two spaces was performed according to method B in EN 13829 [302]. Each 

space was prepared for the test by taping with air impermeable tape the potential grey infiltrations 

beyond the scope of the measurements. The infiltration/exfiltration air change rate through the 

façade and fenestration was quantified respectively in depressurization and pressurization test 

modality.  

In space 1 at the ground floor, the average air change rate from pressurization and 

depressurization at 50Pa (η50), was 6.67 (h-1), while in space 2 at the first floor it was 5.39 (h-1). 

For obtaining the natural air change rate (ηnat), the two values, were standardized as reported by 

Dickerhoof and Sherman in [328][329], namely dividing them by 20. The authors obtained the 

mentioned relation by regressing the air leakage against the air infiltration of a large sample of 

buildings. The obtained natural air change rates were considered for the simulations of scenario 

1 and 2 in turn (Table 9.1.1.1). 

During the test, Infrared Thermography (IRT) was performed in order to localize air leakages 

through the window elements for later deciding upon the positioning of the sealant.  

In Annex 4.5 and 4.6, the air infiltrations at the sashes meeting and through sashes, sills and 

jambs are visible. In Annex 4.7, the infiltrations through the glass bars on the window sashes can 

be observed. 

Beside the localisation of air infiltrations, IRT was performed for allowing the calibration of the 

model of the existing windows, see section 9.5.3.1. For this purpose, the windows frame and 

glass surface temperature were measured with thermal imaging after the measurement of current 

frame emissivity. For minimizing the influence of solar radiation, the measured windows had 

closed shutters as of the previous day. The frame emissivity was measured by using a black tape 

(emissivity 0.97) and taking into account the actual environmental conditions.  

In order to exclude from the frame heat transfer the infiltrative contribution, also neglected in 

the steady-state windows model, the IRT was repeated when the window units were sealed. 

Indeed, to acquire data for running the simulations aimed at quantifying the potential 

improvement allowed by windows draught proofing, the windows from both the spaces were 

sealed with air impermeable tape emulating a draught-proofing intervention (scenario 3 in Table 

10.1.1). The precise positioning of the tape onto the windows is given in Fig. 9.5.5.3.1. IRT and 

blower door test were, hence, repeated for controlling the effectiveness of the performed window 

sealing. After the draught-proofing, the infiltration rate at 50Pa (η50) in space 1 and 2 was 4.36 

(h-1) and 4.52 (h-1) respectively.  

In Annex 4.8 and 4.9, it is possible to observe the correction of the air infiltration on the central 

and angular part during depressurization test of draught proofed windows in space 1. It can be 

seen that only radiative and conductive losses are present but not infiltrative ones. The BDT 

results are plotted in Fig. 9.5.2.1. 

 

 
Fig. 9.5.2.1; Air change per hour of maintained (space 2) and non-maintained (space 1) windows before and after 

the draught proofing; on the y axis are reported the ACH values at 50Pa 
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Fig. 9.5.2.1 shows that windows maintenance, namely the re-putty of glass bars, allowed a 

decrease of infiltration rate by up to 21% compared with non-maintained windows (comparison 

space 2 VS space 1). The addition of draught-proofing reduced infiltration rate by extra 16% 

(comparison mean draught proofed VS space 2).  

In other words, the sealing of the window sashes and edges allowed a reduction of infiltration 

rates by up to 37% compared to non-maintained windows. Similar results were found by Basset 

and D’Ambrosio in [330][331].  

Note that when the historic windows, in both the spaces, were completely sealed, the air change 

per hour was almost identical: variation smaller than 4%. This confirms the findings from James 

et al in [316]. The identical air infiltration rate in both the spaces, stands for the maximum air 

tightening improvement achievable by intervening on the windows tightness. The mean of the 

two values was considered in the study and standardized as mentioned above. It should be 

clarified that the air change per hour obtained after the windows sealing is not only the lowest 

one achievable if sealing the existing historic windows, but it is the lowest one achievable by 

any window installed in the measured spaces. For this reason, the obtained standardized mean 

value is used as input data in all the models from scenario 3 to 6, see Table 9.1.1.1. 

9.5.3 Case study simulations 

Before running dynamic simulations at building scale, a preparatory study in steady state regime 

(solely targeted at the windows) was performed. The study, performed with the software 

THERM and WINDOW (versions 7.4) aimed at modelling and calibrating the existing windows. 

The physical parameters after the windows model calibration were inputted in the building 

dynamic simulations.  

THERM, developed by the Lawrence Berkeley National Laboratory (LBNL), is a simulation 

software used for the two-dimensional heat-transfer modelling of building components. The 

software was integrated with the WINDOW software glazing library. More details on THERM 

and the finite elements heat transfer calculation methodology implemented in the software can 

be found in [332]. 

Successively, the building dynamic simulations were performed with the software VE (Virtual 

Environment) developed by IES (Integrated Environmental Solutions). More on the transient 

calculation methodology implemented in the software package can be found in [333]. 

9.5.3.1 Windows simulations  

In this preparatory study, one window at the ground floor (space 1) was selected for the 

calibration. The surface temperature distribution of the modelled window in THERM was 

compared to the one measured onsite with IRT imaging. In-situ measured environmental 

boundary conditions and materials emissivity were inputted in the window model; hence, the 

thermal conductivity from the modelled window frame was tuned for minimizing the deviations.  

The boundary conditions at the indoor/outdoor air/surface interface were modelled using 

constant heat transfer coefficients calculated with the air temperature in-situ measured (outdoor 

11°C, indoor 20°C) according to Annex A in [190]. The surface resistance of the adjacent 

surfaces inputted in the simulations was calculated according to annex A in [190], see Eq. 9.1 

below. 

 

 𝑅𝑠𝑖 = 
1

ℎ𝑐 + ℎ𝑟

 Eq. 9.1 

 

Where hr is the radiative coefficient and hc is the convective coefficient calculated according to 

Annex A in [190]. The surface emissivity for the painted window frame is 0.90. The outdoor and 
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indoor radiative coefficient is respectively 4.59 and 5.13 W/m2K. The indoor convective 

coefficient is considered 2.5 and 5 W/m2K respectively for horizontal and upwards heat flow 

while the outdoor one is 16 W/m2K (wind speed 3m/s during the measurements). Therefore, the 

indoor and outdoor resistances inputted in the model are respectively 0.13 and 0.05 m2K/W for 

the vertical windows, while for the skylights (at the attic level), they are 0.10 and 0.05 m2K/W.  

The thermal conductivity of the timber frame in THERM was adjusted by considering 

±0.1W/mK step intervals starting from 0.20W/mK. All the control points showed closer surface 

temperature values with thermal conductivity 0.23 W/mK, see Table 9.5.3.1.1. It is worth 

mentioning that most of the wood qualities reported in Table 3.39 in CIBSE, Guide A [334] have 

thermal conductivity ≈0.23W/mK when moist. The results from the steady state windows model 

calibration are summarized in Table 9.5.3.1.1 and presented in Fig. 9.5.3.1.1 (a-c), 9.5.3.1.2 (a-

c) and 9.5.3.1.3 (a-c).  

 
   Measured (FLIR E60bx IR 

Camera) 

 

Simulated (THERM 7.4) 

 

 
Control point 

localization 
Description Image 

Min 

Temp 

(°C) 

Max 

Temp 

(°C) 

Instrumental 

Average (°C) 

Min 

Temp 

(°C) 

Max 

Temp 

(°C) 

Avera

ge 

(°C) 

Dev. 

from 

the 

mean 

(°C) 

upper frame 
central part of the 

operable frame 
10.4.3.1.2 17.7 18.5 18.4 17.10 18.00 17.55 0.85 

upper sill 
central part of the 

sill 
10.4.3.1.2 18.8 19.3 19.2 18.40 19.30 18.85 0.35 

Upper 

connection 

point 

towards 

connection with 

the sill 

10.4.3.1.2   17.9   17.00 0.90 

lower frame 
gap connection 

fixed/operable 

frame 

10.4.3.1.1 15.7 17.5 16.7 16.30 17.50 16.90 -0.20 

lower sill 
central part of the 

sill 
10.4.3.1.1 17.6 18 17.8 17.70 19.20 18.45 -0.65 

glass pane  10.4.3.1.1   15.6   17.10 -1.50 

glass bar 
central part of the 

bar 
10.4.3.1.3 18.4 18.6 18.5 18.30 18.60 18.45 0.05 

transom 
central part of the 

operable frame 
10.4.3.1.3 18.5 18.6 18.6 17.10 18.10 17.60 1.00 

Transom 

upper point 

upper part of the 

fixed frame 
10.4.3.1.3   18.7   18.00 0.70 

   Instrumental accuracy 2% of 

measured value 
    

Table 9.5.3.1.1; Measured and simulated windows; surface temperature comparison 

 
 

Although the model tends to overestimate the surface temperature of the lower part of the 

window frame and to underestimate the one of the upper part, the observed absolute deviations 

are only in one control point higher than 1°C.  In Fig. 9.5.3.1.1 (a-c) the inferior frame profile is 

shown. The control points show that the model simulates frame surface and sill temperature 

slightly higher than the one measured infield. The same is true for the surface temperature of the 

glass pane. In the latter case the temperature deviation is 1.5±0.31°C, the highest deviation 

registered in the model.  

 
Fig. 9.5.3.1.1.a-c; inferior window frame connection; from the left (a) corner localization, (b) IRT imaging, (c) 

window model (THERM 7.4) 
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In Fig. 9.5.3.1.2 (a-c), the superior frame profile is shown. In this upper part, differently from 

the lower one, the model tends to underestimate the surface temperature of the frame. For the 

upper control points, the maximum deviation between measured and simulated surface 

temperature is 0.9°C.  

 
Fig. 9.5.3.1.2.a-c; superior window frame connection; from the left (a) corner localization, (b) IRT imaging, (c) 

window model (THERM 7.4) 

 

In Fig. 9.5.3.1.3 (a-c), two different parts on the central/upper part of the window frame are 

shown (horizontal glass bars and transom). Also in this case the model tends to underestimate 

the surface temperature. However, the maximum deviation between measured and simulated 

values is less than 1°C.  

 

 
Fig. 9.5.3.1.3.a-c; central window frame connection; from the left (a) transom localization, (b) IRT imaging, (c) 

window model (THERM 7.4) 

 

The reasons for the discrepancies obtained between simulated versus measured windows frame 

surface temperature, may be explained as follow. In the model, a steady indoor air temperature 

20°C was set as indoor boundary. However, in situ an air temperature layering might have 

occurred, especially on the window surface interface. This condition might have slightly altered 

the air/surface interface boundary condition at the lower and upper part of the frame. In other 

words, a slight air temperature cooling (below 20°C) may have occurred in proximity of the floor 

and a slight temperature increase (above 20°C) may have occurred in proximity of the ceiling. 

This layering was neglected by the model. However, given the small deviations between 

simulated and measured values, the obtained results were considered admissible for the purpose 

of the study and the defined frame materials characteristics and boundary conditions were 

inputted in the building dynamic simulations as discussed in the next section.  

9.5.3.2 Building dynamic simulations  

The dynamic building simulations were performed in VE (Virtual Environment) from IES 

(Integrated Environmental Solutions) version 2016.0.0.0. The building is equipped with a 

condensation boiler (180kW) that delivers hot water to radiators for a total heated area of 

≈700m2. The boiler does not deliver domestic hot water; moreover, no cooling or mechanical 
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ventilation systems are installed in the building. Therefore, the energy performance improvement 

allowed by each retrofitting scenario is evaluated in terms of reduction of yearly energy 

consumption for space heating (from now on defined, for brevity, as energy consumption). For 

the simulations, historical weather data series for Antwerp (year 2013) were used. The heating 

period is October-April. The building is characterized by brick masonries, timber ceiling for the 

first and second floor as well as for the roof and brick and mortar vaults between the basement 

and ground floor. Preparatory to the building simulations, the thermal performance of two walls, 

representing the most common masonry typologies, was measured onsite by means of Heat Flow 

Metering (HFM). Lighting and heating schedules as well as users’ schedules were modelled 

considering the building as usual scenario, namely considering building use schedules, typology 

of lamps and auxiliary equipment according to the offices in their current state.   

For modelling the influence of fenestration deterioration on the building energy consumption, 

the air infiltration rate measured in space 1 (deteriorated windows) as well as the physical 

characteristics of the deteriorated windows model discussed in section 9.5.4 and Annex 4.1, were 

inputted in the dynamic building model. This first model defines the building baseline (see 

section 9.5.5.1). The energy use of the baseline model (scenario 1) describes the consumption 

the building would have if all the windows were deteriorated as measured in space 1. This 

theoretical condition allows comparison of the results of the retrofitting scenarios. 

An overview of the historic windows geometrical and physical characteristics inputted in the 

building models for scenarios from 1 to 5 is given in Table 9.5.3.2.1. Boundary conditions, 

infiltration rates and additional windows characteristics for all the scenarios are given in Table 

9.5.3.2.2. An overview of the replacement windows physical characteristics inputted in the 

building models for sub-scenarios 6 is given in Table 9.5.3.2.3.  
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Basement level 29 40 0.04 7.6 20.6 0.9 0.85 0.82 0.07 

Ground level (Type A) 72.9 32 0.04 7.6 20.6 0.9 0.85 0.82 0.07 

Ground level (Type B) 32.8 45 0.04 7.6 20.6 0.9 0.85 0.82 0.07 

First level (Type A) 70.6 33 0.04 7.6 20.6 0.9 0.85 0.82 0.07 

First level (Type B) 13.1 43 0.04 7.6 20.6 0.9 0.85 0.82 0.07 

Second level (type A) 7.8 24 0.04 10.13 20.6 0.9 0.85 0.82 0.07 

Second level (type B) 4.4 33 0.04 10.13 20.6 0.9 0.85 0.82 0.07 

Table 9.5.3.2.1; Boundary conditions and historic windows properties (scenarios 1 to 5) 

 

 

Historic windows 
η nat (h-1) 

η 50/20 

Historic Timber frame 

thermal conductivity 

(W/mK) 

Glass pane 

thickness (mm) 

Glass pane thermal 

conductivity (W/mK) 

Scenario 1 0.33 0.23 4 1.06 

Scenario 2 0.26 0.19 4 1.06 

Scenario 3 0.22 0.19 4 1.06 

Scenario 4.α/4.γ 0.22 0.19 4/6 1.06 

Scenario 5 0.22 0.19 6 1.06 

Scenario 6 0.22 - 6 1.06 

Table 9.5.3.2.2; Boundary conditions (scenarios 1-6) and windows properties (scenarios 1-6) 
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    Mean Frame thermal transmittance (W/m²K) Mean Frame thermal resistance (m²K/W) 

Floor Window A PVC T A PVC T 

-1 A 1.508 1.775 1.400 0.485 0.383 0.53 

0 A 1.508 1.775 1.400 0.485 0.383 0.53 
 B 1.825 1.833 1.400 0.369 0.369 0.53 

1 A 1.508 1.775 1.400 0.485 0.383 0.53 
 B 1.825 1.833 1.400 0.369 0.369 0.53 

2 A 1.508 1.775 1.400 0.515 0.413 0.56 
 B (*) 1.508 1.775 1.400 0.515 0.413 0.56 

Table 9.5.3.2.3; Thermal properties replacement windows frames (scenario 6) 

 

To permit a comparison among windows frame materials and excluding the effect of glazing, in 

scenarios 5 and 6, an identical Insulating Glass Unit (IGU) double- glazed (argon filled) was 

modelled. The IGU initial thermal characteristics –not accounting for the unit technical 

performance decay- are given in Table 9.5.3.2.4. The glass centred IGU thermal transmittance 

value is 1.1 W/m2K. 

 

Materials 

(from 
outside) 

Thickness 

(mm) 

Thermal 

conductivity 
(W/mK) 

Gas 

(concentration) 

Convection 
Coefficient 

Initial State 

(W/m²K) 

Thermal 

Resistance 

-initial 
state 

(m²K/W) 

Outside 

Emissivity  

Inside 

Emissivity 

clear float 6 1.06 - - 0.0057 - - 

cavity 16 - Argon (90%) 1.47 0.6573 - - 

clear float 6 1.06 - - 0.0057 0.015 - 

Table 9.5.3.2.4; Insulating Glass Unit argon-filled; physical characteristics at the initial state 

 

The dynamic building simulations of each scenario were performed considering each perishable 

component firstly in its initial state (obtaining the initial scenario yearly building energy 

consumption) and secondly in the deteriorated state (obtaining the decayed scenario yearly 

building energy consumption). The physical properties of one component per time were adjusted 

holding the properties of the other components constant at their initial state. This aspect is 

discussed in the next section. 

9.5.4 Influence of windows technical performance decay on building life cycle 

operating energy 

In order to quantify the windows technical decay, the typical deterioration of the identified 

perishable components with a bearing on the window energy performance was analysed, see 

Annex 4.1 for an extended discussion. Successively, the influence of each component 

deterioration on the windows technical performance was individually quantified (Table 9.5.4.1) 

by using data from onsite measurements and literature research. 

 

 Putty on the glass bars; in scenario 2 and 3, the influence of (silicone) putty deterioration was 

considered in terms of building air infiltration rate alteration. The air infiltration from space 

2 (Ƞ26) decays to the one of space 1 (Ƞ33); section 9.5.2. Because in scenario 4 an internal 

secondary glazing is present, the putty deterioration of the historic windows is supposed to 

alter the thermal resistance of the air buffer between the glazing panes but not the building 

air infiltration rate; see section 9.5.5.4. For this reason the deterioration of the putty in 

scenario 4 is modelled as alteration of the air buffer thermal resistance from the initial (R1) 

to the deteriorated (R2) state. 
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 putty on glass bars 

(silicone) 

sealants on 
window sashes 

(EPDM+ silicone) 

hydrophobic paint 

layer 
Insulating Glass Unit 

scenario 2 Ƞ26→Ƞ33 - λ1(0.17)→λ2 (0.21) - 

scenario 3 Ƞ26→Ƞ33 Ƞ22→Ƞ26 λ1(0.17)→λ2 (0.21) - 

scenario 4 R1 (air cavity)→R2 Ƞ22→Ƞ26 λ1(0.17)→λ2 (0.21) - 

scenario 4.γ R1 (air cavity)→R2 Ƞ22→Ƞ26 λ1(0.17)→λ2 (0.21) 
IGU, argon conc. 

90%→66% 

scenario 5 - Ƞ22→Ƞ26 λ1(0.17)→λ2 (0.21) 
IGU, argon conc. 

90%→66% 

scenario 6.A-PVC - Ƞ22→Ƞ26 - 
IGU, argon conc. 

90%→66% 

scenario 6.T - Ƞ22→Ƞ26 λ1(0.17)→λ2 (0.21) 
IGU, argon conc. 

90%→66% 

Table. 9.5.4.1 Components properties variations for accounting the technical decay of windows 

 

 Hydrophobic paint decay; in scenarios 2 to 5 and 6 (Timber), the deterioration of the 

hydrophobic paint layer is considered in terms of thermal conductivity alteration of the 

windows timber frame. The thermal conductivity of the wood in its dry state (λ1) increases 

to the one of moist state (λ2). Consequentially the frame thermal resistance decreases; see 

section 9.5.5.2 and 9.5.5.6. 

 Sealant profiles decay; in scenarios 3 to 6, the influence of sealant profiles around the window 

sashes and window edges (modelled together) was considered, similarly to putty onto glass 

bars, in terms of building air infiltration rate alteration. The air infiltration from spaces 2 and 

1 after the draught proofing (Ƞ22) decays to the one of space 2 (Ƞ26); section 9.5.2 and 9.5.5.3. 

 IGU decay; in scenarios 5 to 6, the influence of the insulating glass unit decay was quantified 

in terms of argon concentration reduction (from 90% to 66%). The IGU central pane thermal 

resistance decreased consequentially; see section 9.5.5.5 and 9.5.5.6. 

 

More information on the typical deterioration of the mentioned perishable components is given 

in Annex 4.1. 

9.5.4.1 Theoretical and methodological assumptions for components deterioration modelling  

In this study: 

 

 The decay of each component is assumed linear and continuous until the component EOL. If 

the replacement of a given component occurs after the components EOL, the performance of 

the component does not deteriorate further, see Fig. 9.5.4.1.1; 

 

 
Fig. 9.5.4.1.1; Example of decay for a material with 10 and 20 years EOL; material replacement occurs at the 20th 

year; the term +∆E, on the y axis, represents the operating energy increase due to the material decay; on the x axis 
are reported the years 
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 The energy saving reduction caused by the deterioration of a given component is independent 

from the deterioration process of other components. In other words, no interaction between 

components deterioration is calculated; 

 The non-perishable components, namely components for which the deterioration process 

other than the breakage is supposed not to influence the window performance, are considered 

with constant energy performance contribution throughout their service life. These are, 

aluminium or PVC frame profiles, thermal breaks, low-emissivity coatings and single glass 

panes. 

9.5.4.2 Analytical procedure to account for the influence of components deterioration on the 

building life cycle operating energy 

In order to adjust the building Life Cycle operating Energy (considering windows performance 

decay), a coefficient, termed Yearly Energy Performance Decay Rate (YEPDR) was introduced. 

This coefficient is calculated once the building energy consumption is obtained from the dynamic 

simulations considering firstly the perishable components in their initial state and secondly in 

their deteriorated state. 

YEPDR, represents the yearly building energy saving decrease occurring because of the 

technical obsolescence of components making up a given assembly. In this study the assemblies 

are the windows. The YEPDR for the 𝑐𝑡ℎ component in the 𝑎𝑡ℎassembly is determined according 

to Eq. 9.2. 

 

 𝑌𝐸𝑃𝐷𝑅𝑎,𝑐 =
(𝐸𝑠𝑎𝑣1𝑎,𝑐 − 𝐸𝑠𝑎𝑣2𝑎,𝑐)

𝑆𝐿𝑎,𝑐

 Eq. 9.2 

 

Where (𝐸𝑠𝑎𝑣2𝑎,𝑐 ) is the building Energy saving enabled by the cth components in the ath 

assembly after the deterioration process, while (𝐸𝑠𝑎𝑣1𝑎,𝑐) is the building Energy saving enabled 

by the cth components in the ath assembly according to its initial performance. The energy saving 

loss at the numerator, also definable (∆𝐸) is standardised by the component Service Life (𝑆𝐿𝑎,𝑐). 

The maximum yearly energy decay rate from one assembly (a), is given by Eq. 9.3, namely by 

aggregating the decay rate of each perishable component making up the assembly. 

 

 𝑌𝐸𝑃𝐷𝑅(𝑎) = ∑𝑌𝐸𝑃𝐷𝑅(𝑎,𝑐)

𝑛

𝑐=1

 𝑐 = 1, 𝑛̅̅ ̅̅̅ Eq. 9.3 

 

Eq. 9.3 should be calculated singularly for each assembly constituting the retrofitting 

intervention, in this case for each window. Indeed, different assemblies may have different SL 

according to: microclimatic indoor/outdoor conditions, use cycles etc. However, for simplicity, 

in the present study, we assumed that all the windows follow the same deterioration process, 

therefore no individual window deterioration is considered.  

The total YEPDR for all the windows assemblies (YEPDR Total), is given by Eq. 9.4. This 

coefficient stands for the annual energy saving decrease caused by the decay of all the retrofitting 

assemblies. If additional retrofitting interventions are included, e.g. wall insulation, roof 

insulation etc., the total per homogeneous assemblies typology should be calculated. 

 

𝑌𝐸𝑃𝐷𝑅𝑇𝑜𝑡𝑎𝑙 = ∑ 𝑌𝐸𝑃𝐷𝑅(𝑎)

𝑚

𝑎=1

 𝑎 = 1,𝑚̅̅ ̅̅ ̅̅  Eq. 9.4 
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The building energy consumption taking into account each cth component technical decay at the 

xth year of the component SL is calculated according to Eq. 9.5 and defined Net building energy 

consumption (Ec net).   

 

𝐸𝑐 𝑛𝑒𝑡(𝑥) =  (𝐸1(𝑐) + (𝐸1(𝑐)  ∙ 𝑌𝐸𝑃𝐷𝑅(𝑇𝑜𝑡𝑎𝑙))  ∙ (𝑥 − 1)) 𝑥 = 1, 𝑛̅̅ ̅̅̅ Eq. 9.5 

 

Where (𝐸1(𝑐)) is the  initial energy consumption allowed by the cth component; x is the year of 

the component Service Life, with n =last year of the component SL. The net cumulative life 

cycle building energy consumption accounting for the whole assembly technical performance 

decay is given by Eq. 9.6. With y=m last year of the building RL.  

 

 𝐸𝑎 𝑁𝑒𝑡(𝑇𝑜𝑡) = ∑(𝐸1(𝑐) + ( 𝐸1(𝑐) ∗ 𝑌𝐸𝑃𝐷𝑅(𝑎,𝑐)

𝑛

𝑦=1

) ∙ (𝑦 − 1)) 𝑦 = 1,𝑚̅̅ ̅̅ ̅̅  Eq. 9.6 

 

9.5.5 Baseline and retrofit scenarios modelling description 

To explore the life cycle environmental impact variation of the five-fenestration improvement 

options (see Table 9.1.1) alongside variations of intervention frequency, technology and 

materials Service Lives (SLs), each improvement scenario was investigated considering several 

sub-scenarios. Scenarios and sub-scenarios are discussed in this and next chapters on basis of 

the numeration scheme given in Table 9.5.5.1.   

The first consequential numbering of the scenarios refer to retrofitting intervention variation, the 

second order of consequential numbering refers to maintenance iteration frequency variation. 

The coding a and b refers to SL materials variation, while the coding α and γ refers to technology 

variation. The coding 1% and 2% refer to the variation of recycled content share within the 

materials manufacturing. It is worth noting that the technology variation and variation of the 

materials recycled content do not influence the results in this study (as no embodied impacts are 

accounted); however, this information is reported for consistency with the study description in 

the next Chapter. The sole influence on the results in this chapter is given by the technology 

variation in scenario 4. In this scenario are modelled two technological alternatives for an internal 

single glazing: (α) single glazing unit and (γ) double glazing unit.  

An overview of the activities iteration frequencies performed per scenario and sub-scenario is 

given in Annex 4.10, while a summary of the SLs for the materials considered in this study is 

given in Table 9.5.5.2. 

 
Scenarios or sub-Scenarios 

variations 
Description Coding 

Scenarios Baseline and improvement scenarios {1; 2; 3; 4; 5; 6} 

Sub-scenarios: frequency  Iteration frequency variations {.1; .2; .3 … .8} 

Sub-scenarios: Service Life (SL) Materials SL variations {.a; .b} 

Sub-scenarios: Technology Technology variations {.⍺; β;.γ} 

Sub-scenarios: Recycled content Share of recycled content variation {.1%; .2%} 

Table 9.5.5.1; Description of Scenarios and sub-Scenarios codification (it is worth nothing that alternative “β” 

refers to a sub- scenario discussed in Chapter 10) 

 

By considering the activities iteration frequency per scenario, the total number of performed 

building dynamic simulations was 112. Additionally, 39 simulations were performed for 

modelling the deteriorated state of the perishable materials, see section 9.5.4. 
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Service Life (SL) perishable (1-4) and not perishable (5) materials 

Scenario code 
1. Glazing bars 

putty (silicone) 

2. Frame paint 

(hydrophobic paint) 

3. Weather 

stripping 

profiles and 
foam (EPDM-

PUR) 

4. Insulating 

Glass Unit 

(Argon filled 
double glass) 

5. Window 

unit 

2 a 10 20 - - - 

3 a 10 20 10 - - 

 b 10 20 20 - - 

4.α a 10 20 10 - - 

 b 10 20 20 - - 

4.γ a 10 20 10 25 - 

 b 10 20 20 35 - 

5 a - 20 10 25 - 

 b - 20 20 35 - 

6.Alu a - - 

- 
- 

 

10 25 50 

 b - - 
- 

- 

20 35 50 

6.PVC a - - 

- 
- 

10 25 50 

 b - - 20 35 50 

6.Timber a - 20 10 25 50 

  b - 20 20 35 50 

Table 9.5.5.2; Materials Service Life (in years) 

 

The Service Life of silicone putty is estimated according to onsite acquired information. The 

deteriorated silicone putty on the glass bars of space 1 was applied over 10 years ago, while it 

was recently applied in space 2. Therefore, a silicone putty SL of 10 years was assumed. 

The technical SL for the high water resistant paint is estimated on basis of literature results. 

Laboratory tests on alkyd and acrylic paints highlighted that the paint layers undergo plastic 

deformation and cracking at low air temperature. Mecklenburg in [136] analysed the 

temperature-induced damage of 20 years-aged alkyd and acrylic paint layers. The author reported 

that if the temperature falls beyond the one of glass transition79 the paint layer experiences plastic 

deformation and cracking (hence water absorption by the frame). By admitting a simplification 

and considering that the outdoor average temperature in Belgium is for 6 months a year lower 

than 10°C80, it is possible to consider that the technical SL of acrylic and alkyd windows paint 

in outdoor environment is not longer than 20 years. This hypothesis is fully consistent with Life 

Cycle Assessment (LCA) studies on alkyd emulsion based paints as reported in [335]. A 

technical SL for paint of 20 years was therefore assumed. 

Also the technical SL for the EPDM weather sealing profiles is estimated on the basis of literature 

review. In the literature it is often reported that EPDM profiles SL may sharply vary according 

to: temperature cycling, environmental chemical aggressiveness, quality of installation 

workmanship and profile geometry [336][337][338]. Considering the variety of the several 

factors affecting the EPDM SL, two different scenarios were considered according to 

[338][339][340]. Sub-scenarios a and b, respectively with SL 10 and 20 years. In the study the 

sealing materials for the draught proofing (EPDM and silicone) are considered together with 

EPDM SL. 

The technical service life of the IGU, was estimated at 25 years as resulted from laboratory test 

performed by Garvin in [341]. In the study, the author pointed out the IGU SL might be longer 

than 25 years depending on environmental circumstances and IGU characteristics such as 

geometry and material of the spacer and secondary sealing. For taking into account the influence 

of IGUs durability on the life cycle operating energy of the modelled scenarios, two SL 

alternatives were considered: alternative a and b respectively 25 years and 35 years. 

It is worth mentioning that the SL of non-perishable materials (column 5 in Table 9.5.5.2) does 

not influence building operating energy. In this study, the mentioned non-perishable materials 

                                                           
79 Temperature of glass transition was found between 10°C-7.22°C for Alkyd paint and 4.44°C-1.66°C for Acrylic paint; 
pag. 15 in [136] 
80 From https://www.worldweatheronline.com/brussels-weather-averages/be.aspx; accessed on 24/05/2017 
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are assumed to be replaced together when the window unit is replaced. The replacement 

frequency of the window units is assumed to be 50 years for each. 

9.5.5.1 Scenario 1: baseline scenario 

As mentioned, the baseline building model consumption represents the yearly heating 

consumption the building would have if all the windows -due to their deterioration- would have 

infiltration rate equal to the one measured in space 1.  

The energy model for scenario 1 was simulated considering the air infiltration rate at 50Pa 

measured in space 1 (𝜂𝑛𝑎𝑡= 0.33). Windows thermal properties and boundary conditions are 

simulated on basis of the results from the calibrated -steady state- windows model. Timber frame 

thermal conductivity inputted in the calibrated windows model is 0.23W/mK. This value, also 

inputted in the building dynamic model for scenario 1 (Table 9.5.3.2.2), corresponds to the 

conductivity of “moist hardwood, oak” in Table 3.39 in CIBSE, Guide A [334].  

9.5.5.2 Scenario 2: Fenestration maintenance  

Even if windows maintenance is generally not included among the activities aimed at reducing 

buildings energy demand, this study analysed the extent to which its implementation permits 

reduction of infiltration and conductive losses, hence, to improve the overall building energy 

performance. It is worth mentioning that windows maintenance only permits replication of the 

energy performance the building was supposed to have in its initial state. Additional savings can 

only be obtained if implementing energy retrofitting interventions (see chapter 1) [41][342]. 

The definition of building maintenance in LCA studies as well as LCA statutory framework is 

not always consistent and often the boundary intervention of the maintenance activities 

significantly differs. This aspect will be discussed in detail in chapter 10. For the sake of clarity, 

the windows maintenance activities considered in this study are: replacement of the glass bars 

putty, windows painting and ironmongery oiling.  

Putty replacement allows for a reduction of the infiltrative losses, while window painting 

indirectly allows for a reduction of the conductive losses. The position of the silicone putty onto 

the glass bars is represented in Fig. 9.5.5.3.1 in the next section.  

The energy model for scenario 2 was simulated considering the air infiltration rate measured in 

space 2 (𝜂𝑛𝑎𝑡= 0.26). The underlying hypothesis is that after the restoration and maintenance of 

building fenestration, the infiltration rate as measured in space 2 is obtained in all the building 

spaces. 

After maintenance, it is assumed that timber windows frame equilibrium moisture content drops 

because of the application of high water resistance coating [343]. The timber frame thermal 

conductivity is assumed to drop from 0.23 to 0.19 W/mK; namely from moist to dry hard wood 

in Table 3.39 in CIBSE, Guide A [334]. Consequentially the timber frame thermal Resistance 

(R) increases from 0.17 to 0.21m2/WK. 

In scenario 2, the perishable materials considered are: water vapour resistance paint coating and 

silicone-based putty on the glass bars. For quantifying the individual energy saving fraction 

attributable to the silicone putty onto the glass bars and to the hydrophobic paint layer, the 

individual energy saving contribution allowed by both the materials was individually simulated. 

As that total energy saving resulting from the independent simulation of each single intervention 

was larger than the one obtained by the simultaneous interventions simulation, the energy 

savings were standardised. This standardisation was performed in each scenario.  

This study considers the hypothesis that, at the end of the paint layer SL, the timber frame thermal 

conductivity goes back to the stage pre-maintenance (R from 0.21 to 0.17 W/mK). Moreover, at 

the end of the silicone putty SL, the building infiltration level goes back to the value pre-glass 
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bars maintenance (𝜂𝑛𝑎𝑡from 0.26 to 0.33). No residual energy saving is allowed by silicone putty 

or paint layer at the end of their SL. 

9.5.5.3 Scenario 3: Fenestration draught proofing 

In scenario 3, additionally to the windows maintenance activities described in scenario 2, the 

windows draught proofing was modelled. The draught proofing consisted in EPDM profiles on 

windows sashes and silicone on the windows (fixed frame) edges. The position of the air –

draught proofing sealants (EPDM profiles and silicone) as well as the one of the silicone putty 

on the glass bars (from scenario 2) is shown in Fig. 9.5.5.3.1. 

 

 
Fig. 9.5.5.3.1; Localisation of the silicone-putty on the window sashes glass bars (scenario 2), EPDM sealing 

profiles on the sashes and silicone around the window edges (scenario 3) 

 

Beside being among the less invasive windows retrofitting options, windows weather-stripping 

is considered an effective intervention for improving energy efficiency especially of historic 

fenestration [344][345]. 

The energy model for scenario 3 was simulated considering the mean air infiltration rate at 50Pa 

measured in space 1 and 2 after the draught proofing (𝜂𝑛𝑎𝑡= 0.22). The underlying hypothesis is 

that after the maintenance and draught proofing of the building fenestration, the infiltration rate 

as measured in space 1 and 2 after the draught proofing is obtained in all the building spaces. In 

the study the sealing materials (EPDM and silicone around the edges) are considered as unique 

material. Further, the study considers the hypothesis that, at the end of the sealing materials SL, 

the building infiltration level goes back to the value pre-draught proofing and not to the non-

maintained windows (𝜂𝑛𝑎𝑡from 0.22 to 0.26). 

9.5.5.4 Scenario 4: Internal storm glazing addition  

The literature often reports the usefulness of adding a secondary glazing (also termed storm 

glazing) on the inner or outer side of an existing window as an alternative option to glass or 

window replacement [346][347][348]. This alternative is especially valid in case of historic 
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buildings as their operating energy can be reduced without threatening the existing fenestration 

[327][112][344][313][309].  

In this scenario, additionally to the contribution given by fenestration maintenance and draught-

proofing (scenario 2 and 3), the extra contribution given by the addition of an internal –inwards 

operable- secondary glazing was quantified, see Fig. 9.5.5.4.1. 

In order to avoid turbulent air motion with consequent increase of convective losses, the air 

buffer between the existing window glass pane and the one of the inner glazing, is generally 

recommended between 50-60mm [112]. However, in the present case study, due to the geometry 

of the existing windows handle, it was not possible to respect this geometrical requirement. In 

the modelled scenario, the maximum distance between existing and secondary frame is 120mm 

while the maximum distance between glass panes is 168mm. The internal storm glazing is 

connected to the building masonry via a timber counter frame. The counter frame, beside 

increasing the secondary glazing stability, allows visual alignment with the historic windows.  

 
Fig. 9.5.5.4.1; horizontal section window basement level; secondary glazing alternative 4.α 

 

In order to obtain results representative of the most applied secondary glazing technologies, two 

sub-scenarios were simulated: scenario 4.α refers to the installation of a single-glazed secondary 

glazing and scenario 4.γ refers to a double-glazed argon-filled secondary glazing.  

As mentioned in section 9.5.4, the aluminium frame and the single glass pane are not considered 

as to decay. For this reason, the materials subject to technical decay in sub scenarios 4.α are 

identical to scenario 3, namely EPDM sealant profiles and silicone glass putty. While in sub-

scenario 4.γ, is the IGU performance decay caused by the reduction of the volumetric argon 

concentration into the cavity. The loss of energy performance of the IGU caused by the reduction 

of gas volumetric concentration is explained in Annex 4.11.  

The energy model for scenario 4 was simulated considering the mean air infiltration rate at 50Pa 

measured in space 1 and 2 after the draught proofing (𝜂𝑛𝑎𝑡= 0.22). It is worth mentioning that 

the internal secondary glazing does not enable air tightness reduction beyond scenario 3. Indeed, 

draught-proofing of the historic fenestration also performed in scenario 4 (see Table 9.1.1.1), 

allows by itself the maximum air tightening achievable by intervening on the building 

fenestration. Therefore, from scenario 4 onwards, any extra- increase of building energy saving 

is attributable to the reduction of windows conductive losses. 

The heat transfer through the window (existing window- still air into the cavity- secondary 

glazing) was modelled according to (2011) EN 673 [349] as described in Annex 4.11. Initial air 

buffer thermal resistance was, hence, determined.  

Because of the wide thickness of the air gap, it was necessary to verify the absence of convection 

into the cavity. In other words, it was necessary to confirm that the heat transfer into the cavity 

occurs via conduction and not (or negligibly) via convection. The increase of convection, indeed, 

unavoidably decreases the air gap thermal resistance and generate air turbulences within the gap. 

For this purpose, the Nusselt number (Nu) was calculated. For the physical background of (Nu), 

refer to [349][350] and for its calculation procedure see Annex 4.11.  
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Steady state window simulations in THERM were run in order to evaluate the heat flow path 

(especially at the materials connection) and the air temperature distribution before and after the 

intervention.  

The Nusselt number (Nu), calculated considering the calibrated window model (see Annex 4.12 

and 4.13), was respectively ≈0.72 and ≈1.17 for vertical windows and (inclined) skylights.  

The obtained results showed that the heat transfer through the windows occurs via conduction 

for the vertical windows and with a slight convective contribution for the skylights. The initial 

air buffer thermal conductance (not accounting for the materials decay) considering the initial 

boundary conditions and (Nu), resulted as 0.150 and 0.175 W/ m²K respectively for vertical 

windows and inclined skylights.  

Further, the influence of the sealants deterioration of the historic (draught-proofed) window and 

the one of the internal secondary glazing was foreseen. In the study, it was assumed that the 

deterioration of the sealant on the historic windows causes the alteration of the air thermal 

resistance inside the air buffer, while the deterioration of the sealant of the secondary glazing 

causes the increase of the building infiltration rate. However, these circumstances occur 

simultaneously, therefore, their influence on the operating energy alteration is cumulative.  

In case the sealants on the historic windows deteriorate (EPDM profiles and silicone putty), the 

air buffer is no longer airtight, consequently the thermal resistance of the air buffer declines 

because of the increased convection (increased Nu). Simultaneously, since the sealant on the 

secondary glazing deteriorates (EPDM profiles), the infiltration rate in the building goes back to 

a value pre-draught proofing state (𝜂𝑛𝑎𝑡= 0.26).  

To quantify the influence of the sealants deterioration (e.g., deformation, detachment etc.) on the 

reduction of the entire window thermal performance, the decrease of the air buffer thermal 

resistance due to the presence of a hypothetical 5.1cm2 fissure area on the sealants of the historic 

windows in accordance to EN 6946 [190] was calculated; see Annex 4.14.  

Due to the air infiltration, the air buffer -unventilated in its initial state- becomes slightly 

ventilated. The thermal resistance of the air gap falls by up to 30% compared to its initial value; 

see Table 9.5.5.4.1. Note that, the air buffer thermal resistance does not go to zero thanks to the 

passive behaviour of the internal glazing. There is still residual energy saving after the perishable 

components EOL.   

 

Floor 
Windo

w 

Window glass 
putty Area -

external side 

(mm^2) 

Windo
w 

Length 

(m) 

Fissure 

Area 
(mm^2) 

Av 

(mm^2
) 

Initial R  

air 

cavity 
(m²K/W

) 

Decayed 

R air 

cavity 
(m²K/W

) 

Rt reduction 

(%) 

-1 A 581.28 1.53 501 766.53 0.260 0.205 -0.21 

0 A 1240.00 1.53 501 766.53 0.260 0.205 -0.21 
 B 1270.00 1.84 501 921.84 0.260 0.173 -0.33 

1 A 1436.00 1.54 501 771.54 0.260 0.204 -0.22 
 B 1755.00 1.43 501 716.43 0.260 0.215 -0.17 

2 A 1261.00  501 661.32 0.258 0.225 -0.13 
 B (*) 351.00  501 501 0.258 0.258 0.00 

(*) the surface area of the skylights was considered 1m² instead of 0.75 m² to avoid inconsistency within the 

calculation (see EN 673.2011) 

Table 9.5.5.4.1; Calculation of initial and decayed air buffer thermal resistance (R); Initial (R1), calculated 
according to EN 673.2011 and Decayed (R2), calculated according to EN ISO 6946. Assumed fissure glass putty 

area 5.1cm² 

 

With regard to scenario 4.γ, not only the possible thermal performance decay of the sealing 

profiles of both historic windows and secondary glazing was calculated, but also the decay of 

the gas volumetric concentration into the IGU. In the study it was considered that the initial IGU 

gas volumetric concentration is 90% [351]. Further, by considering a  maximum yearly gas 
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leakage rate of 1%/y as allowed by the (2012) EN 1279-3 [352], the argon volumetric 

concentration at the end of the IGU SL, reduced to 65.36% (rounded to 66%). The volumetric 

gas concentration loss assumed over the IGU SL is consistent with laboratory test results reported 

in Table 2 in [353]. 

On this basis the 16mm argon cavity convection coefficient, hence the IGU thermal resistance 

in its initial and deteriorated states, was calculated and inputted in the dynamic simulation 

models, see Table 9.5.5.4.2. The calculation followed the specifications in EN 1279-3 [352] 

reported in Annex 4.15. The gas properties of the initial and final gas-mixture within the IGU 

cavity as well as the IGU thermal properties are calculated according to the procedure in §6.2 in 

EN 673.2011 (E) [349] reported in Annex 4.16.  
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clear float 6 1.06 - - - 0.0057 0.0057 - - 

cavity 16 - Argon 90%→66% 1.47 1.63 0.6573 0.5859 - - 

clear float 6 1.06 - - - 0.0057 0.0057 0.015 - 

Table 9.5.5.4.2; Insulating Glass Unit argon-filled; physical characteristics before and after technical performance decay 

 

9.5.5.5 Scenario 5: Glass pane replacement 

Another widely employed intervention for historic windows is the substitution of the glass panes 

and the retention of the window frame [309][112][344][33]. Because this intervention is 

generally targeted at reducing the conduction losses of the fenestration, the glass panes are often 

replaced by IGU, usually with low emissivity coatings [309]. Additional heat loss reduction can 

be achieved if, as in the present case, the glass pane replacement is combined with windows 

maintenance and draught-proofing. However, because the replacement of a single glass pane 

with an Insulating Glass Unit, may increase the sashes weight up to 4 times [344], the 

consolidation of the timber frame should be not neglected. Windows restoration was considered 

in the study.  However, since it plays a driving role only on the embodied impacts while not on 

the operating one, it is not discussed in this Chapter and will be discussed in chapter 10. 

The energy model for scenario 5 was simulated considering the mean air infiltration rate at 50Pa 

measured in space 1 and 2 after the draught proofing (𝜂𝑛𝑎𝑡= 0.22). The windows were modelled 

considering the IGU physical characteristics already given in Table 9.5.5.4.2 and the physical 

characteristics of the maintained and draught proofed existing window frames already given in 

Tables 9.5.3.2.1 and 9.5.3.2.2. 

The windows technical decay, in this case, is attributable to the paint deterioration on the historic 

timber frame, EPDM sealing profiles on the sashes, silicone decay around the windows edges 

and gas volumetric concentration reduction into the IGU. In contrast with the previous scenarios, 

the decay of the silicone putty on the glass bars is no longer included because the multiple glass 

panes making up the existing sashes are replaced by only one IGU per sash, Fig. 9.5.5.5.1. 
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Fig. 9.5.5.5.1; Front view of existing window at the first floor (type A) in its existing state and after the 

implementation of scenario 5; the dotted rectangle localises the removed glass bars 

 

9.5.5.6 Scenario 6: Windows replacement 

In scenario 6, the total fenestration replacement is simulated. The historic windows are replaced 

by aluminium, PVC or timber windows. In this study, replacement windows are installed without 

varying the outer visual alignment of the existing window frames. The alignment is allowed by 

introducing a few centimetres timber studs if the replacement frame is smaller than the existing 

one; see Fig. 9.5.5.6.1  

 

 
Fig. 9.5.5.6.1; Plan view of existing window at the basement level (1) and example of (aluminium) replacement 

window with timber sub frame (2); the dotted line indicates visual profiles alignment 

 

In order to obtain results representative of standard aluminium, PVC or timber products, the 

mentioned replacement windows, were modelled considering the mean geometric and physical 

characteristics of three different products per window typology. Timber windows were modelled 

only considering data from one EU producer. The window replacement frames, had mean profile 

dimension of 10cm±1.5cm height, and 7.5±1cm width. It is worth noting that, not only the 

thermal properties of the materials from the different producers were averaged, but so also the 

materials quantities were averaged. However, this aspect will be discussed in the next chapter. 

The mean frame thermal transmittance values for the three technologies are given in Table 

9.5.3.2.3. The double glazing IGU foreseen in each window replacement option is the same as 

the one modelled in scenario 4.γ and 5. The energy model for scenario 6 (all alternatives) was 

simulated considering the mean air infiltration rate at 50Pa measured in space 1 and 2 after the 

draught proofing (𝜂𝑛𝑎𝑡= 0.22). The windows technical decay, in this case, is attributable to: 
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EPDM sealing profiles on the sashes, silicone decay around the windows edges, gas volumetric 

concentration reduction into the IGU and (for scenario 6.T) paint layer decay. 

9.6 STUDY RESULTS 

The standardized initial and residual energy consumption with regard to each scenario is given 

in Table 9.6.1 and related energy savings are shown in Fig. 9.6.1. The energy savings discussed 

in this section do not include either the intervention iteration frequency nor the materials 

durability. Therefore, only the initial and residual energy savings for each scenario modelled in 

its initial and deteriorated state are discussed. This does not represent the building Life Cycle 

operating Energy saving over the considered 100 years Reference Life. Thus, no interventions 

iterations are considered. The latter will be discussed in sections from 9.6.1 to 9.6.6. 

 
Scenario Standardized Initial heating consumption 

(kWh) 

Standardized Residual heating consumption 

(kWh) 
_scenario 1 182120.45 182120.45 

_scenario 2 174187.28 182120.45 

_scenario 3 170389.22 175521.51 

_scenario 4.α 142633.28 150746.29 

_scenario 4.γ 139928.70 146237.06 

_scenario 5 143304.44 149206.07 

_scenario 6-alum 138540.04 143723.28 

_scenario 6-PVC 139564.04 145172.13 

_scenario 6-Timber 137715.86 148536.80 

Table 9.6.1; Scenarios energy consumption in initial (E1) and decayed state (E2) 

 

From the results it can be seen that performing simple building maintenance (scenario 2), is a 

practice that allows in itself building energy performance improvement. In the specific case, 

building energy use was reduced by up to ≈4.40%.  
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 Initial 
Residu

al 

scenario 1         0.00  

scenario 2 3.63 0.73      4.36 4.36 0.00 

scenario 3 2.32 0.46 3.66     6.44 2.81 3.63 

scenario 

4.α 
2.09 1.29 2.31 15.99    21.68 5.69 15.99 

scenario 

4.γ 
0.87 1.03 1.88 15.99 3.40 2.66  23.17 4.51 18.66 

scenario 5  1.11 2.11  18.09 17.20  21.31 4.12 17.20 

scenario 

6-alum 
  2.63  17.42 16.32 3.87 23.93 3.74 20.19 

scenario 

6-PVC 
  2.67  17.86 16.51 2.84 23.37 4.02 19.35 

scenario  

6-Timber 
 3.86 2.61  17.92 16.52  24.38 7.86 16.52 

Table 9.6.2; Break down of standardized energy saving fractions per considered window components and Initial-

Residual standardized Energy savings (values in percentage, %) 
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More specifically the re-putty of the glass bars and the re-painting of the timber frames allowed 

a reduction of energy consumption by up to 3.63% and 0.76% respectively; see Table 9.6.2. 

However, due to silicone and paint layer deterioration, the obtained savings are likely to be lost 

at the end of the materials SL. 

 

Scenarios 
scenario 

3 

scenario 

4.α 

scenario 

4.γ 

scenario 

5 

scenario 

6-alum 

scenario 

6-PVC 

scenario 6-

Timber 

Energy Saving 
Ratio 

(Residual/Initial) 

56.35% 73.77% 80.54% 80.68% 84.37% 82.80% 67.77% 

Table 9.6.3; Energy Saving Ratio (ratio between residual and initial energy saving) 

 

If window maintenance is combined with windows draught proofing (scenario 3), namely with 

the addition of sealing profiles around the sashes and at the edges of the fixed frame, the initial 

energy saving may increase up to 6.44%. The application of putty onto the glass bars and paint 

onto the window frame allow respectively 2.32% and 0.46% initial energy saving, while the air-

sealing of sashes and fixed frame, allows an additional 3.66% energy saving; Table 9.6.2. At the 

end of the sealants SL, in accordance with the hypothesis formulated in section 9.5.4, the 

fenestration goes back to a performance state prior to the draught proofing allowing a residual 

energy saving of 3.63%. In other words, 56.35% of the initial saving is still present at the end of 

the perishable components end of life; see Table 9.6.3. 

If all the scenarios are compared, considering their initial and residual energy saving, it can be 

seen that aluminium and PVC replacement windows (scenarios 6.A and 6.PVC) allow for the 

largest savings among the investigated ones; 84.37% and 82.80% energy saving are still 

respectively present also after the components deterioration; see Table 9.6.3. Obviously, this 

occurs because of the relative small technical decay of their perishable components.  

The initial energy saving allowed by scenarios 6.A and 6.PVC, is respectively 23.93% and 

23.37%, while the residual energy saving is respectively 20.19% and 19.35%. The largest among 

the investigated scenarios; see Fig. 9.6.1 and Table 9.6.2. The initial energy savings allowed by 

aluminium or PVC replacement windows is attributable to the IGU (17.42% and 17.86% for 

scenarios 6.A and 6.PVC), to the frame (3.87% and 2.84% for scenarios 6.A and 6.PVC) and to 

the sealing profiles (2.63% and 2.67% for scenarios 6.A and 6.PVC). As mentioned in section 

9.5.5.6, for both the scenarios, the technical performance decay is attributable to the deterioration 

of the windows sealants and IGU, see Table 9.6.2. 

 

 
Figure 9.6.1; Initial and Residual Operating Energy saving (before and after the materials decay); not accounting 

for scenario iteration frequency and materials durability 

 

With regard to the timber replacement window (scenario 6.T), there are other considerations. 

Although this intervention enables the highest initial energy savings (24.38%), it finally results 

in low residual savings (16.52%) at the end of the components SL, see Table 9.6.2 and Fig. 9.6.1. 
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Among the modelled retrofitting alternatives, hence excluding windows maintenance, scenario 

6.T has the lowest residual energy saving ratio (67.77%) see Table 9.6.3. This occurs due to the 

large fraction of technical decay (7.86%). Indeed, the deterioration of the paint layer (3.86%) 

causes the timber thermal conductivity to increase to the one of moist timber (Table 3.4.1). 

Additionally window sealants and IGU, cause the initial energy savings to falls to respectively 

2.61% and 1.39%.  

The application of an internal double-glazed secondary glazing (scenario 4.γ) or also the 

replacement of the existing single glazing with a double-glazed IGU (scenario 5), allows larger 

residual energy savings ratio than replacing the existing windows with timber units (scenario 

6.T). Indeed, with regard to these scenarios, from the initial savings, still 80.54% and 80.68% 

energy reduction is viable after the components deterioration; see Table 9.6.3. Also the 

installation of a single glazed storm glazing (scenario 4.α) results in higher residual energy 

saving ratio (73.77%) than the ones obtained by scenario 6.T. Nevertheless, the absolute residual 

energy saving is lower than the one allowed by scenario 6.T.   

Scenario 4, allows larger energy saving than scenario 5. This is because of the combined effect 

of air buffer and indoor glass pane. Indeed, scenario 5 allows 21.31% initial energy saving while 

scenarios 4.α and 4.γ allow respectively 21.68% and 23.17%. However, in scenario 4.α, the decay 

of the historic windows sealing materials causes the thermal resistance of the air cavity to 

decrease. The residual energy saving goes below the one of scenario 5. Conversely, the residual 

energy savings for sub-scenario 4.γ (18.66%) is still higher than the one of scenario 5 after the 

technical decay. This occurs because the conductive losses reduction (allowed by the presence 

of air cavity and internal secondary glazing with IGU) is large despite the technical deterioration. 

In other words in this case the passive contribution of the air buffer, cumulates with the one of 

the IGU. 

As mentioned at the beginning of the section, the results discussed until now do not consider 

both scenarios iteration frequency and materials durability. Hence the effect of time is neglected. 

Although this would be the end of ERI analysis according to the current assessment 

methodologies present in the Literature, it is limiting if not misleading to draw conclusions about 

ERI effectiveness on basis of this static assessment approach. This is not only because arguing 

about technical performance decay without relating it to a time frame is unrealistic, but also 

because several interventions may be performed in different moments of the building Reference 

Life, generating a variation of the LC operating energy savings. These aspects will be discussed 

in sections from 9.6.1 to 9.6.6.  

9.6.1 Scenario 1 results: baseline scenario  

Scenario 1, simulated the building with non-maintained fenestration. The resulting annual energy 

consumption for heating is 182120.45 kWh. If the fenestration state of conservation were to stay 

as the one measured in space 1 -without further deterioration- the Life Cycle operating Energy 

at the end of the considered RL will be 18212044.92 kWh; see Annex 4.17. 

9.6.2 Scenario 2 results: Fenestration maintenance 

In the present case study, the implementation of basic windows maintenance reduced by 21% 

the building infiltration rate resulting in ≈4.40% initial energy saving compared to scenario 1. 

The (initial) building energy consumption decreased from 182120.45 to 174187.28 kWh.  

Since the energy saving allowable by windows maintenance also depends on the state of 

conservation of the building, even higher results can be obtained [344][112]. Beside the benefits 

in terms of energy consumption reduction, window maintenance allows the prolongation of the 

historic windows SL. Maintained windows indeed, can even survive the life time of the building 

itself [313][354][355].  
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Since the long-term energy saving benefit of building maintenance depends on the frequency of 

its iteration, three different sub-scenarios are modelled considering fenestration maintenance 

frequency of 5, 10 and 15 years. Respectively defined sub-scenarios 2.1, 2.2 and 2.3, see Annex 

4.10. Performing window maintenance each 5, 10 and 15 years allows achieving respectively 

3.56%, 2.56% and 1.88% life cycle operating energy reduction at the end of the considered 

building RL; see Annex 4.17.   

Annex 4.18, shows the life cycle operating energy variation consequent on the implementation 

of the three sub-scenarios. In the figure, with regard to sub-scenario 2.3 (maintenance iterated 

each 15 years), it can be seen that the slope of the yearly performance decay varies from the 10th 

year. This occurs because from the 10th year, the only perishable component until the intervention 

iteration is the paint (paint has 20 years SL); silicone putty has already reached its End of SL, 

hence it does not further deteriorate, section 9.5.4. 

9.6.3 Scenario 3 results: Fenestration draught proofing 

In the present case study, according to the results from the onsite performed BDT (see section 

9.5.2), the windows draught proofing, allowed 16% ACH reduction in addition to the maintained 

windows and 37% in comparison with the non-maintained windows. This resulted in additional 

2.09% initial energy saving allowed by windows draught proofing in comparison with windows 

maintenance and 6.44% energy saving in comparison with no windows maintenance. 

Fenestration draught proofing was performed additionally to fenestration maintenance as 

generally undertaken in the daily practice [344].  

In all the iterations foreseen in scenario 3, see Annex 4.10, windows maintenance is always 

preparatory to windows draught proofing. In the specific case windows draught proofing 

consisted in installing weather stripping (EPDM) profiles around the sashes and sealing with 

silicone the window edges in connection with sills and jambs (see Annexes 4.7-4.9). The 

intervention permitted reduction of the initial building yearly consumption from 182120.45 to 

170389.22 kWh. The life cycle operating energy for the scenario 3 alternatives is reported in 

Table 2 in supplementary Data.  

As already mentioned for windows maintenance, windows draught proofing also has different 

effectiveness depending on the windows state of conservation. In a study by Pickles et al, the 

historic windows weather-stripping allowed air infiltration reduction by 86%, far larger than 

37% obtained in the present study [112]. However, nothing is known about the influence of this 

reduction on the building energy consumption reduction.  

Scenario 3, modelled seven sub-scenarios considering for each one a variation of maintenance 

and draught proofing iteration frequency. More specifically a maintenance frequency of 5 and 

10 years (the most effective from scenario 2) was modelled combined with a draught proofing 

iteration frequency of 5,10,20,30 years; see Annex 4.10. Further, each sub-scenario was 

modelled considering two materials SL alternatives (Table 9.5.5.2) resulting in 14 sub-scenarios. 

In this scenario, the sole difference between alternatives a) and b) concerns the sealants (EPDM 

and silicone around the edges), considered with 10 and 20 years SL: respectively alternatives a) 

and b). Nevertheless, in the specific case, because of the low technical decay of the sealants, 

the influence of their durability is negligible. Indeed, if considering the use of weather stripping 

profiles with 20 years SL instead of 10, the additional operating energy saving is only 0.01% at 

the end of the building SRL (maximum difference of savings between alternatives a and b among 

the 14 alternatives). 

In other words, although it appears clear that materials durability contributes to increase building 

life cycle operating energy savings, in this scenario the contribution is negligible because the 

perishable fraction of the energy savings allocable to the weather stripping profiles is negligible. 

The energy saving loss attributable to the weather stripping profiles deterioration in scenario 3 

is 0.03%; see Table 9.6.2.  
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The mentioned condition makes the proposed scenario 3 alternatives extremely similar from an 

energy saving point of view, see Annex 4.19. The operating energy saving among the 14 

alternatives range between 5.27% and 5.93%, see Annex 4.17. 

9.6.4 Scenario 4 results: Internal storm glazing addition  

In the present case study, the addition of a secondary glazing from the inner side of the historic 

fenestration allowed an initial energy consumption reduction from 182120.45 to 142633.28 kWh 

in case of a single glazed secondary glazing (scenario 4.α) and to 139929.70 kWh in case of a 

double glazed IGU argon-filled secondary glazing. 

As distinct from the measures so far discussed, the installation of a secondary glazing allowed 

not only a reduction of the infiltrative losses, but also of the conductive ones. Consequentially, 

the surface temperature of the internal glass pane slightly increased after the introduction of the 

secondary glazing, while the outer glass pane fell in comparison with the current situation. Fig. 

9.6.4.1 shows the comparison between surface temperature distribution in the current window 

(scenario 1) and after the installation of an internal single-glazed secondary glazing (scenario 

4.α). If considering the calibrated window model and boundary conditions discussed in section 

9.5.3.1, it can be observed that the internal glass pane surface temperature increased by up to 

1.1°C and the historic window glass pane decreased by up to 3°C. It can hence be supposed that 

the implementation of scenario 4, even if considering the less performing alternative 4.α, would 

likely generate an improvement of the indoor building microclimate quality. However, as this 

aspect is not an object of the present study, it is not further discussed.  

Scenario 4 (alternative α and γ), includes all the activities of scenario 2 and 3 as discussed in the 

previous sections; see Annex 4.10 and Annex 4.20 and 4.21.  

In Annex 10, the iteration frequency for all the activities to be undertaken in scenario 4 are 

reported; the considered components SL are given in Table 9.5.5.2. In total, 14 alternatives for 

scenario 4.α and 16 for scenario 4.γ. The two additional alternatives from scenario 4.γ refer to 

the SL of the Insulating Glass Unit. 

For completeness Table 9.5.5.2 reports the SL of the aluminium secondary glazing window 

frame. However, as mentioned, this component does not have any influence on the life cycle 

building operating energy variation as no technical decay was assumed; see section 9.5.4. Also 

the single glass pane is supposed not to experience technical obsolescence. Therefore, in 

scenarios 4.α and 4.γ, the components subject to decay are identical to scenarios 2 and 3 with the 

sole addition of the IGU in case of scenario 4.γ. 

The alternatives concerning the materials SL variation, refer to the IGU and sealing materials 

(EPDM and silicone around the window edges). More specifically, the IGU is modelled with 25 

and 35 years SL in alternative a) and b) respectively. While sealants are modelled respectively 

with 10 and 20 years SL in alternative a) and b) respectively. 

The life cycle operating energy savings allowed by scenario 4.α at the end of the considered 

building RL, range between 18.65% and 20.90%, while the ones allowed by scenario 4.γ, range 

between 20.54% and 22.45%.  

The first consideration looking at the most effective alternatives between sub-scenarios α and γ 

is that, the installation of an internal secondary glazing with double glazed argon-filled unit 

instead of a single glass pane, allows attainment of a maximum 1.55% additional energy saving 

at the end of the 100 years. The maximum saving for scenario 4.γ is allowed by sub-scenario 

4.8.b (see Annex 4.17); while for scenario 4.α it is allowed by sub-scenario 4.7.b. Both the 

scenarios refer to alternative b) meaning that in both the cases the most effective alternative is 

the one with durable materials.  

Within alternatives 4.α.7.b and 4.γ.8.b, all the activities iterations and materials SL are identical 

(see Annex 4.10 and Table 9.5.5.2), the only difference is the use of a durable IGU with 35 years 

SL replaced each 25 years instead of a single glazing replaced each 50 years. Therefore, it can 
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be concluded that the installation of a durable IGU instead of a single glass, yields an extra saving 

1.55% operating energy in 100 years.  

This maximum extra energy saving reduces to 1.26% if considering an IGU with 25 years SL 

replaced each 25 years (sub-scenario 4.γ.8.a) and to 1.07% if considering an IGU with 25 years 

SL replaced each 50 years (sub-scenario 4.γ.7.a). In the latter case, if extending the IGU SL from 

25 to 35 years, the extra energy saving increases to 1.33% (sub-scenario 4.γ.7.b).  

According to the introduced methodology for considering the influence of materials durability 

into the life cycle operating energy variation (see section 9.5.4), a longer materials SL results in 

larger energy saving. However, the increase of energy saving depends on the ratio between 

energy saving fraction given by the specific components and its service life and obviously on the 

replacement frequency.    

In all the modelled cases, the selection of materials with longer service life enabled additional 

operating energy saving. In scenario 4.α, the use of sealants profiles with longer SL (20 years 

instead of 10) allowed up to 1.06% additional savings at the end of the considered building RL. 

In scenario 4.γ, the installation of an IGU with longer SL (35 years instead of 25), allowed 

additional saving up to 0.57%.  
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Figure 9.6.4.1; Windows A Ground Floor in its initial state (scenario 1) and after the installation of a single glazed 

secondary glazing (scenario 4.α) 
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9.6.5 Scenario 5 results: Glass pane replacement  

In the present study, the replacement of the existing single glass pane with a double-glazed argon 

filled IGU, allowed an initial energy consumption reduction from 182120.45 to 143304.44kWh.  

In this scenario the existing windows frame is kept onsite and adjusted in order to install the 

28mm thick glass unit. The timber frame is considered to be restored, consolidated and milled 

for enlarging the profile and hosting the IGU. Since the IGU is a unique panel and not subdivided 

in more panels as the existing single glasses, the glass bars currently present on the sashes are 

removed, see Fig. 9.5.5.5.1. Also in scenario 5, similarly to scenario 4, all the activities of 

scenario 2 and 3 are included.  

In Annex 4.10 the iteration frequency for all the activities to be undertaken in scenario 5 are 

reported and the considered components SL are given in Table 9.5.5.2. In total, 16 alternatives 

were modelled considering both SL and activities iteration frequency. The LC operating energy 

variation consequent to the implementation of the activities in scenario 5, is shown in Annex 

4.22.  

The LC operating energy saving allowed by scenario 5 at the end of the considered building RL, 

ranges between 18.75% and 20.68%, see Annex 4.17. The maximum energy saving achievable 

by undertaking existing glass pane replacement with a double glazed IGU, is slightly lower than 

the maximum one allowed by the most simple alternative from scenario 4, namely adding a 

single glass pane to the historic windows. Indeed the most effective alternative from scenario 5 

(sub-scenario 5.8.b) and the one of scenario 4.α (sub-scenario 4.α.7.b) allow respectively 20.68% 

and 20.90% life cycle operating energy reduction over 100 years. However, if considering the 

small difference in terms of operating energy saving (0.22%), scenario 5 may be less 

environmental effective if accounting also the retrofitting embodied impacts. However, the 

assessment of the EERI embodied impacts are beyond the scope of this study and will be 

discussed in Chapter 10. 

In scenario 5, the use of IGU with 35 years SL instead of 25, yields LC operating energy saving 

higher by up to 0.63% over 100 years. Although this extra operating energy saving is negligible, 

it not only confirms once again that more durable materials are likely to allow larger energy 

savings, but also stresses again the need for assessing the retrofitting measures embodied impacts 

next to the operating energy saving when evaluating the environmental convenience of ERIs.  

9.6.6 Scenario 6 results: Windows replacement  

In the present case study, the total replacement of the historic fenestration with three different 

replacement windows allowed an initial energy consumption reduction from 182120.45 to 

138540.04 kWh in case of aluminium frame, to 139564.04 kWh in case of PVC frame and to 

137715.86 kWh in case of timber frame.  

Although from the initial energy saving the largest contribution was given by timber windows 

frame, in section 9.6 it was observed that, if considering the fraction of performance decay, the 

timber windows perform inadequately due to the high fraction of energy saving loss (7.86%). 

This technical decay is given mainly by the deterioration of the paint layer. Indeed, it is supposed 

that the high initial thermal resistance of the timber frame deteriorates (at the end of the frame 

SL) until the value of the non-maintained windows (scenario 1). This is obviously a cautionary 

scenario.  

It was observed that aluminium and PVC replacement windows, thanks to their low technical 

perishability, allow larger residual energy saving. However, if taking into account materials 

durability and interventions iteration frequency, the mentioned considerations are no longer 

viable.  

In Annex 4.10, the iteration frequency for all the activities to be undertaken within scenario 6 

(alternatives 6.A; 6.PVC and 6.T) are reported. The considered components SL are given in 
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Table 9.5.5.2. In total, 16 alternatives per replacement window frame material, 48 modelled 

alternatives were modelled.  

The LC operating energy variation consequent to the implementation of the activities in scenario 

6, is shown in Annex 4.23 for aluminium replacement windows, in Annex 4.24 for PVC 

replacement windows and in Annex 4.25 for timber replacement windows.  

The life cycle operating energy saving allowed by scenario 6.A (aluminium) at the end of the 

considered building RL, ranges between 21.06% and 23.29%; for scenario 6.PVC (PVC) it 

ranges between 20.29% and 22.64% and for scenario 6.T (timber) it ranges between 20.02% and 

23.26%, see Annex 4.17. The most effective results are allowed by aluminium and timber 

replacement windows and in lesser extent by PVC.  

Although the least effective aluminium replacement alternative allows up to 1.04% larger energy 

saving compared to the timber one (6.A.3.a versus 6.T.3.a), the most effective aluminium sub-

scenario allows only 0.03% larger energy saving compared to the timber one (6.A.8.b versus 

6.T.8.b). This makes the two scenarios in fact identical in terms of LC operating energy reduction 

potential. The best timber sub-scenario considers equal sealing profiles replacement frequency 

as the aluminium one and it additionally considers 5-years based timber frame maintenance. This 

means that, despite the large performance decay, as discussed in section 9.6, if timber 

replacement windows are properly maintained, they allow identical results as the aluminium 

replacement windows and even higher energy saving if compared to PVC replacement windows.  

In scenario 6 alternatives it was observed that, the use of more durable materials (sealants and 

IGU with 20 and 35 years SL) allows up to 0.89% additional energy saving in comparison with 

the less durable ones (sealants and IGU with 10 and 25 years SL). 

According to the obtained results, it can be concluded that windows replacement is not the most 

effective scenario “by definition”. Indeed, with regard to the aluminium replacement windows, 

10 alternatives out of 16 allow energy saving lower than the most effective alternative from 

scenario 4.γ. With regard to PVC replacement windows, only 1 alternative (6.PVC.8.b) performs 

better than scenario 4.γ; moreover, 5 alternatives out of 16 perform worse than the best 

alternative in scenario 4.α. and 3 alternatives perform worse than the best alternative of scenario 

5; see Table 10.2 in Supplementary Tables. 

With regard to timber replacement windows, it can be said that 4 alternatives out of 16, perform 

worse than the best alternative from scenario 4.α, 3 alternatives perform worse than the best 

alternative of scenario 5 and only 5 alternatives perform better than the best alternative from 

scenario 4.γ.  

9.7 CONCLUSIONS 

In this study, different fenestration improvement scenarios for a heritage building in Antwerp 

(Belgium) were investigated. The interventions, ranging between windows maintenance and 

windows replacement, were assessed by considering their effect on the building LC operating 

energy reduction within a time interval of 100 years.  

The results highlighted that performing windows maintenance allows reduction of life cycle 

operating energy by up to 3.56%. Larger energy savings (up to 5.93%) may be obtained if the 

maintenance is combining with windows draught proofing. According to these results, the 

validity of performing building maintenance in order to increase building energy efficiency as 

discussed in Chapter 1 and theoretically advised by the (2017) EN 16883 [9] was verified. 

Nevertheless, given the low energy saving obtainable from maintenance, it should be evaluated 

whether this intervention is still effective for reducing building LC environmental impacts when 

including also initial and recurrent materials embodied impacts. The latter will be object of a 

complete LCA study discussed in chapter 10. 

Next to maintenance and draught proofing, two other scenarios with low impact on the historic 

fenestration were modelled: the addition of a secondary glazing (both single and double glazed), 
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and the replacement of the existing glass panes with an Insulating Glass Unit. Among these 

options, the addition of an internal double-glazed secondary glazing may yield the largest results 

(up to 22.45%) followed by the installation of a  single-glazed secondary glazing (up to 20.90%) 

and the replacement of the existing single glass panes with an Insulating Glass Unit (20.68%). 

In all the scenarios it was observed that the use of more durable components allows to obtain 

more effective results.  

 

According to the results, materials durability should be not meant solely as SL length of a given 

component (as too often interpreted in LCA studies), but most likely as the dynamic relation 

between component performance and its SL. Component performance, means the effect of the 

component technological performance on the total building operating energy (see YEPDR).  

Indeed if considering “durability” as synonymous of “useful quality”, namely capability of a 

given product of maintaining over time its initial technological requirements, B. Daniotti in 

[319], its determination is a function of both performance and time. Therefore, it is 

understandable that, if a component allows for tiny energy saving, the prolongation of its SL 

does not bring notable additional LC operating energy saving (this is to be observed in scenario 

3). Moreover, an additional level of complexity is given by the dynamics of such a relation. 

Indeed, as considered in this study, the above mentioned relationship (performance and time) is 

not constant over time. This is because materials deterioration may affect the mentioned relation.  

 

Finally, more destructive options, consisting in the historic windows replacement, were 

modelled. When considering the LC operating energy saving allowed by the alternatives: 

aluminium, PVC and timber replacement windows, it was observed that windows with large 

technical loss decay, such as timber windows, can allow competitive results if properly 

maintained.  

According to the modelled options it turned out that aluminium and timber replacement windows 

allowed the largest LC operating energy reduction (respectively up to 23.39% and 23.26%), 

while PVC the smallest (up to 22.64%).  

However, this does not mean that aluminium and timber replacement windows always allow the 

most effective results. Indeed, according to the results, it is not possible to identify only one 

“most performing windows retrofitting option”. This because the retrofitting measure 

effectiveness depends on the complex relation between materials durability (meaning the relation 

between energy saving fraction of a given component and its SL) and intervention iteration 

frequency. It was found indeed, that several alternatives within the replacement scenarios, were 

less effective than the simple addition of a single or double glazed secondary glazing or than the 

replacement of the existing glazing.   

The obtained results suggest that, when discriminating among EERIs, especially when 

implemented in historic and heritage buildings, it may be a good practice to explore several 

options without strongly relying on measures traditionally considered effective. This approach 

would possibly reduce the ongoing frequent implementation of destructive EERIs in historic and 

heritage buildings.  





 

10 Life Cycle Assessment of 

ERIs in heritage buildings: 
Methodological considerations and case study 

 

 

 

 

 

 

After a brief framing of the LCA methodology and its procedural steps, this chapter reviews the 

Literature related to LCA of Energy Retrofitting Interventions implemented in the Historic Built 

Environment. The review aims at pointing out LCA methodological aspects, assumptions and 

constraints that possibly affect the LCA results and may limit the comparability of the studies.  

Furthermore, the environmental benefits likely to be obtained by implementing fenestration 

retrofitting in a heritage building, as introduced in the previous Chapter, is studied here not only 

by means of a LC operating Energy Assessment (LCEA), but also through performing a complete 

LC Assessment (LCA). 

The study sought to analyse the variation of environmental impacts generated by: maintenance 

alternatives (different repair and replacement iterations), technological alternatives (different 

materials or different recycled material content in the production process) and materials 

durability alternatives (different materials SL). Moreover, the environmental impact caused by 

retrofitting intervention technical decay and historic fenestration restoration was also examined. 
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10.1 INTRODUCTION 

Chapter 1 and 2 discuss the current methodological and legislative State of the Art with regard 

to the implementation of Energy Retrofitting Interventions (ERIs) in existing buildings designed 

to achieve the objectives of greenhouses gases abatement as set within the EU 112:2011 

Communication [103] and the European Energy Directive 27:2012 [7].  

They discussed the need to include the HBE within this greening process. The were two main 

reasons for this. The large share of historic buildings in the existing stock; and the large potential 

in terms of energy saving obtainable from their energy retrofitting [97][8].  

However, though the environmental benefit likely to be achieved by undertaking energy 

retrofitting in HBE [111][356][357][25][358] is widely proclaimed, the research targeted at 

acquiring knowledge about their actual Life Cycle (LC) environmental validity is unsatisfactory. 

Consequentialy, LCA modelling of Energy Retrofitting Interventions (ERIs) applied to the case 

of buildings architectural heritage remains scarse.   

The shortage of LCA studies is attributable to the predominant attention on the building use 

stage. The initial reduction of building operating energy is the main criterion on which basis 

ERIs are usually compared with each other. This approach becomes still more noticeable when 

historic buildings are involved as these are traditionally considered energetically non- 

performing; see chapter 1.  

However, merely relying on deterministic energy saving figures, during ERIs alternatives 

evaluation, may yield misleading conclusions about their long-term effectiveness. Assessing a 

given retrofitting intervention on the sole basis of the energy demand reduction (hence neglecting 

a more comprehensive LCA study), is insufficient to give a clear picture of its long term validity. 

Indeed, as observed in the previous Chapter, both materials technical obsolescence and 

maintenance or replacement iteration frequency, may alter building Life Cycle operating energy, 

subverting, to some extent, the initial share of saved energy.  

Building operating phase accounts for the largest segment of total environmental impacts over a 

building Life Cycle; therefore the reduction of building energy demand allows for the most 

significant environmental burdens reduction. Because of this, Oregi et.al. in [359] highlight that, 

in the specific case of buildings energy retrofitting projects, where the main objective is the 

operating energy reduction, there does not exist evident scientific consensus on the need of 

applying LCA methodology.  

In the author’s opinion; because operating energy reduction does not necessarily translate into 

identical environmental savings; because retrofitting interventions generate environmental 

burdens themselves [360]; because energy saving may deteriorate over time due to ERI technical 

decay; therefore interventions total embodied impacts, End Of Life (EOL) and, if possible, 

transport burdens must also be reckoned [361][20].  

Some authors point out that intervention embodied impacts may be responsible for about 10% 

of the total LC environmental emissions [359][20]. However, in some cases (according to the 

undertaken Life Cycle Inventory methodology), this share may rise to 25% of the total LC 

environmental impacts or even equate the impacts likely to be saved from the building operating 

energy reduction [360][362][363][364][365][366]. Moreover, as operating energy reduction also 

depends on fuel mix profile and efficiency of the conventional grid, it is not an absolute value 

[367]. It is, therefore, relevant to always relate total retrofitting embodied burdens to the 

operating ones. Indeed, there does not exist a clear-cut conclusion about the environmental 

validity of energy retrofitting measures. The environmental validity strongly depends on the 

equilibrium between avoided and added burdens throughout the whole (retrofitted) building Life 

Cycle [362].  

For these reasons, in decision making on retrofitting alternatives, LCA studies should be 

preferred to environmental assessments related to the building operating stage only [47][368]. 
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This consideration, as explained later on in the text, is even more significant in case of retrofitting 

of historic and heritage buildings. 

10.2 STUDY OBJECTIVES 

After a brief framing of the LCA methodology and its procedural steps (section 10.3), in this 

chapter reviews the Literature related to LCA of Energy Retrofitting Interventions implemented 

in the Historic Built Environment (section 10.4). The review points out LCA methodological 

aspects, assumptions and constraints that possibly affect the LCA results and may limit 

comparability of the studies.  

Furthermore, the environmental benefits likely to be obtained by implementing fenestration 

retrofitting in a heritage building, as introduced in the previous Chapter, are discussed not only 

from a LC operating energy viewpoint, but also including total Embodied and EOL impacts.  

 

The previous chapter discussed the need for shifting interest from a plain energy saving 

perspective to a more integrated modelling of the building LC operating energy, taking into 

account the energy savings alteration caused by the retrofitting technical decay. This chapter 

discusses the importance of shifting attention from a streamlined EERIs LC Energy Assessment 

(LCEA) to a more holistic LC environmental assessment (LCA). The objective of the present 

LCA study is to compare the environmental impacts caused by the building in its current state 

(scenario 1) with the following historic fenestration improvement options:  

 

 Historic fenestration maintenance (scenario 2); 

 Historic fenestration draught proofing (scenario 3); 

 Internal secondary glazing addition: single and double –glazed internal secondary glazing 

(scenario 4); 

 Existing glass pane replacement: double-glazed Insulating Glass Unit (scenario 5); 

 Full window replacement:  aluminium, PVC and timber frame replacement window (scenario 

6).  

 

The above mentioned fenestration improvement options were modelled taking into account 

points 1 and 2 below: 

 

1) LC operating Energy savings consequent on the intervention implementation and considering 

the technical decay of each alternative  

2) Total (initial and recurrent) embodied impacts of each scenario considering a large set of 

maintenance and replacement options, namely: maintenance alternatives (different repair and 

replacement iterations), technological alternatives (different materials or different recycled 

materials content) and materials durability alternatives (different materials SL). 

 

The modelled improvement scenarios were 176 (177 in total considering the baseline scenario). 

A summary of the modelled alternatives is given in Table 10.6.1. 

Moreover, for the alternatives in which the historic fenestration is retained (scenarios from 2 to 

5), a restoration scenario was modelled considering: timber frame consolidation and chemical 

treatment against biological growth. The restoration activities were modelled according to 

current practices. Although restoration activities are assumed not to improve building energy 

performance, they cannot be avoided upon intervention on the HBE. LCA modelling of 

restoration activities allows understanding of their influence on the total retrofitting 

environmental impacts. The specific goals and objectives of the conducted LCA are discussed 

in greater detail in section 10.5.1. 
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10.3 LIFE CYCLE ASSESSMENT (LCA) 

Life Cycle Assessment (LCA) is a methodology utilized for analysing (from cradle to grave, or 

from cradle to cradle) the environmental burdens emitted both from products manufacturing and 

processes implementation. The method, by systematising the environmental impacts (outputs) 

generated by each material and/or energy flow (inputs) in a given study system, seeks to avoid 

burdens shifting from one Life Cycle (LC) stage to another. By this means a comprehensive 

environmental assessment of the system can be done.  

Though LCA was initially thought of for the environmental assessment of industrial products 

manufacturing, since two decades it is widely employed within the building sector in order to 

support the most diverse decision making scenarios. LCA applications to the building sector are 

reviewed in [369][370][371][372], and with specific focus on existing buildings energy (and 

environmental) refurbishment in [359][20][373][374][375][376][377][378][368][365]. 

Literature studies, reviewing the use of LCA methodology with regard to energy retrofitting of 

historic buildings are still lacking with the sole exceptions of studies from Munarim et.al [379] 

and from Iyer- Raniga et.al [367]. The main issue concerning LCA studies related to EERI 

performed in HBE, is that ever different modelling assumptions and boundary system definitions 

are considered. This is also true when the goal and scope of the studies are similar. Among other 

reasons, such a circumstance is consequent on the use of unclear and non-univocal intervention 

categories terminology. This makes hardly possible the comparison between results and evidence 

the absence of a LCA- modelling tradition in the specific research domain.  

A brief description of the LCA modelling steps is given in section 10.3.1, while a review of the 

methodological aspects and issues in LCA application targeted at the environmental assessment 

of retrofitting intervention in the HBE is proposed in section 10.4. 

10.3.1 LCA Methodology  

The LCA methodology is delineated by the ISO 14040 standards series, which addresses 

principles and framework for its application for both products and processes. On the basis of the 

mentioned standards series, the CEN 350 and ISO 59/SC 17 Technical Committees have 

developed tailored norms for the construction sector.  

Among others, the EN 15978:2011 and EN 15804:2012, elucidate the methodology for LCA-

based buildings environmental performance assessment (the first) and Environmental Product 

Declaration of construction products (the latter) [51][380]. Both the mentioned norms as well as 

the ISO 14040 series, introduce the general LCA methodological process. This foresees the 

following steps: 1) goals and scopes definition; 2) Life Cycle Inventory (LCI); 3) Life Cycle 

Impact Assessment (LCIA) and finally 4) Results Interpretation. Regardless of weather the LCA 

study is to be undertaken for a Coca-Cola can or for an energy retrofitting intervention to be 

undertaken in a 400-years building, the LCA- modelling flow chart stays the same.  

During the goals and scopes definition, the objectives of the study are defined together with 

Functional Unit and System Boundaries. As the main characteristic of a LCA is the comparison 

of a system (product or process) on the basis of a function rather than on a physical characteristic 

[372][381], the definition of the functional unit takes on a paramount importance. On its basis, 

the references flows for each investigated scenario are compared with each other.   

Because, during a LCA, not necessarily all the LC stages of a given system are investigated, the 

definition of the system boundaries clarifies which stage (or processes) of the system under 

investigation is considered in the analysis. It is understandable that a differentiation of functional 

unit or system boundaries between studies may make the comparison between LCA results 

difficult.  

After the goals and scopes definition, the study focusses on the Life Cycle Inventory (LCI). In 

this second step, the data for all materials and processes included in the system boundaries are 
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gathered considering each LC stage of the system. The inputs (technological and non-

technological) as well as the outputs (emissions) are expressed with reference to the selected 

functional unit. At the end of the data collection, the LCI contains quantitative information for 

all the materials and materials-processing necessary for the realisation of the investigated system 

with reference to the considered functional unit. Though this second step may look like mere 

compilation, it is not. Indeed, there exist several methodologies serving this purpose and the use 

of different LCI methods, might result in a variation of the impacts by up to 60% [362]. 

Successively the next step focusses on the Life Cycle Impact Assessment (LCIA). Within this 

step, the quantities contained in the LCI are associated to environmental impacts. This procedure 

relies on two phases which are however successive to the propaedeutic selection of the impact 

method. While the different impacts methods are correct, the choice among them may make 

difficult the comparison between LCA studies. Indeed, depending on the study objectives, it is 

possible to select between the so-called “problem-oriented” or “damage-oriented” groups of 

impact methods. According to the first group, the burdens are individually assessed per impact 

category (e.g. acidification potential, ozone depletion etc.) and are not aggregated. Because of 

this, the problem-oriented impact methods are also defined “midpoints”.  

On the contrary, in the “damage-oriented” impact methods, the burdens are grouped into 

homogeneous typologies of environmental damage (e.g. natural resources, human health etc.). 

Because of this, the damage-oriented impact methods are also defined “endpoints”.  

The LCIA consists of two phases: a) classification and b) characterisation. In the classification 

phase (a), the LCI quantities are attributed to each environmental impact contained in the selected 

impact method. During the characterisation phase (b), the impacts are characterized in order to 

make possible their summation. In order to express the results in an equivalent scale (for ease of 

interpretation), emission substances may be converted to equivalent impact quantities. For 

instance, if the environmental impact of a given system is quantified in kg of CO2, this means 

that only the CO2 emissions have been quantified. However, if the same impact is expressed in 

kg of CO2 Equivalent (CO2 Eq.), it means that all the greenhouses gases emissions have been 

quantified by converting each substance contribution to an equivalent amount of CO2 [373][381]. 

The mentioned conversion allows a more straightforward results interpretation. The last step of 

LCA study is, hence, the interpretation of the obtained results.  

Despite the apparent methodology uniqueness illustrated within the ISO 14040 series and in the 

entire LCA standardisation framework, it can be said that within LCA applications there exist 

several methodological differences. These differences might make the LCA results not 

comparable with each other [372][381][369][382] as explained more in detail in the next section. 

10.4 METHODOLOGICAL ASPECTS AND CONCERNS UPON LIFE CYCLE 

ASSESSMENT (LCA) OF ENERGY ENVIRONMENTAL RETROFITTING 

INTERVENTIONS (EERIS) IN THE HISTORIC BUILT ENVIRONMENT (HBE) 

Among the dissimilarities that can be encountered in LCA studies  and that may make difficult 

results comparability are: goals and scopes, boundary conditions, functional units, data quality, 

environmental impact methods, simplifications during the inventory phase, modelling 

assumptions, etc. Moreover, results incomparability may also be caused by unclear or ambivalent 

terminology used for the assessed intervention categories. The latter has a direct effect on the 

system boundaries definition; hence, on the LCA results interpretation. 

This section reviews LCA case studies related to HBE retrofitting. The review highlights the 

possible incomparability between studies given the slightly different studies characteristics. The 

review especially focusses on incomparability caused by: terminological-related issues (section 

10.4.1) and LCA methodological-related issues  (section 10.4.2). In regard to the methodological 

related issues, the review focusses on the differences between: goals and scopes definition 

(section 10.4.2.1) and system boundaries definition (section 10.4.2.2). A summary of the 



240 

 

reviewed case- studies as discussed in the next sections is given in Electronic Annex 1.1. The 

proposed review should be considered neither exhaustive nor (completely) generalizable to LCA 

applications in newly constructed buildings.   

10.4.1 Terminological-related issues 

Chapter 1 defines the general terminology related to EERIs in the Historic Built Environment. 

The conceptual and terminological difference between intervention categories such as 

retrofitting, maintenance and restoration was defined. A clear understanding of this difference 

does not only have an etymologic importance, but is fundamental in LCA modelling upon 

definition of each activity systems boundaries. For this reason an unequivocal terminology 

definition for each intervention category should be considered.  

Moreover, since within each intervention category, different actions can be undertaken, e.g. 

repair or replacement, it is essential to use unequivocal terminology also with regard to them. 

Whether or not the building undergoes restoration or retrofitting works, repair or replacement 

may occur. Indeed, these actions are not confined to a specific building intervention category 

and themselves are not intervention categories.  

The lack of a clear terminology for repair and replacement may cause overlapping between 

modelled actions with consequent risk of double counting, confusion or results incomparability. 

In the author’s opinion, this confusion is partially embedded in the (2012-13) EN 15804+A1 and 

(2011) EN 15978 standards81[380][51] given the lack of an unequivocal terminology. 

Beside the building production and construction stages, the standards include (within the 

building use stage phase) the following modules: maintenance, repair, replacement and 

refurbishment; respectively from module B2 to B5 (see Figure 10.4.1.1). 

In EN 15978, refurbishment82 is defined as the “modification or improvement to an existing 

building in order to bring it up to an acceptable condition”. This definition is identical to the 

one given in the EN 16883:2017 that showing the effort made by the European Committee for 

the Standardisation (CEN) to homogenize the statutory terminology of the different Technical 

Committees. This terminology homogenisation effort once again indicates the consolidated 

tendency –also from a regulatory viewpoint- to introduce historic and heritage buildings within 

an environmental sustainable management framework. 

Differently from EN 15978, the EN 15804 does not include a terminological definition of 

refurbishment. However, the system boundaries defined for the module refurbishment (B5) are 

identical to the ones defined at the same module in EN 15978. According to EN 15804, within 

the refurbishment system boundaries, restoration should also be included. Consequentialy, 

restoration is not intended as an independent intervention category, but as an activity to be 

undertaken during refurbishment works. This author disagrees with this position because, as 

explained in chapter 1, building restoration and building refurbishment (e.g. retrofitting) have 

different purposes and are, therefore, independent intervention categories serving two different 

purposes. This distinction is specifically relevant upon LCA of EERIs in the HBE because 

restoration activities are often included in the system boundaries and are modelled separately 

from refurbishment interventions [383][384][385]. 

Also the term maintenance is identically defined throughout the mentioned three standards, save 

for a few details. 

                                                           
81 Although EN 15804 focuses on the Energy Product Declaration (EPD), it gives a description of all the Life Cycle 

building stages, therefore it is included in this analysis. Moreover the terminology between the two mentioned standards 
is consistent. 
82 See §3.27 in EN 15978:2011 
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Figure 10.4.1.1; Life Cycle stages and modules for the environmental building assessment, in EN 15804 and EN 

15978 

 

The EN 15978 defines maintenance as the “combination of the technical and associated 

administrative actions during the service life to retain a building or an assembled system (part 

of works) in a state in which it can perform its required functions”. The EN 15804 specifies at 

the end “…required functional and technical performance” and the EN 16883, keeps the 

definition from EN 15798 but adds: “and retain its heritage significance”.  Despite the 

terminology nuances between the standards, the Maintenance system boundaries stay identical.  

Repair and replacement (respectively modules B3 and B4 in EN 15804 and 15978, see Fig. 

10.4.1.1) are considered independent intervention categories exactly as maintenance and 

refurbishment. However, repair and replacement are, in fact, actions likely to be implemented 

within any building intervention categories. But they are not intervention categories themselves.  

Considering them as independent categories, generates confusion because of the non-uniqueness 

of each module and related system boundaries. Indeed overlapping between modules exist. 

In the EN 15978, repair is defined as: “returning an item to an acceptable condition through the 

renewal, replacement or mending of worn, damaged or degraded parts”83. Further, in the 

definition of the system boundaries, the norm states that repair module: “should include any 

repair process to the building components during the use stage of the building”. The same system 

boundaries are also identified in EN 15804 that however adds: “replacement of a broken 

component or part due to damage, should be assigned to repair, whereas replacement of a whole 

element due to damage should be assigned to the module replacement”. As an example, both the 

standards give the case of a window in which the replacement of a broken glass should be 

included in the system boundaries of repair and not in the ones of replacement.  

In the author’s opinion, the ambivalence of replacement in the definition of the system 

boundaries for repair is misleading. Indeed, even if the definition of replacement is never given 

in the mentioned norms, the circumstance in which its meaning changes according to the object 

being replaced should be avoided. If a replacement occurs, the object being replaced should 

always be accounted in the system boundaries of replacement and not in the ones of repair. 

Moreover, the terminology used for describing the system boundaries for repair (above reported) 

is also misleading. Indeed, the EN 15804 never defines the terms “component” and “whole 

element”, but they are likely to generate a system boundaries shift from repair to replacement. 

Most likely, EN 15804 standard means with “whole element” a “construction element” as 

                                                           
83 This definition is consistent with the one given in EN 16883:2017 
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defined in the norm terminology, and with “component” it means “component” as defined in the 

EN 15978 terminology.   

The definition of “construction element” provided by the EN 15804 is: “part of a construction 

containing a defined combination of products” and the one of “construction product” is: “item 

manufactured or processed for incorporation in construction works”. Moreover, Note 1 of 

“construction product” definition in EN 15804 specifies: “construction products are items 

supplied by a single responsible body”. In other words, the standards define as “construction 

element” an aggregation of products making up a standalone element, e.g. the window in the 

provided example. Further, “construction product” can be considered a synonym of 

“component”, e.g., the window glass in the provided example. 

Consequentially according to the standards, if the replacement interests a construction product 

(or component), its burdens should be modelled in the repair module system boundaries, while 

if it interests a “construction element” its burdens should be modelled in the replacement module 

system. 

As already mentioned, the ambivalence of replacement may be confusing. Indeed, nowadays, 

there exist several construction elements (with independent technical function) that can be in 

turn integrated into other construction elements. This is the case of Insulating Glass Units (IGUs) 

integrated into the windows. An IGU is made up by the combination of products and it serves a 

specific function on its own. It can be used alone or into a window, therefore it can be considered 

both a  construction product (if integrated in a window) or a construction element (if used alone). 

How the IGU replacement should be modelled according to the standards is not clear.  

In both the norms, a definition of replacement is not given; however, the description of the system 

boundaries for replacement is identical between the two standards and it is again extremely 

misleading. EN 15804 states that replacement: “covers the combination of all technical and 

associated administrative actions during the service life associated with the return of a 

construction product to a condition in which it can perform its required functional or technical 

performance by replacement of a whole construction element”. According to the description it 

seems that “construction products” can be improved by the replacement of “construction 

elements”. But, according to the standards terminology, it should be seen the other way around: 

it is the replacement of “construction products” that may serve to improve the condition of a 

“construction element”.  

As examples, the EN 15804, includes in the replacement system boundaries the substitution of a 

carpet, while the EN 15978 includes the substitution of a roof beam, a partition wall and a 

window complete of glass and frame. Next to the ambiguity given by the lack of the definition 

of replacement, and by the inconsistent description given in the EN 15804, it is also unclear the 

reason why the replacement of a carpet should be included in the Replacement module system 

boundaries, while the one of a window glass in the repair module ones.  

These points are not trivial upon modelling or reviewing LCA studies of EERIs in which the 

intervention recurrent burdens (e.g. the ones caused by repair and replacement activities) may 

play a more significant role than the initial ones [383]. Therefore, establishing with precision 

repair and replacement terminology -and related system boundaries- allows correct LCA 

modelling and Literature review results interpretation. 

To avoid the above discussed overlapping and confusion, the case study discussed in this chapter 

consideres within the replacement module (hence in the related system boundaries) all the 

materials replacement, while within the Repair module, all the activities in which no materials 

replacement occurred.  

10.4.2 Methodological –related issues 

As mentioned in section 10.2, the first step of a LCA study includes: 1) the definition of the study 

objectives; 2) the definition of the system boundaries and 3) the identification of the functional 
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unit. As mentioned elsewhere in the text, although the considered case- studies share the common 

aim of verifying the environmental validity of retrofitting the HBE, each study approaches the 

problem from a different perspective. For this reason, specific study-objectives, methodological 

assumptions and system boundaries vary by a large extent with an unavoidable effect on the 

LCA results and on their comparability [20]. 

Following the LCA modelling process, the considerations and concerns emerging in the 

Literature with regard to the study objective definition are discussed in section 10.4.2.1; the ones 

related to the definition of the system boundaries are discussed in section 10.4.2.2 and the ones 

related to the identification of the functional unit, Life Cycle Impact method (LCIA) and Life 

Cycle Inventory (LCI) are discussed in section 10.4.2.3.  

10.4.2.1 Goals and scopes definition 

In the Literature, there are different approaches and methodologies aimed at conducting LCA 

studies for verifying the environmental soundness of historic buildings retrofitting. Not only do 

these studies differ from a mere LCA modelling point of view, but they may also rely on different 

theoretical approaches or assessment scales. A crude classification of these different approaches 

may be: 1) studies based on buildings comparison and 2) studies based on one building 

optimisation. 

 

The first kind of study approach aims at comparing the historic building under investigation  with 

another building (e.g. a replacement building with improved energy performance). This approach 

focusses on the entire building as studied-system. On the contrary, the second study approach 

focusses on the retrofitting intervention itself regardless the building. This latter study approach 

focuses on the optimisation of a building by means of EERI. 

 

Among the studies based on buildings comparison, the so called “embodied energy approach” is 

often employed [386]. Within this approach, there can be verification of the impact of retaining 

a historic building with the one of demolishing it and constructing a new one. In such approach 

it is argued that saving existing buildings (such as the historic ones) equals saving (embodied) 

energy otherwise lost if constructing new one [379].  

However, currently it is widely agreed that the energy embedded in historic buildings is a sunk 

cost. For this reason, the “embodied energy approach” gave way to the so called “avoided impact 

approach” [379][387]. Within this second method it is argued that there is no, inherent current 

or future energy savings associated with preserving a building. This because the energy 

expenditures needed to create a building occurred in the past, as also did the environmental 

impacts associated with it. Accordingly, the only value of building retention is the avoidance of 

the environmental impacts related to the construction of a new building. Both the mentioned 

approaches make a comparison between buildings and the embodied impacts of the historic 

building manufacturing and construction are included.  

Differently from the building comparison approach, there are studies based on the analysis of a 

building optimisation. These studies are targeted at assessing the environmental convenience of 

a given retrofitting measure (EERI) regardless of the embodied energy of the historic building 

or of the avoided impact associated to the construction of a replacement building.  

The historic building is assumed not to be demolished. Hence, if no retrofitting occurs, the 

building will stay as in its current state. In other words, the second assessment approach (building 

optimisation) aims at verifying the environmental validity of reducing the LC burdens emitted 

from the existing building by undertaking physical or management building improvements.  

Consequentially, the building is not included in the system boundaries of the analysis, except for 

its operating impacts and the building parts needing to be demolished and replaced. 
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In the Literature the LCA studies, performed according to the “embodied energy approach”, may 

be focused on two objectives: a) the verification of the environmental impact of historic building 

retrofitting versus non retrofitting [367][388], or b) the verification of historic building 

retrofitting versus new building construction [389][390][391].  

Studies belonging to point a) have similar specific objectives as the studies at point 2 (studies 

based on optimisation), but they also include the embodied impacts of the historic buildings 

(instead of solely the retrofitting embodied impacts as in studies at point 2). This occurs because 

studies at point a) want to verify the embodied impact of a retrofitted historic building 

(cumulating all the embodied impacts as well as reduced operating impacts) as against a new 

energy performing building construction.  

In a work from U.Iyer-Raniga and J.P. Chew Wong [367], targeted at the environmental impacts 

comparison between EER scenarios, the authors modelled the impacts for the historic building 

materials production. Material quantities acquisition was based on buildings surveys, while 

quantification of energy (and impacts) for historic building construction, was based on 

percentages related to modern construction processes. A similar study- objective and “embodied 

energy-based” methodological approach is observed in a study from G. Bin and P. Parker [388]. 

In the study, in order to model embodied energy and carbon for historic building materials 

production, the energy and carbon coefficients were modified for taking into account the 

manufacturing processes and energy mix of last Century. According to the obtained results, the 

authors concluded that although there was low-grade energy (such as human or animal labour) 

in the past Century, the difference between past and current materials manufacturing, did not 

affect the results. This insignificant difference is consequent to the quasi invariability of the 

bricks manufacturing process through the decades (brick were the largest materials bulk in the 

studied building). The study, having quantified the embodied energy for both the historic 

building and the EERI, concluded that the retrofitting, alongside a building energy demand 

reduction by 90%, generated half of the embodied energy impacts associated to the historic 

building production and construction. So the objective of the study was to compare the embodied 

impacts of the retrofitting intervention with the ones generated in the past for the building 

manufacturing and construction.  

A study from G. Ding [389], based on the “embodied energy approach”, compared the 

environmental impact (cradle to gate) of conservation versus demolition and reconstruction of 

traditional buildings. For this purpose, seven buildings were compared: two restored historic 

buildings four reconstructed buildings and a newly constructed one. For all the buildings, 

including the historic- restored ones, the embodied energy and CO2 emissions were calculated 

and compared. The materials inventory was compiled on the basis of in situ quantitative surveys. 

In the study system boundaries, buildings embodied impacts (also for the restored-historic 

buildings), construction and transport impacts were included. Building use phase and EOL were 

not included. Although it is not really clear what the author means by “restored historic 

buildings”84, the results showed that they embed much larger embodied energy than the other 

buildings. Hence, it was concluded that their retention is more environmentally valuable than 

their demolition so as not to lose their embodied energy.  

Astudy by E. Grytli et.al [391], even if employing the “avoided impact approach” rather than the 

“embodied energy approach”, obtained similar results. The study evaluated the hypothesis of 

demolishing a historic building and replacing it by a new one with Passive House energy-

standards or energy retrofitting the historic building. The study concluded on the unequivocal 

                                                           
84 The article says: “historic buildings were buildings brought back to the original style and condition using similar 
materials”. Not only does the mentioned practice not belong to the modern principles of restoration, but also it is not 

clear when this circumstance happened. Therefore it is not clear if the author refers to modern materials for which the 

manufacturing process is traceable (but the definition “historic restored buildings” is improper) or to historic materials 
for which the manufacturing process has been assumed.   
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environmental validity of historic building retrofitting instead of demolition and reconstruction 

even if with Passive-House energy performance. This is because of the large share of embodied 

energy and impacts for the new building manufacturing and construction. Identical conclusions 

were also drawn in a study from M. Jackson [390]. That’s study compared the embodied and 

operating energy between retrofitting historic buildings and replacing them by new ones. Three 

different scenarios were investigated. In the first one, the historic building is not retrofitted and 

not demolished and a new building is constructed meeting the energy star standards (minimum 

energy performance requirements). In the second case, the historic building is demolished and a 

replacement building is constructed (with energy star standards). In the last scenario, the historic 

building is retrofitted reducing its energy demand by 30% (though still lower performance than 

the energy performance star requirements) and a replacement building is constructed (with 

energy star standards). By performing a pair-wise comparison between the two buildings in each 

scenario, it resulted that the new building gave net energy savings after the 34th year in the first 

case, after the 57th year in the second case and after the 53rd year in the last case. Similar 

conclusion were also obtained by A. Power in [392].  

Still in accordance with the “avoided impacts approach” studies were performed by the 

Preservation Green Lab of the International Trust for Historic Preservation [387], by the Athena 

Institute [393] and by the Empty Home Agency [394]. All these studies aimed at assessing the 

environmental validity of historic buildings reuse and retrofitting versus new -more energy 

performing- buildings construction. 

In the studies performed by the International Trust for Historic Preservation and by the Athena 

Institute, historic building demolition was included in the system boundaries, while in the study 

from the Empty Home Agency it was not. In [387] it was concluded that the environmental 

benefits likely to be obtained by reusing (and retrofitting) historic buildings instead of 

constructing new more performing ones85, would range between 4% and 46% in all the 

considered impact categories. This considering a Reference Study Period of 75 years. Only one 

case study out of six, gave discordant results for the impact categories “human health” and 

“ecosystem quality”86.  

In general, the study concluded that reusing and retrofitting buildings to an average level of 

energy performance (-30% of the current energy demand) consistently offers immediate climate-

change impact reductions compared to constructing more energy-efficient buildings. Similar 

were the conclusions from M. Lucuik et. al in [395]. 

The significant environmental impact likely to be avoided if retrofitting historic buildings instead 

of replacing them, was also proved by a research from the Athena Institute carried out in four 

historic buildings in Canada [393]. The study concluded that the environmental burdens (over 

60 years buildings Service Life), emitted by historic buildings demolition and new buildings 

construction (with the best new building available energy performance), is higher than simply 

bringing the existing building to a typical new building energy performance level [393]. The 

results, hence, confirmed what was concluded by the International Trust for Historic 

Preservation.  

Moreover, similar results were also obtained by the Empty Home Agency (EHA) in the UK 

[394]. The study from the EHA - though not directly aimed at assessing the environmental 

validity of historic buildings energy retrofitting versus new buildings construction- delivered 

interesting results in this sense.  

Within that research, selected three retrofitted historic residential buildings and three recently 

constructed ones. A pairwise comparison of buildings was performed considering CO2 impacts 

from building manufacturing, construction and operating87. The operating energy of newly 

constructed buildings was slightly lower than the one of retrofitted historic buildings. However, 

                                                           
85 The study modelled the new constructed buildings 30% more energy efficient than the demolished historic ones 
86 Retrofit versus re-construction enabled 6% impacts increase. 
87 In the retrofitted building, only the embodied impacts of the retrofitting were taken into account 
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the embodied impact of new buildings was 4 times larger than the one of retrofitted ones. As a 

consequence, the net environmental benefit allowed by constructing more performing buildings, 

started only 35-50 years from their construction. When presumably a decline of their initial 

technical performance already occurred causing most likely larger operating energy in 

comparison to their initial state.  

All the studies so far discussed, reported extremely long environmental pay-back time for the 

construction of new more energy efficient buildings ranging between 50 and 80 years 

[387][391][394], while retrofitting interventions had payback time up to a minimum of 2 years 

[388].  

The studies at point 2) aimed at historic building optimisation, focus on the environmental 

assessment of the retrofitting interventions themselves. Neither the embodied impacts of the 

historic building nor its EOL impacts are generally accounted. The historic building is left out 

from the system boundaries as it is not supposed to be demolished. However, if some parts of 

the building are supposed to be demolished because of the EERI implementation, the EOL of 

these parts obviously is accounted [396][397]. 

A study from H. Mohammadpourkarbasi and S. Sharples in [398] assesses the environmental 

benefit of bringing a 19th Century dwelling near to Passive house standards. The study (solely 

focused on CO2 emissions) concluded that the environmental pay- back time of the modelled 

deep renovation strategy (≈80% energy savings) is 6 years. Surely, EERIs environmental 

payback times are far shorter than the ones obtainable from newly constructed -more energy 

performing- buildings.  

G. Ruggieri et.al in [399], compared the environmental benefit of three energy retrofitting 

scenarios for a historic building, ranging from conservation to deep-renovation,. The aim of the 

conservative scenario was to preserve the building and to apply, only where possible, wall 

insulation (both synthetic and natural insulations were tested), while the deep renovation was 

aimed at varying part of the building layout and allowing a more significant energy performance 

improvement. The Reference Study Period was 100 years. From the results, it emerged that the 

conservative option allowed to save ≈69kWh/m2 per year compared to the non-retrofitted 

building and the deep renovation up to ≈83kWh/m2. However, the deep-renovation scenario 

resulted in 80% larger embodied impacts compared to the conservative option. The use of natural 

insulation materials instead of synthetic ones within the conservative scenario provoked 

embodied impacts to rise by 77% and was found less environmental effective than synthetic 

insulation.  

In a study from C. Rodrigues and F. Freire in [397], undertaken in a historic house, a set of roof 

retrofitting options was studied in order to identify the lowest LC environmental impacting 

measure over a period of 50 years. A combination of both roof- frame technologies and insulation 

materials was studied. The authors observed that timber roof frame generated the lowest 

environmental burdens in all the considered impact categories and that the increase of roof 

insulation panels thickness over 80mm allowed only 5% extra energy saving alongside with the 

increase of the embodied energy by up to 20%. Similar results were also delivered by S. Tadeu 

et. al in [400]. In the study, a cost-optimal assessment of energy retrofitting measures was 

performed considering Non-renewable primary energy demand and Greenhouses gas emissions 

as impact indicators. The study concluded that although the most effective measures were the 

ones considering insulation thickness between 50 and 120 mm, the increase of insulation 

thickness over 80mm, did not provide a significant energy savings increase but it provoked large 

increase of embodied impacts. Depending on the modelled option and considering 30 years 

Reference Study Period, the embodied impacts ranged between 35-60% of the total intervention 

impacts, with the operating ones between 40-65%. In the study, the interventions EOL was not 

accounted. The results from this study highlight the large difference that exists between 

Embodied impact share calculated for new constructions and the one calculated for energy 

retrofitting interventions.  
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In the Literature, the LCA applications to the HBE were not only aimed at comparing energy 

retrofitting interventions, but also restoration alternatives and HVAC systems. Nevertheless, 

most of these LCA applications are cradle to gate. Therefore, the building operating LC stage 

and related impacts are not accounted. 

P. Milano in  [384] compared two restoration and refurbishment scenarios for a traditional lime 

construction in Italy including a variation of its intended use. The two investigated approaches 

are respectively conservative and Eco-design oriented. It was concluded that, although the use 

of traditional materials allowed for lower environmental burdens during the manufacturing and 

building construction process, it delivered lower LC total environmental benefits than the Eco-

designed oriented option. This is because no environmental benefits (e.g. from recycling) were 

gained from traditional materials EOL. The benefit of historic building technological retrofitting 

over traditional restoration was also evidenced by G.V. Pulvirenti [385]. 

Although, the conclusions from the last studies strongly rely on the selected “EOL recycling” 

modelling approach, they pose the issue of the large environmental burdens (and EOL scenarios) 

associated to restoration and maintenance products. Often, maintenance and restoration 

activities, constitute a large source of environmental burdens without allowing any (or 

significant) operating energy reduction from their  implementation. This was found also with 

regard to the present case study as discussed in the previous Chapter and in section 10.6.3 in this 

Chapter. Such a condition calls for the development of low-environmental impacting materials 

for historic building restoration and preservation.  

A study from B. Sodagar [383] investigated the environmental benefit of EERI implementation 

in a 19th Century building. The study also integrated maintenance and restoration interventions 

in the projects and accounted for their embodied emissions. The total intervention impact was 

111.90kgCO2/m² of gross internal area. This figure is in line with the one obtained in [394] and 

it is almost one fourth of the one related to a new building construction (with similar energy 

performance) presented in [394]. Interestingly the study from B. Sodagar, pointed out that, 

though the share of initial EERI embodied impacts accounted for up to 37.3% of the total 

intervention embodied burdens, if considering the whole building LC (60 years) as well as 

maintenance and replacement scenarios, this share reduces to 23.8%. Likewise the initial 10.2% 

impacts related to internal finishes, increases to 39.1%, meaning that the recurrent embodied 

impacts (from finishing and maintenance) take on a larger share compared to the initial embodied 

impacts. This shows once again, the importance of including the building use phase within the 

assessment as it can finally alter the results. However, even if considering the recurrent EERIs 

impacts for maintenance and replacement, the total EERIs embodied impacts (kgCO2Eq) 

accounted only for 8.63% of the total LC building impacts, while the operating impacts for 

90.76% for the specific study.  

A study from D. A. Garcia in [401] examined the embodied environmental impact of two HVAC 

system options for improving the Indoor Microclimate Quality in a museum. A standard 

hydronic system with fan coils was compared to a multi-splits direct expansion air conditioning 

system. According to the Eco indicators 99 impact method, the second option resulted more 

convenient than the first. Nevertheless, as neither maintenance nor system operating stage were 

considered, it is not possible to conclude upon the LC environmental validity of the two proposed 

installation alternatives.  

10.4.2.2 System boundaries definition 

Independently from study-objectives or theoretical approach variations, when the LCA study 

wants to verify the environmental effectiveness of ERIs implementation in historic buildings, 

the system boundaries shall include the aspects reported at point 1 and 2; otherwise, modelling 

redundancies or LCA inaccuracies may arise as also observed in the Literature. 

 



248 

 

1) The quantification of the LC EERI embodied impacts; 

2) The quantification of the LC building operating energy impacts (pre and post 

intervention). 

 

The terms at point 1 and 2 shall be quantified for each retrofitting scenario under assessment. 

Furthermore, upon ERI assessment in existing buildings, it is important to define the temporal 

system boundaries of the study. With this purpose, two temporal intervals (Life Cycles) can be 

considered with this purpose: (t1) and (t2). 

(t1) refers to the period from the (historic) building construction until the moment when the 

retrofitting is evaluated (time of the LCA study), while (t2) refers to the period from the moment 

the EERI is undertaken until the building End Of Life (EOL).  

It is worth mentioning that, because the aim of historic buildings preservation, as clearly 

espoused in this research, is to enlarge as much as possible historic buildings Service Life, the 

end term of the second interval can be replaced by the end term of an arbitrary considered 

Reference Study Period (RSP) as defined in EN 15978 [51]88. In other words, the end of the 

second interval (t2) does not have to coincide necessarily with the historic building EOL, but 

with the end of the considered time window. 

The numerical verification of the EERI environmental convenience can be expressed by Eq. 

10.1, adapted from D. Di Croce et.al.in [402]. If Eq. 10.1 is verified, the environmental validity 

of the proposed EERI is demonstrated. 

 

 𝐸𝑞1 > 𝐸𝑞2 Eq. 10.1 

 

Where Eq. 1 and Eq. 2 are reported below.  

 

𝐸𝑞1 = ∑𝐿𝐶𝐴 [𝑄1]𝑡1 + 𝐿𝐶𝐴 [𝑏𝑢𝑖𝑙𝑑. ]𝑡1+𝑡2 + 𝐿𝐶𝐴 [𝐻𝑉𝐴𝐶]𝑡1+𝑡2 + 𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝑏𝑢𝑖𝑙𝑑. +𝐻𝑉𝐴𝐶]𝑡1+𝑡2

+ 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶]𝑡1 + 𝐿𝐶𝐴 [𝑄1]𝑡2 + 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝐸𝑥𝑖𝑠𝑡. (𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶)]𝑡2 

 

𝐸𝑞2 = ∑𝐿𝐶𝐴 [𝑄1]𝑡1 + 𝐿𝐶𝐴 [𝑏𝑢𝑖𝑙𝑑. ]𝑡1+𝑡2 + 𝐿𝐶𝐴 [𝐻𝑉𝐴𝐶]𝑡1+𝑡2 + 𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝑏𝑢𝑖𝑙𝑑. +𝐻𝑉𝐴𝐶]𝑡1+𝑡2

+ 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶]𝑡1 + 𝐿𝐶𝐴 [𝑄2]𝑡2
+ 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑁𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑 𝐸𝑥𝑖𝑠𝑡. ( 𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶)]𝑡2 + 𝐿𝐶𝐴 [𝐸𝐸𝑅𝐼]𝑡2
+ 𝐿𝐶𝐴 [𝐻𝑉𝐴𝐶2]𝑡2 + 𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2 + 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2 

 

The terms from Eq. 1 and Eq. 2 are reported in Table 10.4.2.2.1. It is worth noting that all the 

terms present in Eq. 1, refer to the condition where the EERI would not be undertaken. Hence, 

they include virtual terms related to the successive Life Cycle (t2). Similarly, the terms indicated 

in Eq. 2 refer to the condition as the EERI is implemented; also in this case are included virtual 

terms related to the previous Life Cycle (t1). Such virtual terms refer to a theoretical model. 

 
Terms in Equations 1 and 2 Explanation 

𝐿𝐶𝐴 [𝑄1]𝑡1 

LC Operating energy impacts during (t1). This 

term refers to the cumulative energy 
consumption prior to the retrofitting 

implementation 

                                                           
88 Reference Study Period, period over which the time dependant characteristics of the object of assessment are analysed; 

in § 3.25 EN 15978 
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𝐿𝐶𝐴 [𝑏𝑢𝑖𝑙𝑑. ]𝑡1+𝑡2 

Initial Embodied impacts of historic building 

including EOL and transports impacts. If the 
EERI does not occur, these impacts survive the 

considered temporal intervals (t1 and t2) 

𝐿𝐶𝐴 [𝐻𝑉𝐴𝐶]𝑡1+𝑡2 

Initial Embodied impacts of the HVAC 
systems of the historic building including EOL 

and transports impacts. If the EERI does not 

occur, these impacts survive both the 
considered temporal intervals (t1 and t2) 

𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝑏𝑢𝑖𝑙𝑑. +𝐻𝑉𝐴𝐶]𝑡1+𝑡2 

Impacts related to the construction and 
demolition of the historic building and its 

HVAC systems 

𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶]𝑡1 

Impacts related to the maintenance of the 
historic building and its HVAC systems during 

the temporal interval (t1). Maintenance includes 

repair and replacement impacts and related 
EOL and transports impacts. 

𝐿𝐶𝐴 [𝑄1]𝑡2 

LC Operating energy impacts during the 

second temporal period (t2). This term refers to 

the cumulative energy consumption of the non-
retrofitted building during the second temporal 

interval. It represents the LC Operating energy 

impacts likely to verify during the second 
temporal interval (t2) if not retrofitting the 

historic building (Virtual term) 

𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝐸𝑥𝑖𝑠𝑡. (𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶)]𝑡2 

Impacts related to the historic building and its 

HVAC systems maintenance during the second 
temporal period (t2). It represents the 

maintenance impacts likely to verify during the 

second temporal interval (t2) if not retrofitting 
the historic building (Virtual term). 

Maintenance includes repair and replacement 

impacts and related EOL and transports 
impacts. 

𝐿𝐶𝐴 [𝑄2]𝑡2 

LC Operating energy impacts during (t2). This 
term refers to the cumulative energy 

consumption after the retrofitting 

implementation 

𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑁𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑 𝐸𝑥𝑖𝑠𝑡. ( 𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶)]𝑡2 

Impacts related to the historic building and its 

HVAC systems maintenance impacts during 
the second temporal period (t2). This term 

represents the impacts for maintaining the non-

replaced parts of the historic building and its 
HVAC systems. Maintenance includes repair 

and replacement impacts and related EOL and 

transports impacts. 

𝐿𝐶𝐴 [𝐸𝐸𝑅𝐼]𝑡2 

Initial Embodied impacts of the EER 
Intervention including EOL and transports 

impacts.  

𝐿𝐶𝐴 [𝐻𝑉𝐴𝐶2]𝑡2 

Initial Embodied impacts of the HVAC 

systems installed during the EERI including 
EOL and transports impacts. 
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𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2 

Impacts related to the construction and 

demolition of the EERI and its HVAC systems; 
Additionally this term includes the impacts for 

the demolition of the historic building parts and 

its HVAC systems removed during the EERI 
implementation  

𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2 

Impacts related to the maintenance of the 

historic- retrofitted building and retrofitted 

HVAC systems during the temporal interval 
(t2). Maintenance includes repair and 

replacement impacts and related EOL and 

transports impacts. 

Table 10.4.2.2.1; Terms in Equations 10.1 and 10.2 and related Explanation 

Eq. 1 and Eq. 2 in Eq.10.1 present several analogous terms. Hence, Eq. 10.1 can be rewritten as 

in Eq. 10.2 where the identical terms are eliminated.   
 

∑𝐿𝐶𝐴 [𝑄1]𝑡2 + 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝐸𝑥𝑖𝑠𝑡. (𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶)]𝑡2  

> 
∑𝐿𝐶𝐴 [𝑄2]𝑡2 + 𝐿𝐶𝐴 [𝐸𝐸𝑅𝐼]𝑡2 + 𝐿𝐶𝐴 [𝐻𝑉𝐴𝐶2]𝑡2+𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2 +

𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑁𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑 𝐸𝑥𝑖𝑠𝑡. ( 𝑏𝑢𝑖𝑙𝑑 + 𝐻𝑉𝐴𝐶)]𝑡2 + 𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2  

Eq. 10.2 

 
 

In Eq. 10.2, the terms at the first member refer to the virtual impacts of historic building energy 

consumption and maintenance if the intervention would not to be undertaken (historic building 

and its HVAC system). These impacts are virtual and serve to explicit the theoretical model in 

its completeness, see [403]. The subscript (t2) clarifies that the current life cycle is the second, 

hence the intervention is undertaken, therefore, the first member terms serve only as baseline for 

the comparison.  

All the terms at the second member are real and refer to the current impacts of the retrofitting 

intervention. It is worth noting that from Eq. 10.2, all the terms related to the historic building 

embodied impacts have been removed because common to both the Life Cycles (pre and post 

retrofitting). The only impacts -historic building-related- still persistent at the second member of 

Eq. 10.2 are: the possible partial demolition of parts of the historic building and/or its HVAC 

system (𝐿𝐶𝐴 𝑐𝑜𝑛𝑠𝑡𝑟. [𝐸𝐸𝑅𝐼 + 𝐻𝑉𝐴𝐶2]𝑡2), and the impacts related to the maintenance of the 

non-replaced historic building and HVAC parts (𝐿𝐶𝐴 𝑚𝑎𝑖𝑛𝑡. [𝑁𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑 𝐸𝑥𝑖𝑠𝑡. ( 𝑏𝑢𝑖𝑙𝑑 +
𝐻𝑉𝐴𝐶)]𝑡2). 

It is clear that, including the terms related to the historic building embodied impacts (materials 

production and construction) is a redundancy. Indeed these terms do not vary from a Life Cycle 

to another. Moreover, as it is not possible to quantify with sufficient degree of accuracy the 

impacts of materials produced one or more centuries ago89[404], their addition may add 

uncertainty to the LCA model. However, as observed in the previous section, in the Literature, 

the historic building embodied impacts are often taken into account together with construction 

and transportation impacts. This especially occurs in the studies based on the so called 

“embodied energy approach”. Understandably, these studies contains high level of uncertainty 

because of possible data unreliability. Indeed, data related to materials manufacturing and 

building construction processes from the past (as well as related impacts) cannot be acquired 

with sufficient level of accuracy.  

                                                           
89 Note that the production processes prior to the industrial revolution were also not free of environmental burdens, 
especially emissions to soil and water. However it is difficult to pursue an accurate quantification for each building 

material. 
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Sometimes, in studies presented in the Literature, a clear definition of the system boundaries is 

missing, some other times it is unclear or variable between modelled case studies. This 

circumstance makes difficult the understanding of the actual EERIs environmental validity and 

hamperw the comparison between results.  

A study from F. Ardente et al. [405], summarizes the results from the EU “Brita in Pubs” Project. 

The study investigated, by means of simplified LCA, the environmental benefits of EERIs in 

public buildings undertaken in six EU countries. Four out of six case studies were historic 

buildings located in Germany, Norway, Czech Republic and Denmark. The study does clarify 

the selected system boundaries, which makes difficult the results comparison between the 

explored case studies. The results with reference to the Global Energy Requirement impact 

category show that the case study from Czech Republic investigated production, construction 

and EOL retrofitting stages. For case studies from Norway and Denmark, production and 

construction retrofitting stages were investigated. The case study from Germany conducted a 

cradle to gate LCA, hence accounting only for the production stage. In all the reported cases, 

both building operating energy and replacement impacts were neglected. 

Beside the implicit diversity of the intervention measures, the ever different system boundaries, 

prevent a comparison among case studies and, hence, a clearly understanding of the validity of 

the modelled measures. 

F. Ascione et. al [406], investigated a large set of ERIs modelled for a historic building in Italy, 

the study was limited to the building operating stage. The study compared passive and active 

measures (respectively aimed at the building envelope insulation or HVAC installation) and 

hybrid measures (active and passive measures together). The authors concluded that the best 

active measure allowed primary energy demand reduction by up to 30%. Identical percentage of 

saving was allowed by the best passive solution. Further, the best hybrid measure allowed a 

primary energy demand reduction by up to 42%. Most likely, if the EERIs embodied impacts 

would had been taken into account, it would had been possible to visualize a clear cut-off 

between active and passive solutions. Similarly to the previous study, one by F. Ardente et. al. 

[405] did not include embodied impacts within the system boundaries (both initial and recurrent), 

and therefore it is not possible to conclude on the actual environmental validity of the modelled 

retrofitting alternatives. 

10.5 STUDY METHODOLOGY  

The here discussed LCA application refers to the study presented in the previous Chapter related 

to the fenestration improvement for reducing LC operating energy of the Schoonselhof Kasteel 

in Antwerp. Since both case study and LC operating energy modelling approach are already 

discussed in the previous Chapter, these are not repeated here. 

10.5.1 Goal and scopes  

 The main objective of this study is to compare the environmental effectiveness from two 

fenestration improvement categories targeted at reducing energy consumption of heritage 

buildings such as the Schoonselhof Kasteel in Antwerp.  

The first category includes historic fenestration preservation practices, aimed at improving 

building energy performance while retaining the integrity of the historic fenestration. The 

main objective of this practice is fenestration preservation. 

The second category includes historic fenestration replacement options (ranging from glass 

panes replacement to full window replacement), aimed at maximizing LC operating energy 

savings. The main objective of this practice is maximizing LC building operating energy 

reduction. 
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 The second objective of the study is to quantify the environmental validity of historic building 

maintenance (in the specific case fenestration maintenance) as option for containing building 

energy demand. This objective, followed throughout the entire doctoral research, is also 

stressed by the EN 16883; see chapter 1.  

 The third study objective is to quantify the environmental impact generated by historic 

buildings restoration (in the specific case fenestration restoration), e.g., fenestration structural 

consolidation or biological growth treatment.  

Restoration activities, do not have a direct positive influence on the LC building operating 

energy reduction, and their embodied impacts are often high compared to their life 

expectancy [407]. Because such interventions generate embodied burdens that are not 

compensated by any operating energy reduction, their implementation may reduce the overall 

environmental effectiveness of preservation practices90.  

Indeed preservation practices are fully allocated to building restoration, thereby making the 

environment burdens of preservation practices even more onerous (hence making their net 

environmental effectiveness even lower)91. 

If such a condition is observed only from a LCA point of view, it may be concluded that it is 

environmentally more sustainable to replace rather than to preserve historic building features.  

It is understandable, that this is among the circumstances in which an incompatibility between 

cultural (societal) and environmental sustainability aspects, as discussed in chapter 1, occurs. 

 The fourth objective of the study is to quantify the environmental impact generated by the 

technical obsolescence of the modelled fenestration improvement scenarios when materials 

deterioration occurs. The proposed methodology for the technical obsolescence modelling is 

discussed in detail in the previous Chapter. 

 The fifth study objective is to obtain a clear understanding of the environmental effect 

consequent on a wide range of repair and replacement scenarios as well as of their combined 

schedule. The comparison between different maintenance scenarios may shade a light on the 

optimum schedule for fenestration maintenance. 

 The sixth objective of this study is to evaluate the environmental effect of different shares of 

recycled material embedded in the production of replacement aluminium windows frames.  

 

As the objective of the present study is to verify the environmental soundness of retrofitting 

strategy proposals, and not to speculate about environmental consequences of possible (future) 

changes between alternative product systems, the selected LCA modelling approach is the 

Attributional one.  

The selected Life Cycle Impact Methods for the study are the ones proposed in the frame of the 

Environmental Product Declaration as given in EN 15804 [380], namely Cumulative Energy 

Demand and EPD 2013.  

10.5.2 Functional unit, Service Life (SL) and Reference Study Period (RSP) 

As mentioned in section 10.5.1, this study is targeted at comparing the reduction of LC building 

energy consumption obtained by both preservation and replacement interventions of the building 

historic fenestration.  

Given the large results disparity likely to be obtained by undertaking fenestration maintenance 

or replacement, it is not considered a Functional Unit (FU) linked to the window performance 

itself, but linked to the effect each improvement option has on the building energy consumption. 

The results of the modelled options are discussed taking into account the cumulative LC 

                                                           
90 Obviously, restoration activities are foreseen only if the historic windows frame is retained (from scenario 2 to 5). 
91 It should be noted that preservation practices are less advantageous from an energy saving then are from replacement 

options 
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embodied and operating impacts generated by each scenario or sub-scenario compared to the 

ones obtained by the operation of the building with unmaintained fenestration.  

As the aim of any retrofitting undertaken in the HBE is not only to improve building performance 

but also to prolong building Service Life (SL), the study di not select a SL for the studied building 

but rather considered a Reference Study Period (RSP). The RSP is defined by the EN 15798 as: 

“period over which the time dependant characteristics of the object of assessment are analysed”; 

in § 3.25 [51]. In this study, it is 100 years.  

The literature often selects an arbitrary SL upon LCA modelling of retrofitting interventions in 

historic buildings. This selection not only has an effect on LCA system boundaries and results 

(given that EOL scenarios for the historic building are modelled), but may also imply an impact 

shift from the environmental sustainability sphere to the societal one in case historic building is 

demolished; see chapter 1 and [392].  

In the author’s opinion, the selection of a SL for historic buildings includes high uncertainty 

given the randomness of historic buildings SL compared to that of contemporary existing ones. 

Indeed, SL of historic buildings is dependent on national or regional statutory frameworks and 

may vary by a large extent. Historic buildings investigated in the literature have ages ranging 

between 100 to 600 years (see Electronic Annex 1.1). Hence, the selection of say 60 or 100 years 

SL is limitative.  

The SL of products utilized in each scenario alternative is given in Table 9.5.5.2 in chapter 9. 

The SL considered in this study (hence considered in Chapter 9) are assumed on the basis of 

literature results and are reported in and Annex 4.1. 

10.5.3 System boundaries 

A description of the system boundaries for each undertaken scenario is reported in sections from 

10.5.5.1 to 10.5.5.6.  The system boundaries of this study considers: 

 

 Products manufacturing including raw materials extraction, transportations to the plant and 

manufacturing process; see modules A1-A3 in Fig. 10. 5.3.1.  

 

 
Fig. 10.5.3.1; General system boundaries of the study based on EN 15804 

 

 Onsite performed processes with use of energy or material and/or production of waste, 

(related to historic windows maintenance and new windows installation), modules A5 in Fig. 

10.5.3.1.  

 Building use and maintenance. Maintenance is related to both historic fenestration and 

replacement windows, see modules B1 and B2 in Fig. 10.5.3.1.  
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With regard to the building use, as described in chapter 9, the study only considers the energy 

consumption for space heating (accounting for LC operating energy alteration caused by 

technical obsolescence of each modelled scenarios). No electricity or water consumption are 

taken into account. 

In accordance with the considerations in section 10.4.1, Repair and Replacement are 

modelled as activities to be undertaken within each scenario maintenance. Hence, 

maintenance may include both repair or replacement activities according to the modelled 

scenario alternatives as shown in Annex 4.10. It is worth remembering that, according to the 

discussion of section 10.4.1, by Repair is meant a given activity without components 

replacement and with Replacement an activity with components replacement.  

 Given the specificity of the present study aimed at evaluating a set of retrofitting interventions 

(hence refurbishment), the module refurbishment (module B5 in Fig. 10.5.3.1) is omitted. 

Indeed, it is unlikely that a refurbishment of a refurbishment would occur. More likely it may 

occur a new intervention in replacement of the undertaken retrofitting. However, this scenario 

is out of the scope of the analysis. 

 With regard to the End Of Life (EOL) stage, the study considers: deconstruction, wastes 

treatment and materials disposal, modules C1, C3 and C4 in Fig. 10.5.3.1.  

 In the study, the transport impacts from the manufacturing plant to the building site as well 

as from the building site to the waste treatment (or pre-treatment) plant are omitted. In the 

LCA literature the negligibility of transport impacts on the total results is often reported 

[355][372][408][409]. The share of impacts associated to materials transportation is 

generally found not to exceed 1% of the total LC impacts [410]. Furthermore, this figure 

refers to the transport of materials for a whole building construction. It may be assumed that 

given the extremely lower bulk of materials needed for a EERI implementation, this 

percentage would be even lower. 

10.5.4 Life Cycle Inventory method and Data quality 

For the sake of clearity, results from this study do not illustrate the impact from a product 

manufactured in a specific production plant, but rather they elucidate the impact from typical 

available technologies.  

In order to model production scenarios representative for the EU manufacturing, (European) 

average data from the Ecoinvent 3 Database implemented in SimaPro92, were used for upstream, 

core and downstream modules. The same was done for products for maintenance and restoration.  

To eliminate materials quantities bias, the inventory for each modelled replacement window 

typology was constructed considering the average of the material quantities from three different 

commercial products available in the EU market. There is, however, an exception for timber 

widows modelled according to only one producer. Consistently, also the thermo- physical 

characteristics for each replacement windows typology entered into the dynamic building 

simulations, were averaged from the different market solutions; see section 9.5.3.2.2 and Table 

9.5.3.2.3 in chapter 9. 

The energy considered during the infield construction and building use stages, refers to the 

European energy mix and does not account for the specific Belgian energy mix.  

For the onsite- performed processes with use of electricity for machinery, e.g. replacement 

windows installation, historic windows milling etc, low voltage electricity was considered. 

Further, for the building operating, heat production from natural gas was considered.  

                                                           
92 The study was conducted using the SimaPro versions 8.2.3.0 and version 8.4.0.0 
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10.5.4.1 Products and materials End Of Life (EOL) and recyclable materials modelling 

approach 

The EOL of materials with high recyclability rate such as aluminium, are generally modelled by 

following two different approaches. Not only do the two modelling approaches, namely cut-off 

(or recycled content) method and avoided burden method (or EOL recycling) method, give 

remarkably different results, but they also involve irreconcilable values choice.  

According to R. Frischknecht in [30], the cut-off or recycled content method serves the strong 

sustainability concept. It is based on a risk-averse attitude and results in a higher eco-efficiency 

of metal scraps recycling as compared to primary metal manufacturing.  

The avoided burden approach serves the weak sustainability concept (see chapter 1). It 

corresponds to a risk-seeking attitude and results in higher eco-efficiency of primary metal 

manufacturing as compared to secondary metal manufacturing. 

The recycled content approach considers the share of recycled material, e.g. metal, in the 

manufacturing of a product (with recycled content). The environmental impacts of extraction, 

refining and beneficiation of primary metal are attributed to the first use of that metal product. 

The second use of the metal bears the environmental impacts of collection, beneficiation and 

refining of metal scrap. Secondary metal does not bear any environmental burden associated to 

the primary production of metal.  

On the contrary, avoided burden approach considers (and rewards) the EOL fate of the metal 

product. The share of metal recycled after the use phase of a product determines the amount of 

primary metal that is not required to be replaced by primary metal feedstock. In short, post-

consumer recycling avoids primary metal production, and the environmental impacts of the 

avoided primary metal production are credited to the product that sends the metal to recycling 

[30].  

The mentioned approaches can be expressed analytically by Eq. 10.3 and Eq. 10.4 respectively 

for Recycled content and EOL recycling approach. 

 

𝐸 = (1 − 𝑅1)𝐸𝑣 + 𝑅1(𝐸𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑) + (1 − 𝑅2)𝐸𝑑 (Eq. 10.3) 

 

𝐸 = (1 − 𝑅2)𝐸𝑣 + 𝑅2(𝐸𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑) + (1 − 𝑅2)𝐸𝑑 (Eq. 10.4) 

 

Where the terms in the Equations 10.3 and 10.4 are given in Table 10.5.4.1.1. 

 

E Kg (emissions or source) 

Emissions or used sources (per 

Functional Unit) related to raw 
materials extraction and EOL 

processing 

R1 Kg (emissions or source) 
Recycled content, share of recycled 
material in input to the system  

R2 Kg (emissions or source) 

Recyclability rate, share of the 

material from the system product to 
be recycled in the next production 

system 

Ev Kg (emission or source) 

Emission or used source (per 

Functional Unit) related to the 

acquisition and pre-treatment (cradle 

to gate) of input virgin material 
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E recycled Kg (emission or source) 

Emission or used source (per 

Functional Unit) for the production 
processes of Recycled material 

including collecting, sorting and 

transportation 

Ed Kg (emission or source) 
Emission or used source (per 

Functional Unit) for waste treatment  

Table 10.5.4.1.1; Terms in Equations 10.3 and 10.4 and related Explanation 

 

Put differently, according to EOL recycling (or avoided burden) approach, the metal that will be 

probably recycled in the future, avoids primary metal production. The share of metal in the 

product, that will be potentially recycled in the future is considered as the natural capital 

represented by a credit of avoided environmental burdens. On the contrary the recycled content 

(or cut-off) approach considers the environmental impacts at the time they occur. If a product is 

made of primary metal, the primary metal impacts are attributed to this product. No credits are 

attributed if a metal will be probably recycled in the future.  

 

In the author’s opinion, avoided burden approach, in fact, mortgage the environmental impacts 

to the future, basically paving the way for environmental burdens shift. Moreover, it is generally 

claimed that aluminium or metal products have very long Service Lives. The durability of 

aluminium and metal products constitute on the one hand an environmental advantage, but on 

the other hand, it limits the large availability of old scrap93 in the near term future. The latter 

makes the hypothesis of a massive scrap supplying (for balancing the EOL recycling equation) 

highly improbable.  

If looking at the curve of the world wide evolution of primary and secondary aluminium 

production, see Fig. 10.5.4.1, it can be observed that in the past years there has certainly been an 

increase of the yearly rate of secondary aluminium production, but that has been outpaced by the 

rate of primary aluminium production. As the aluminium demand is constantly increasing and 

the aluminium products recently installed will have very long SL, it is difficult that the 

production loop can soon be closed by the input of post-consumer scrap. In the author’s opinion, 

considering that the shortage of new and old aluminium and metals scrap is a fact, the EOL-

recycling approach would be a realistic approach if at least one of the two following options 

were to hold. 

 

 If the worldwide aluminium or metal product demand would be rather constant over time 

(making the primary aluminium production curve less steep); 

 If there were a premature dismantling of installed products for acquiring larger stock of old 

scrap (with the consequences of having initially declared longer SLs); 

 

                                                           
93 Scrap from post-consumer aluminium or metal product 
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Fig. 10.5.4.1; Worldwide evolution of recycled and primary aluminium yearly production, from [411] 

 

The world aluminium stock is estimated to increase from 520 million of tonnes in 2007 up to 

920 million of tonnes in 2020 (77% increase). The yearly primary aluminium production is 

supposed to increase to some 38 million tonnes/years compared to the 27.4 million/year in 2003. 

At the same time, the global recycled metal supply to industry will rise to some 13 million 

tons/year as compared to 7 million tons/year in 2003. The recycling rate (post –consumer 

recycled aluminium related to primary plus secondary production from post-consumer scrap) 

will rise from 20% in 2003 to 25% in 2020 [30]. These figures are far from closing the loop with 

100% recycling feed as necessary for making feasible the assumptions from the EOL recycling 

concept [30][412].   

It is not surprising that industries and lobbies are promoters of the EOL recycling method while 

Public bodies of the recycled content one. The EAA (European Aluminium Association) states: 

“Any uncertainty about recycling rates and recycling techniques for long-life aluminium 

products is not sufficient to refuse recycling credits. It rather has to be dealt with by applying 

different recycling scenarios in the form of sensitivity analyses, which must include the state-of-

the art recycling technique for the product under study and the expected recycling situation in 

the future” [413]. However, even if considering the forecasted figures for aluminium recycling 

rate in the coming years it is too optimistic to argue that the loop can be closed by scrap provision 

in the short future. Moreover, considering that it is necessary to intervene immediately for 

moderating the current (not only future) worldwide greenhouses gases emissions and climate 

change, it is not that prudential to allow a man-made capital with larger environmental costs by 

speculating on the environmental gains likely to be obtained in the distant future. 

Further, EAA, suggest to LCA practitioners better not to adopt the recycled content approach 

and to favour the avoided impact one: “The environmental performance of aluminium products 

is determined to a great extent by end of life recycling rates which reduce losses in the material 

loop. A recycled content figure alone is not suited in the context of life-cycle assessments (LCA) 

of aluminium parts. For that purpose, a full LCA including end-of-life recycling credits is the 

most appropriate approach”[414]. 

Here is not the place to discuss the social principles behind the two approaches. The objective of 

this LCA study is limited to the assessment of a project choice, moreover, wanting to prize 

correct design choices rather than correct design hypothesis [381], in this study it is opted for the 

Recycled content approach.  

In order to take into account the evolution of the aluminium recycled content share over the past 

years until recently, two scenarios based on the Recycled content figures provided by EAA in 

2013 (published in [408]) and 2016 [414] were considered.  

Not only aluminium or metal are materials intended to be recycled at their EOL but also plastics. 

Thanks to the beneficial effect of landfilling bans recently introduced, among the other countries 

also in Belgium, the recyclability rate of plastic from post-consumer waste overcame (for the 

first time in 2016) the landfilling rate, respectively 31.1% versus 27.3% [415]. However the 
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typology of plastics strongly influence the EOL fate and, especially, the recycling potential of 

them. 

A Report commissioned by the EU Commission on PVC, concluded that there are environmental 

benefits in diverting PVC away from incineration. But, landfilling is also not an option. It was 

noted that PVC landfilling comes out positive in comparison with incineration (in LCA studies), 

because the leaching of additives (e.g. phthalates) is weighted as less serious environmental 

problem than the emissions from incineration [416]. Therefore, there is not absolute 

environmental validity of PVC landfilling. 

Recycling post-consumer PVC is observed to be better than landfilling, but it is also 

acknowledged that not all the PVC compounds can be recycled. The typical composition of PVC 

compound for windows products (lead stabilised) is given in Table 10.5.4.1.2. 

 
 Component share (weight-%) 

Application PVC polymer Plasticiser Stabiliser Filler Others 
Window profiles 

(lead stabilized) 
85 

- 

 
3 4 8 

Table 10.5.4.1.2; Typical composition of PVC compound for window-profiles (lead stabilised) from [416] 

 

In Table 10.5.4.1.2 it is shown that PVC polymer takes 85% of weight of a typically used 

compound for window profile production, the rest is plasticisers (sometime >0%), stabilisers, 

fillers etc.  

In the stabilizers there is on average 2% of heavy metals compounds such us lead or cadmium 

[416]. The presence of these highly polluting metals, does not constitute a risk for users during 

the window use stage as they are encapsulated in the polymer; however such a presence becomes 

a risk during the EOL stages. Due to the presence of lead stabilizers, post-consumer PVC cannot 

always be recycled. In this regard, it is clear that PVC recycling takes on an additional problem 

in comparison with metals recycling. Indeed, not only the availability of scrap should be taken 

into account, but also its specific quality.  

Although some experts argue that the presence of lead stabilizers within the PVC post –consumer 

scrap would be not a risk for health in case of recycling, some others adopt a more cautionary 

approach. Generally, the “product to product” (closed loop) recycling system in case of lead-

stabilisers would be less risky than an open-recycling system approach where there is not 

complete control on the substance flow.  

The initiative of phasing out the use of lead and cadmium within PVC manufacturing, as ratified 

by the UNEP.GC.27/12 (United Nations Environmental Program Governing Council Decisions, 

section 2) [417] and positively welcomed by the European PVC industry94 does not solve the 

problem of the current PVC recycling framework. Indeed, considering that the still in function 

PVC products (e.g. windows profiles), still have heavy metals stabilizers in their material bulk, 

and considering that the share of available PVC waste without such stabilizers will only start 

decreasing from 2030 [418], the current issue of PVC recycling is a fact. Therefore, although the 

share of collectable PVC is increasing [419], still regulatory issues prevent a pronounced use of 

reclaimed PVC within the new products manufacturing stage95.  

More specifically, if high ratio of heavy metals (as well as plasticizers such as phthalates) is 

found in the PVC post-consumer scrap, it will only be possible to incorporate a negligible 

quantity of reclaimed material in the new PVC production (in order to avoid that the 

concentration of lead or cadmium in the new products exceeds the regulatory option). But, low 

rates of incorporation of recycled PVC content within the new production usually does not justify 

the investments and additional running costs to co-process recycled PVC; resulting in a larger 

amount of PVC going to incineration (if landfilling is banned) [418].  

                                                           
94 Already successfully committed on a voluntary basis since 2010 in discontinuing the use of heavy metals stabilizers 
in the PVC production [442] 
95 Especially because of the restrictions of lead concentration into the newly produced PVC products 
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Such a scenario is hopefully destined to change in the short future. However, given the 

unevenness of the PVC recycled content share utilized in the new production stages throughout 

the EU countries, this study considered two scenarios, the first one (1%) with no reclaimed PVC 

(100% virgin PVC) and a second (2%) with a low share or PVC from post-consumer treatment 

(20% recycled content PVC); see Table 10.5.4.1.3. The recyclability rates, as well as incineration 

and landfilling are derived from [420]96. 

Given the lack of data, the study considers that the other plastics such as EPDM and Polyamide 

(thermal breaks) profiles are produced by 100% virgin material. The EOL scenarios are given in 

Table 10.5.4.1.3. 

With regard to glass panes, the recycling process is hampered by both technical and statutory 

requirements.  The Waste Framework Directive (WFD) sets a general 70% target for reuse and 

recycling of Construction and Demolition (C&D) waste. However, as glass represents less than 

1% of C&D waste, this target does not serve as an incentive to set up a flat glass collection 

scheme. Indeed, in theory this target can be achieved with 0% of flat glass being recycled [421]. 

According to the Glass for Europe Association, despite the high potential of glass recyclability, 

due to the lack of recycling target on specific types of building waste (such as glass) within the 

WFD framework, there exists, in fact, a disincentive for glass sorting and separated recycling 

into new glass products. This translates into a current practice that foresees construction and 

demolition (post-consumer) glass being crushed together with other building materials and 

landfilled or recovered together with other C&D waste. Thus, in Europe, EOL building glass is 

almost never recycled into new glass [421].  

Nonetheless, the difficulty of glass recycling, does only arise not from statutory limitations, but 

also from the practical technical difficulty during both dismantling and collection processes of 

old windows or flat glass products, and finally, during the successive segregation process [422].  

Once old windows are dismantled from buildings, there should proper sorting and collection (at 

the earliest stage possible) in order to avoid breakage and contamination of the glass by other 

building components. After, a separation of the glass from the window (by removing windows 

frame, hinges, sealants etc.) needs to be undertaken. However, as at this stage the glass still does 

not fulfil the end of waste criteria, an additional treatment is necessary for removing the 

impurities from the glass cullet and sending the product to furnace [422]. However given the 

strict requirements for optical defects97, only clear cullet is allowed to be used for flat glass 

production, the rest of  cullet (mixed cullet) is employed for laminated glass, mirrored glass, 

wired glass etc. [423]. Give the current difficulties given by technological processing of the EOL 

glass and the stringent statuary requirements, the share of recycled content in flat glass 

manufacturing throughout the EU countries is remarkably low.  

For the mentioned reasons, this study assumes glass being produced by 100% virgin material. 

EOL and recycling rate for glass are given in Table 10.5.4.1.3. It is worth noting that a 

differentiation, based on the Ecoinvent database, was done for EOL of single panes and IGUs. 

Additionally to the products discussed until now, Table 10.5.4.1.3, reports the EOL scenarios for 

construction materials considered in this study. The majority of EOL scenarios are based on 

[420].  

 

 

 

 

 

 

 

                                                           
96 It is worth noting that as the considered publication was published before the PVC landfilling ban in Belgium, it takes 
into account 10% of PVC landfilling  
97 Standards for flat glass in buildings give a maximum number of three <1 mm faults per jumbo pane (3mx6m) [423] 
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Material (scenario) EOL Ref. Material share 

 Landfilling 
(%) 

Incineration 
(%) 

Recycling 
(%) 

 Recycled 
content 

(%) 

Virgin 
content 

(%) 

Aluminium frame profiles 
(1%) 

5 0 95 [420] 50 50 

Aluminium frame profiles 

(2%) 5 0 95 [420] 33 67 

PVC frame profiles (1%) 10 45 45 [420] 0 (*) 100 

PVC frame profiles (2%) 10 45 45 [420] 20 (*) 80 

Timber frame profiles (and 

counter frame profiles) 5 20 75 [420] 0 100 

Steel ironmongery 5 0 100 [420] 0 100 

Polyamide thermal breaks 
profiles  

10 85 5 [420] 0 100 

EPDM gasket profiles  100 0 0 [420] 0 100 

Flat glass panes 30 0 70 [420] 0 100 

IGUs 80 20 0 Eco. 0 100 

Polyurethane foam 0 100 0 [420] 0 100 

Silicone and adhesives 100 0 0 [420] 0 100 

Lubricating oil 0 100 0 Eco. 0 100 

Paint, varnish layers 100 0 0 [420] 0 100 

Gypsum 100 0 0 [420]98 0 100 

Solvents (including epoxy 

resins and pesticide) 0 100 0 [420]99 0 100 

Fig. 10.5.4.1.3; EOL scenarios for products and materials used in the study (*) in both the PVC recycled content 

alternatives it is modelled the use of aluminium with 50% recycled content 

10.5.5 Baseline and retrofitting scenarios modelling description  

The description of the fenestration improvement options discussed in this section completes the 

one provided in chapter 9 focussed on the characteristics of each intervention having a bearing 

on the LC operating energy. In other words, this section describes the characteristics of the 

proposed interventions having a bearing on their total embodied impacts. It is worth noting that, 

as the consideration reported in chapter 9, about the energy modelling of each scenario, will be 

not here repeated, it may be worth clear reading sections from 9.5.5.1 to 9.5.5.6, before 

continuing reading this section.  

10.5.5.1 Scenario 1: baseline scenario 

The LC environmental impacts of the baseline model, only refers to the consumption of natural 

gas for space heating. No maintenance or replacement activities are included. Hence, no 

embodied impacts exist. Specific system boundaries and study hypothesis for scenario 1 are 

given below. 

 

Inside the system boundaries 

 

 Production of thermal energy for heating; 

                                                           
98 [420] reports 95% landfilling and 5% recycling, while this study considers 100% landfilling. 
99 [420], with reference to “klein gevaarlijk afwal”, reports 75% incineration and 25% recycling, while this study 

consideres 100% incineration 
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 Building operating (RSP, 100 years) not accounting for technical obsolescence of the 

historic windows 

 

Outside the system boundaries 

 

 Production of energy other than thermal energy for space heating 

10.5.5.2 Scenario 2: fenestration maintenance (and restoration) 

Beside the mentioned (tiny) benefits in terms of energy saving described in chapter 9, window 

maintenance allows the prolongation of the historic windows SL. Indeed, maintained windows 

can easily reach 250 years or even survive the life time of the building itself100 [313][354]. 

Environmental advantages allowed by historic windows maintenance are described by K. M. 

Switala- Elmhurst et. al. in [355].  

The windows maintenance activities included in this study are: replacement of the glass bars 

putty, windows painting and ironmongery oiling. Additionally to fenestration maintenance, also 

restoration activities are considered in the study. Although these activities are described only in 

this section, they are performed in all the scenarios with the sole exception of windows 

replacement (scenario 6).  

In the study, restoration activities are based on literature [112][355] and include: consolidation 

of window frame, cracks filling, biological infestation treatment and final window painting. The 

restoration activities, iterated each 50 years (see Annex 4.10), are treated as not improving the 

energy efficiency of the window units, hence they do not reduce LC building operating energy. 

It is worth mentioning that burdens for production and disposal of restoration products are only 

included in scenarios from 2 to 5 (namely when the historic windows frame is retained). 

Windows replacement options do not carry the burdens from historic fenestration restoration.  

Since performing restoration often implies large recurrent embodied impacts [407], avoiding its 

accounting, e.g. in windows replacement scenarios, theoretically generates an advantage for the 

latter. However, as discussed in chapter 1, preserving the HBE is a social commitment in just the 

same way as reducing existing buildings environmental impact. Therefore, specific conditions 

when modelling the system boundaries of retrofitting interventions performed in the HBE need 

to be statutorily identified. 

LCA for scenario 2 aims at evaluating the LC environmental impacts of windows maintenance 

and restoration versus unmaintained windows (scenario 1). The scenario models two material-

alternatives for the paint: alkyd based (alternative α) and acrylic based (alternative β). 

The Life Cycle Inventory (LCI) of scenario 2 (alternative β)  and Restoration is reported in 

Annex 5.1. Although Annex 5.1 reports the inventory for alternative β, the materials quantities 

are identical also for alternative α . 

The specific system boundaries and study hypothesis for scenario 2 are defined below. 

Maintenance and restoration schedule is given in Annex 4.10, materials EOL scenarios are given 

in Table 9.5.5.2. 

 

Inside the system boundaries:  

 

 Production of materials for maintenance;  

 Production of materials for restoration; 

 Onsite restoration and maintenance activities (with consumption of energy or 

production of wastes); 

                                                           
100 See summary, page 5 in [313] 



262 

 

 Building operating (RSP, 100 years) accounting for technical obsolescence of the 

historic maintained windows; 

 EOL maintenance materials; 

 EOL restoration materials 

 

Outside the system boundaries: 

 

 Products or processes for preparatory diagnostic on the fenestration (both onsite and in 

laboratory); 

 Domestic maintenance (cleaning); 

 EOL historic windows; 

 Transportations of materials from the manufacturing plant to building site and 

transportation of wastes from building site to waste treatment (or pre- treatment) plant 

 

Scenario hypothesis: 

 

Maintenance 

 

 The existing paint layer on the historic windows is considered as not to be retained. 

However, no differentiated waste treatment is foreseen as it is assumed not to contain 

lead dust; 

 The paint layer of the windows is modelled considering two sub scenarios: solvent-

based (alkyd) and water –based (acrylic) paint (sub scenarios “⍺” and “β” respectively). 

The two paint typologies do not generate operating energy variation, therefore the LCA 

comparison refers only to the embodied impacts. The dry density of the two paints is 

considered identical.  

 

Restoration 

 

 The plastering of the cracks (based on 50% of the windows surface for an effective 

depth of 3mm) is performed with epoxies resin-based filler with light weighted additive 

(gypsum). The final surface sanding after this activity is manually performed, hence not 

considered in the system boundaries; 

 The consolidation of the windows is epoxies resin-based. The windows surface is 

brushed twice with bi component epoxide resin, 20% acetone included. No cutting or 

removal of rotten timber is considered 

 

With regard to the maintenance iteration frequency the following should be mentioned: 

 

three maintenance iteration frequencies are considered (intensive, fair and poor maintenance).  

 Intervention iteration for sub-scenarios 2.1.⍺ and 2.1.β (Intensive scenario), is 

developed on basis of the maintenance plan drafted by City of Antwerp101 for the 

Schoonselhof Kasteel (5 years); 

 Intervention iteration for sub-scenarios 2.2.⍺ and 2.2.β (Fair scenario), is developed on 

basis of the findings from a report from English Heritage [424]. The study reports that 

owners of historic buildings perform maintenance on the windows each: (max) 1 years 

(14%), (max) 5 years (58%), (max) 10 years (19%), more than 10 years (3%). The 

highest frequency coincides with the here defined “Intensive Scenario”, while the 

                                                           
101 Onderhoudplanning 2016-2025 for Schoonselhof Kasteel; printed date 26/02/2016. The plan proposes to undertake 

maintenance activities on the windows every 4 year, however 5 years has been considered in this study 
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second highest frequency coincides with a windows maintenance occurrence of (max) 

10 years. This frequency is defined in this study as “Fair Scenario”; 

 Intervention iteration for sub-scenarios 2.3.⍺ and 2.3.β (Poor scenario), is developed on 

basis of a constant low windows maintenance rate (15 years) 

10.5.5.3 Scenario 3: fenestration draught proofing 

In scenario 3, the environmental cumulative benefit and burdens of both historic windows 

maintenance and draught proofing is evaluated. The intervention consisted in the installation of 

EPDM profiles on windows sashes and silicone around the window fixed frame edge (only 

internal side). The position of the sealants is represented in Fig.9.5.5.3.1 (in chapter 9). 

The Life Cycle Inventory (LCI) from scenario 2 alternative β102 (iteration frequency 5 and 10 

years) holds valid also in scenario 3. However, new products and processes such as EPDM 

profiles production, installation and disposal are added. LCI of scenario 3 is given in Annex 5.2. 

Below are defined the specific system boundaries and study hypothesis for scenario 3. 

Maintenance, restoration and draught-proofing schedule is given in Annex 4.10, materials EOL 

scenarios are given in Table 9.5.5.2. 

 

Inside the system boundaries: 

 

 Production of materials for maintenance;  

 Production of materials for restoration; 

 Production of materials for draught proofing; 

 Onsite restoration and maintenance activities (with consumption of energy or 

production of wastes); 

 Windows milling for the introduction of the EPDM profiles 

 Building operating (RSP, 100 years) accounting for technical obsolescence of the 

historic maintained windows; 

 EOL maintenance and draught proofing materials; 

 EOL restoration materials 

 

Outside the system boundaries: 

 

 Products or processes for preparatory diagnostic on the fenestration (both onsite and in 

laboratory); 

 Domestic maintenance (cleaning); 

 EOL historic windows; 

 Transportations of materials from the manufacturing plant to building site and 

transportation of wastes from building site to waste treatment (or pre- treatment) plant 

 

Scenario hypothesis: 

 

 Identical to scenario 2 for restoration and maintenance activities; 

 EPDM profiles are fixed to the windows sashes edges with silicone after frame milling. 

The profiles assemblage is performed in situ manually (no burdens for machinery are 

included);  

                                                           
102 The scenarios successive to 2, considered the LCI from alternative β (acrylic paint) as being the better option of the 

two modelled painting materials (alkyd and acrylic) 
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10.5.5.4 Scenario 4: internal storm glazing addition 

In scenario 4, the cumulative environmental benefit and burdens of historic windows 

maintenance, draught proofing and the addition of an internal secondary glazing (storm window) 

is studied. The secondary glazing is modelled according to two technologies: single glazed (sub-

scenarios 4.α) and double glazed (sub-scenario 4.γ) secondary glazing. In accordance with 

section 10.5.4.1, aluminium frame was modelled considering both the sub-scenarios “4.α” and 

“4.γ”, a different share of recycled materials, respectively 50% in alternative “1%” and 33% in 

alternative “2%”; see Table 10.6.1. 

The LCI from scenario 2 (alternatives β iteration frequency 10 and 5 years) and from scenario 3 

holds valid also in scenario 4. However, new products and process such as: aluminium frame 

production and disposal, double glazed IGU production and disposal, steel ironmongery 

production and disposal, polyamide bars production and disposal, timber counter frame 

production and disposal are added to the LCI. The LCI for alternative 4.α is given in Annex 5.3, 

while the one for alternative 4.γ is given in Annex 5.4. Below are defined, the specific system 

boundaries and study hypothesis for scenario 4. Maintenance, restoration, draught-proofing and 

replacement of secondary glazing components schedule is shown in Annex 4.10, EOL materials 

scenarios are given in Table 9.5.5.2. 

 

Inside the system boundaries 

 

 Production of materials for maintenance;  

 Production of materials for restoration; 

 Production of materials for draught proofing; 

 Onsite restoration and maintenance activities (with consumption of energy or 

production of wastes); 

 Windows milling for the introduction of the EPDM profiles 

 Building operating (RSP, 100 years) accounting for technical obsolescence of the 

historic maintained windows and secondary glazing; 

 Secondary glazing production and treatment: manufacturing of secondary glazing 

materials (aluminium profiles, gaskets, single glass pane or IGU, frame hardware; 

treatment of produced materials, e.g., aluminium extrusion, anodization and coating); 

 Secondary glazing assembly: production of materials for secondary glazing assembly 

(adhesive for metals, silicone); 

 Secondary glazing installation: production of materials for secondary glazing 

installation (silicone); processes for secondary glazing installation (electricity for 

machinery); 

 EOL maintenance, draught proofing and secondary glazing materials; 

 EOL restoration materials 

 

Outside the system boundaries 

 

 Products or processes for preparatory diagnostic on the fenestration (both onsite and in 

laboratory); 

 Domestic maintenance (cleaning); 

 EOL historic windows; 

 Transportations of materials from the manufacturing plant to building site and 

transportation of wastes from building site to waste treatment (or pre- treatment) plant 

 

Scenario hypothesis 
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 Identical to scenario 2 for historic windows maintenance and restoration; 

 Identical to scenario 3 for historic windows weather –stripping; 

 Aluminium is modelled considering the Recycled content approach considering two 

different share of recycled content 

 Secondary glazing components non-subject to technical obsolescence are replaced 

simultaneously with the whole unit (e.g. single glass pane) 

10.5.5.5 Scenario 5: glass pane replacement  

In scenario 5, the cumulative environmental benefit and burdens of windows maintenance, 

draught proofing and replacement of the (historic) single glazing pane with IGU is evaluated.  

The LCI from scenario 2 (alternatives β iteration frequency 10 and 5 years) and from scenario 3 

holds valid also in scenario 5. However, new products and processes such as: double glazed IGU 

production and disposal are added to the LCI. This scenario also includes the EOL of the historic 

glass panes as well as the one of the timber glass bars present in the historic fenestration. The 

LCI for scenario 5 is given in Annex 5.5. 

Below are defined, the specific system boundaries and study hypothesis for scenario 5. 

Maintenance, restoration, draught-proofing and replacement of glass pane components schedule 

is given in Annex 4.10, EOL materials scenarios are given in Table 9.5.5.2. 

 

Inside the system boundaries 

 

 Production of materials for maintenance;  

 Production of materials for restoration; 

 Production of materials for draught proofing; 

 Onsite restoration and maintenance activities (with consumption of energy or 

production of wastes); 

 Windows milling for the introduction of the EPDM profiles 

 Building operating (RSP, 100 years) accounting for technical obsolescence of the 

historic maintained windows and IGU; 

 IGU production: manufacturing and treatment of double glazed IGU 

 IGU installation: production of materials for IGU installation (silicone); processes for 

IGU installation (electricity for machinery) 

 EOL maintenance, draught proofing, replacement glass panes, (historic) timber glass 

bars, (historic) glass panes; 

 EOL restoration materials 

 

Outside the system boundaries 

 

 Products or processes for preparatory diagnostic on the fenestration (both onsite and in 

laboratory); 

 Domestic maintenance (cleaning); 

 EOL historic windows; 

 Transportations of materials from the manufacturing plant to building site and 

transportation of wastes from building site to waste treatment (or pre- treatment) plant 

 

Scenario hypothesis 

 

 Identical to scenario 2 for historic windows maintenance and restoration; 
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 Identical to scenario 3 for historic windows weather –stripping; 

10.5.5.6 Scenario 6: windows replacement 

Scenario 6 simulates the total windows replacement. Existing windows are dismounted and 

processed as waste, hence replaced by aluminium, PVC or timber windows.  

With regard to aluminium or PVC frames, although profiles thermal performance may be 

identical between products (e.g. profiles thermal transmittance value or gross frame profiles 

dimension, hence window visible area), fundamental differences can still be observed in terms 

of materials amount. This occurs because of producer’s design choices on inner profile shaping 

or typology of used materials. The latter may vary the LCI of each inventory despite an similar 

thermal performance. For this reason, and for obtaining LCA results representative of an average 

(aluminium and PVC) product, the replacement windows were modelled considering three 

different options per window replacement typology produced from different EU producers. 

Timber windows were modelled considering data from only one EU producer. The double 

glazing IGU foreseen in each window replacement option is the same as the one modelled in 

sub- scenario 4.γ and scenario 5. Also the windows hardware  is considered constant throughout 

all the window systems respecting the requirements for window sashes not heavier than 160kg. 

Hinges, bars, and ferrules are considered in stainless steel and dimensioned according to Table 

10.5.5.6.1. 

 
Sashes between 500mm and 1200mm 2 hinges per sash 

Sashes between 1200mm and 1800mm 3 hinges per sash 

Sashes between 1800mm and 2400mm 4 hinges per sash 

Table 10.5.5.6.1; Hardware and ferrules quantification scheme 

This scenario considers the total impact of historic windows EOL. The specific system 

boundaries and study hypothesis for scenario 6 are defined below. Maintenance, restoration, 

draught-proofing and replacement of glass pane components schedule is given in Annex 4.10, 

EOL materials scenarios are given in Table 9.5.5.2, while the LCIs for alternative aluminium, 

PVC and timber are given respectively in Annex 5.6, 5.7 and 5.8. 

 

Inside the system boundaries 

 

 Windows frame production: manufacturing and treatment of aluminium frame profiles 

(including alloy aluminium production or secondary aluminium treatment, profiles 

extrusion, anodization and powder coating); manufacturing and treatment of PVC frame 

profiles (including mass coloured PVC production or secondary PVC treatment, 

profiles extrusion); manufacturing and treatment of timber profiles (including timber 

profiles production and painting). Two different recycled content shares for alumium 

and PVC are modelled. 

 Windows frame hardware production and treatment: stainless steel production and 

casting; 

 Windows polyamide thermal breaks production and treatment: production of glass 

fibres polyamide production and extrusion; 

 Windows frame profiles assembly: including electricity for machinery; 

 IGU production: production and treatment of double glazed IGU;  

 Window installation: including production of adhesives and insulation foam; 

 Building operating (RSP, 100 years) accounting for technical obsolescence of the 

replacement windows; 

 EOL historic windows; 
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 EOL replacement windows 

10.6 STUDY RESULTS 

This section is divided into two parts. In the first (from sections 10.6.1 to 10.6.3), specific aspects 

of the study are discussed. The section examins the LC environmental impact caused by material 

or technology choices (section 10.6.1), the environmental impact of retrofitting components 

technical decay (section 10.6.2) and the environmental impact of restoration activities (section 

10.6.3). In the second part, section 10.6.4, LCA results ,per scenario, are discussed in grater 

detail.  

In section 10.6.1, the discussed results contain the hypothesis of no materials deterioration, hence 

absence of retrofitting components technical decay. This hypothesis, usually admitted in LCA 

studies, accepts that the modelled operating energy (after a retrofitting intervention 

implementation) stays constant over time. Consequentially, any iteration of repair or replacement 

scenarios affects only the embodied burdens but does not influence the LC operating energy 

impacts.  

Chapter 9, however, showed that this simplification, though prevalent in LCA studies, is not 

realistic because physical materials deterioration is an unavoidable process in reality and 

accordingly has an effect on the retrofitting technical performance.  
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2 3 α Alkyd-based paint 1-3 (1) - - - - 

2 3 β Acrylic-based paint 1-3 (1) - - - - 

3 14 - - 1-7 (1) a-b (2) - - 

4 14 α 
Aluminium single- 

glazed secondary glazing 
1-7 (1) a-b (2) 1% 

50% aluminium 

recycled 

4 14 α 
Aluminium single- 

glazed secondary glazing 
1-7 (1) a-b (2) 2% 

33% aluminium 

recycled 

4 16 γ 
Aluminium double- 

glazed secondary glazing 
1-8 (1) a-b (2) 1% 

50% aluminium 

recycled 

4 16 γ 
Aluminium double- 

glazed secondary glazing 
1-8 (1) a-b (2) 2% 

33% aluminium 

recycled 

5 16 - - 1-8 (1) a-b (2) - - 

6 16 A 
Aluminium replacement 

frame 
1-8 (1) a-b (2) 1% 

50% aluminium 

recycled 

6 16 A 
Aluminium replacement 

frame 
1-8 (1) a-b (2) 2% 

33% aluminium 

recycled 

6 16 PVC PVC replacement frame 1-8 (1) a-b (2) 1% 

0% PVC recycled + 

50% aluminium 

recycled 

6 16 PVC PVC replacement frame 1-8 (1) a-b (2) 2% 

20% PVC recycled+ 

50% aluminium 

recycled 

6 16 T 
Timber replacement 

frame 
1-8 (1) a-b (2) - - 

 Table 10.6.1; scenario- alternatives discussed in section 10.6.1; (1) The coding for “maintenance alternatives” refers to 

the different maintenance iteration frequency options (including repair or replacement scenarios) or to full window unit 

replacement; see Annex 4.10; (2) The coding for “durability alternatives” refers to the variation of perishable materials 

SL, see Table 9.5.5.2 in chapter 9; 
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Further, section 10.6.3 discusses the scenarios in which the historic fenestration frame was 

retained and restored (scenarios from 2 to 5). For these scenarios, the cumulative environmental 

impact of both historic windows restoration and materials technical obsolescence is analysed.  

In this study, the modelled alternatives additional to the baseline model (scenario 1), total 176103. 

An overview of the alternatives discussed in the following sections is given in Table 10.6.1. The 

variation between alternatives is related to: different material technologies, different 

maintenance (or whole unit replacement) schedule, different SL of perishable components and 

different share of recycled content within the materials manufacture. 

In order to assess the extent of the mentioned simplification on the LCA results, section 10.6.2 

compares the environmental impacts for the deteriorated and non deteriorated scenarios 

alternatives. In such a comparison, the effect of materials durability can be analysed. It is worth 

noting that chapter 9 analysed only the influence of retrofitting interventions technical 

obsolescence as well as repair or replacement iterations on the LC operating energy variation. 

Initial and recurrent interventions embodied impacts were neglected. Therefore, in the study 

discussed here, a given intervention previously reported as effective may be observed to be no 

longer valid from an environmental viewpoint when including initial and recurrent burdens from 

materials repair and replacement if there was not a significant LC operating energy variation. 

10.6.1 Scenarios technology analysis 

In this section it is assumed that no materials decay occurs, therefore, the alternatives related to 

materials durability are neglected as there would be no difference between alternative “a” 

(shorter SL) and “b” (longer SL) see Table 9.5.5.2. In other words it is assumed that by 

undertaking repair and replacement actions, according to the iteration frequencies foreseen in 

“Maintenance alternatives” (see Table Annex 4.10), the initial operating energy obtained by each 

scenario will be unchanged over the considered RSP (100 years). This assumption, says that no 

materials physical deterioration during the inter-period between intervention iterations occurs. 

Therefore, no alteration from the initially simulated operating energy take place. Although the 

initial operating energy stays unchanged making the LC operating impacts unvaried, the 

recurrent embodied impacts from the different maintenance schedule change the results.  

 

 
Fig. 10.6.1.1 (left) Acidification; Fig. 10.6.1.2 (right) Eutrophication for all scenarios not considering interventions 

technical decay. On the “y” axes, percentage of related impact reduction (%); on the ‘x” axes , scenario code 

 

Results showing the percentage of saving for each considered impact category for all the 

modelled alternatives (assuming constant their technical performance) are reported from Fig. 

                                                           
103 More than the total discussed in chapter 9 since material-related scenario-alternatives are also modelled. Considering 

also the baseline scenario, the modelled alternatives are 177 
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10.6.1.1 to Fig. 10.6.1.7 and in Annex 5.9. The Figures refer respectively to Acidification, 

Eutrophication, Global Warming, Photochemical Oxidation, Ozone layer depletion, Abiotic 

depletion and Cumulative Energy Demand (CED).  

The given results are summarized in boxplot diagrams (box-whisker diagrams) per impact 

category. The bottom and top of each box represent respectively the first and third quartile of the 

data distribution; in the specific case the savings resulting from the alternatives within each 

scenario. Consequently, the box itself represents the middle 50% of the data distribution (the 

interquartile range). The internal thick line in the box represents the median of the data. 

Moreover, in the diagrams, the upper whisker shows the maximum value of the data distribution 

and the lower whisker shows the minimum one. In the specific case the lower whisker indicates 

the largest saving, while the upper one indicates the smallest saving. Since in some impact 

categories (Eutrophication and Abiotic depletion) were observed impacts increase rather than 

decrease, the minimum and maximum values, for these impact categories, refer to the impact 

increase rather than decrease. 

It is worth noting that depending on the distribution, the box itself may be more or less tall - this 

stands for the range of variability within each scenario. Moreover, depending on the skewness 

of the values distribution, the whiskers may be more or less symmetric. 

 

 
Fig. 10.6.1.3 (left) Global Warming potential; Fig. 10.6.1.4 (right) Photochemical Oxidation for all scenarios not 

considering interventions technical decay. On the “y” axes, percentage of related impact reduction (%); on the ‘x” 
axes, scenario code 

 

 
Fig. 10.6.1.5 (left) Ozone Layer Depletion; Fig. 10.6.1.6 (right) Abiotic Depletion for all scenarios not considering 

interventions technical decay. On the “y” axes, percentage of related impact reduction (%); on the ‘x” axes, 
scenario code 
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For all the impact categories, a clear distinction is observable between the magnitude of impact 

reduction resulting from historic windows maintenance and draught-proofing scenarios 

(scenarios 2 and 3) compared to all the other options.  

However, despite the small LC environmental savings obtainable from scenarios 2 and 3, the 

environmental benefit allowed by building maintenance (e.g., fenestration maintenance) for 

reducing historic buildings environmental impacts can be confirmed. Additionally, in the 

specific case, the combination of fenestration maintenance with the simple addition of draught 

proofing (EPDM) profiles, yields slightly larger environmental savings.  

Thus, not only the implementation of fenestration maintenance and draught proofing allows 

reducing building LC operating energy (as discussed in chapter 9), but they also allow reduction 

of the whole building environmental impact irrespective of the addition of intervention embodied 

initial and recurrent burdens. This circumstance is a bit more nuanced if taking into account 

materials technical decay as discussed in the successive section. 

 

 
Fig. 10.6.1.7; Cumulative Energy Demand (CED) for all scenarios not considering interventions technical decay. 

On the “y” axes, percentage of related impact reduction (%); on the ‘x” axes, scenario code 
 

Moreover, these interventions in opposition to the other scenarios (except scenario 5), as being 

characterized by a minimum use of material, do not cause the embodied-related impact 

categories such as “Ozone layer Depletion” and “Abiotic Depletion” to increase. 

Indeed, if on the one hand, scenarios from 4 to 6 (excluded 5) enable a significant impacts 

reduction for all the impact categories, on the other hand, a significant increase of impacts is 

registered for “Abiotic Depletion” in almost all the modelled alternatives.  

The reason for this increase in scenarios 4 and 6, as well as the large interquartile range 

observable in the two scenarios, is discussed later in the section. 

Focussing on scenario 4, a retrofitting option still belonging to the fenestration preservation 

practice as defined in section 10.5.1, it can be observed that it offers to achieve competitive 

results compared to the ones obtained by all the replacement scenarios (scenarios 5 and 6). 

Indeed, several alternatives within scenario 4, allow obtaining similar results (for all the impact 

categories) as the ones obtained in scenario 5 and 6, making this scenario significantly profitable 

for reducing building environmental impacts while retaining the historic fenestration. However, 

the scenario’s results are largely variable with regard to the impact categories: “Eutrophication” 

and “Abiotic Depletion”.  

Scenario 5, belonging to the replacement practices (the existing glass panes are replaced by IGUs 

after adjusting the historic windows sashes rebates), not only allows for excellent results in all 

the impact categories, but also enables a noticeable impacts reduction with regard to the “Abiotic 

Depletion” impact category. It should be noted that in scenario 5, the large operating energy 

reduction is obtained with a small investment of capital for materials production. Indeed 

materials production is limited to IGUs and sealing profiles. The IGU installation process and 
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window sashes- rebate adjustment is manually performed with a small use of auxiliary energy 

for machinery; see scenario 5 LCI in Annex 5.5 

The alternatives within scenario 6 are the ones permitting (for almost all the impact categories) 

the largest environmental savings. Nevertheless, some elongated boxplots observable for 

instance with regard to Eutrophication and Abiotic Depletion impact categories, evidence a wide 

variety of performance between scenario alternatives (the scenario includes among the others 

different windows frame technologies). The same variability for Abiotic depletion impacts was 

already observed in scenario 4.  

The analogous variability of the results between scenarios 4 and 6 in relation to “Abiotic 

depletion” and “Ozone Layer depletion” impact categories,  points to equivalent embodied 

impacts issues. This is especially noticeable if looking at the large increase of “Abiotic 

Depletion” impacts. The impacts generated in this category for scenario 4 and 6 are respectively 

up to 118.43% and 186.91% (see upper whiskers for scenarios 4 and 6 in Fig. 10.6.1.2).  

This similarity may be attributable to the use of aluminium for the single- glazed or double- 

glazed internal storm window in scenario 4 (respectively alternative α and γ) and for the 

aluminium frame replacement window in scenario 6 (alternative A). As the aluminium is 

modelled considering two different shares of recycled content, namely 50% and 33% for 

alternative “1%” and “2%” respectively, it may be worth observing the influence of post-

consumer aluminium production on the specific category impacts variation. In order to see if the 

impacts are actually attributable to the use of aluminium and to observe the impact of the choice 

of using reclaimed aluminium for the profiles manufacturing, Figure 10.6.1.8 and Fig. 10.6.1.9 

report the Abiotic Depletion impacts for scenarios 4 and 6 contrasted for the share of aluminium 

recycled content (alternatives 1% and 2%, see Table 10.6.1).  

Although Abiotic depletion impacts rise also for those scenarios making less use of aluminium, 

such as sub-scenarios 6.PVC and 6.T, it is clear that the increase of specific impacts is strongly 

related to the quantity of used aluminium. This can be clearly observed if comparing alternatives 

α and γ in scenario 4 in Fig. 10.6.1.8.  

In this scenario, the differentiation between single- glazed internal secondary glazing (option α) 

and double-glazed internal secondary glazing (option γ) results in different aluminium frame 

bulk quantity. The total aluminium quantity for producing the 84 secondary glazing windows in 

the entire building is 946kg and 2150kg respectively for option “α” and “γ”; see Table 10.6.1.1.  

  

 
Fig. 10.6.1.8-9 (left, right); Abiotic Depletion impacts for scenario 6 alternatives (left) and scenario 4 alternatives 

(right) contrasted for aluminium recycled content alternative (alternative 1% and 2% include respectively 50% and 

33% of aluminium from secondary production. On the “y” axes, percentage of related impact increase/reduction (%); 
on the ‘x” axes, scenario code 
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If looking at Fig. 10.6.1.8 it is can be seen that Abiotic depletion impacts increase for alternatives 

making larger use of aluminium (option “γ”). Similarly, in Fig. 10.6.1.9, it is visible, for scenario 

6 (windows replacement), the increase of the same impacts once again for the alternative making 

larger use of aluminium bulk quantity (option “A”). In the specific case, the quantity of 

aluminium (resulting from the mean quantity of three aluminium windows available in the EU 

market), for producing the 84 replacements units is 2650kg; see Table 10.6.1.1.  

It should be mentioned that the increase of Abiotic depletion impacts is not completely 

attributable to aluminium manufacturing as also in scenarios 2 and 3 - where no aluminium in 

the LCIs is foreseen- these impacts rise; see Fig. 10.6.1.6.  

Nevertheless, the maximum category- impacts increase is 0.04% in scenario 2 and 2.07% in 

scenario 3 (up to 75% of alternatives in scenario 3 allowed abiotic depletion savings by 0.19%). 

Therefore in scenarios 2 and 3, the increase of Abiotic depletion impacts is extremely limited or 

even negligible.  

In scenario 5, no increase for this impact category was never registered. The alternatives within 

this scenario always allowed savings ranging between 14.65% and 4.84%. Therefore it can be 

said that the increase of Abiotic depletion impacts was consequent on aluminium profile 

manufacturing. More surprisingly, it can be observed that the impact increase is larger in 

alternatives foreseeing a larger share of recycled aluminium content (alternative 1% with 50% 

or aluminium from secondary manufacturing). This is observable (see Table 10.6.1.1) for 

alternatives “α.1%” and “γ.1%” in scenario 4 and alternative “A.1%” in scenario 6; see Figures 

10.6.1.8 and 10.6.1.9. 
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scenario 4.α.1% Primary Alum 66.78 142.31 54.22 149.99 24.17 21.30 14.68 473.46  

scenario 4.α.1% Secondary Alum 66.78 142.31 54.22 149.99 24.17 21.30 14.68 473.46 946.91 

scenario 4.α.2% Primary Alum 89.49 190.70 72.66 200.99 32.39 28.54 19.67 634.43  

scenario 4.α.2% Secondary Alum 44.08 93.93 35.79 98.99 15.95 14.06 9.69 312.48 946.91 

scenario 4.γ.1% Primary Alum 148.67 326.30 125.74 345.88 53.87 44.33 30.17 1074.97  

scenario 4.γ.1% Secondary Alum 148.67 326.30 125.74 345.88 53.87 44.33 30.17 1074.97 2149.94 

scenario 4.γ.2% Primary Alum 199.22 437.24 168.50 463.49 72.19 59.41 40.42 1440.46  

scenario 4.γ.2% Secondary Alum 98.13 215.36 82.99 228.28 35.55 29.26 19.91 709.48 2149.94 

scenario 6.A.1% Primary Alum 147.95 397.10 135.61 426.45 68.22 62.57 43.29 1281.18  

scenario 6.A.1% Secondary Alum 147.95 397.10 135.61 426.45 68.22 62.57 43.29 1281.18 2562.36 

scenario 6.A.2% Primary Alum 198.25 532.11 181.71 571.44 91.42 83.84 58.00 1716.78  

scenario 6.A.2% Secondary Alum 97.65 262.08 89.50 281.46 45.03 41.30 28.57 845.58 2562.36 

Table 10.6.1.1 Primary and secondary aluminium quantity (kg) for options “α” and “γ” in scenario 4 and option “A” in scenario 6  

 

The reasons for such an increase may be attributable to the post-consumer aluminium scrap 

processing. This can be observed if comparing Abiotic depletion impacts for the unitary 

production of virgin or post-consumer aluminium manufacturing; see Fig. 10.6.1.10.  
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Fig. 10.6.1.10; Abiotic depletion unitary impacts for virgin or post-consumer aluminium manufacturing 

 

The activities foreseen in secondary aluminium treatment only include aluminium scrap 

treatment processing. The successive activities such as aluminium anodization, powder coating 

and extrusions are identical for both aluminium post-consumer and virgin. 

For economy of space, Fig. 10.6.1.10 reports only the impacts comparison for “Abiotic 

depletion”, the comparison for the other impacts is given in Annex 5.12.  

However,  secondary aluminium production (compared to virgin aluminium production) allowed 

burdens reduction for all the considered impact categories expect “Abiotic depletion”. It is 

evident from Fig. 10.6.1.1 to 10.6.1.7 that the only scenario allowing savings in all the impact 

categories, is scenario 5. For that reason, if the retrofitting measures environmental validity 

should be conceived as simultaneous burdens reduction in all the LCIA categories, then the only 

favourable scenario, among the modelled options, would be the replacement of the historic glass 

panes with a double-glazed IGU and the study could stop here.  

Nevertheless, both the impact categories “Abiotic depletion” and “Ozone Layer depletion” are 

not mandatory in the EPD 2013 impact method. This is because no agreement on their calculation 

procedure and theoretical robustness exists yet.  

Abiotic depletion (Potential), represents the decreasing of natural resources availability in the 

geosphere or/and anthroposphere (depletion of abiotic resources). Recently, some authors have 

questioned the environmental relevance of assessing the depletion of abiotic resources, stressing 

that it is a way to measure the availability for human use (also driven by economic and 

technological issues) but not to account for physical depletion of resources [425][426]. 

Furthermore, “resource use models” based on the Abiotic depletion model still embed high 

degree of uncertainty within the calculation process [425]. Given the lack of robustness and 

scientific consensus on “Abiotic Depletion” and “Ozone Layer Depletion”, these impact 

categories are considered additional to the ones foreseen by the selected LCIA method (EPD 

2013). For this reason, they will not be taken into account in the results discussion from now on.  

 
  Percentiles     

 Scen. 5.00 10.00 25.00 50.00 75.00 90.00 95.00 Min Max Mean SD 

Ozone 

layer 

depletion 

2 -3% -3% -3% -2% 0% - - -3% 0% -2% 1% 

 
3 -4% -4% -4% -2% -1% - - -4% 1% -2% 2% 

 
4 -17% -17% -17% -15% -13% -12% -11% -18% -11% -15% 2% 

 
5 -18% -18% -17% -15% -13% - - -18% -12% -15% 2% 

  6 -23% -22% -22% -21% -19% -17% -16% -23% -15% -20% 2% 

Abiotic 

depletion 
2 -3% -3% -3% -2% 0% - - -3% 0% -2% 1% 

 
3 -4% -4% -3% -2% 0% - - -4% 2% -2% 2% 

 
4 30% 31% 35% 91% 104% 112% 116% 30% 118% 71% 35% 

 
5 -15% -15% -14% -9% -7% - - -15% -5% -10% 4% 

  6 -5% -2% 37% 52% 138% 171% 184% -7% 187% 78% 62% 

Table 10.6.1.2; Abiotic Depletion and Ozone Layer Depletion percentage of impacts reduction in all the scenarios  
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However, for the sake of clarity, beside the mentioned considerations in reference to the increase 

of “Abiotic Depletion” impacts when foreseen the use of aluminium and even more the 

aluminium from secondary production, all the scenarios allow reducing “Ozone Layer 

Depletion” impacts. An overview of the descriptive statistics for the two impact categories is 

given in Table 10.6.1.2. 

10.6.2 Environmental impact of retrofitting interventions technical obsolesce 

This section it is discussed the environmental impacts increase caused by materials deterioration. 

More specifically it analyses the reduction of environmental benefits (increase of burdens), at 

the end of the RSP (100th year), provoked by the technical obsolescence of the retrofitting 

interventions. The technical decay modelling approach is discussed in chapter 9. The 

environmental savings per impact categories and modelled intervention alternatives including 

intervention technical decay are reported in Annex 5.10.  

The results discussed in the previous section are here compared to the ones obtained if we admit 

the hypothesis of materials deterioration over time. Hence, the loss of environmental benefits is 

quantified as the difference between the decayed and non-decayed impact savings divided by the 

non-decayed impact savings as spell out by Eq. 10.5. 

 

𝐼𝑠𝑎𝑣2 − 𝐼𝑠𝑎𝑣1

𝐼𝑠𝑎𝑣1

 (Eq. 10.5) 

 

Where Isav2 is the residual impact saving (in percentage) allowed by the implemented retrofitting 

intervention after its technical decay and Isav1 is the impact saving (in percentage) allowed by the 

implemented retrofitting intervention in its initial state, calculated per impact category and 

scenario alternative. Therefore, the obtained percentage represents the reduced percentage of 

saving (per scenario alternative and impact category) caused by the technical obsolescence of 

the perishable components104.  

Furthermore, in this section analyses the possible environmental advantage allowed by the use 

of durable components (alternative b) in scenarios from 3 to 6 and the use of different materials 

technology (such as different paint, secondary glazing technology or frame material). 

Table 10.6.2.1 reports a descriptive statistics summary of the reduction of environmental savings 

for each impact category and modelled scenario. Each scenario includes all the alternatives 

related to materials technology and durability; see table 10.6.1.  

Table 10.6.2.1 excludes the alternatives which resulted environmentally unsuccessful. 

Unsuccessful alternatives, are those that at the end of the considered RSP and after the technical 

decay, did not guarantee residual impacts savings but, on the contrary, they showed impacts 

increase compared to the baseline scenario (such an impact increase occurred with impact 

category Eutrophication). The environmentally unsuccessful alternatives were 2.1.a, 2.1.b, 3.4.a, 

3.5.a, 3.5.b, 3.6.a, 3.6.b, 3.7.a, 3.7.b. All these alternatives are characterized by 5 years- based 

maintenance iteration. This intensive maintenance plan resulted environmentally ineffective 

even if combined with 10, 20 and 30 years-based draught proofing. The only exception is 

alternative 3.4.b, in which 5-years- based maintenance and 10- years-based draught proofing are 

performed with durable materials and acrylic paint technology (alternative b and β see Table 

10.6.1). These first findings point out, that the environmental benefit generated by maintenance 

activities (discussed in the previous section) may be lost if the maintenance is iterated with a 

frequency as high as 5 years and with an alkyd- based paint. Though chapter 9 observed that 

                                                           
104 It is worth recalling that, according to the retrofitting intervention technical decay modelling methodology explained 
in chapter 9, technical obsolescence is calculated only for the components having a bearing on the LC operating energy 

of the building (perishable components).   
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performing windows historic maintenance allows up to 3.56% LC operating energy reduction, 

such a reduction is overwhelmed by the recurrent embodied burdens making intensive 

maintenance an environmental unsustainable practice. The only exception is for scenario 2.1.b, 

that however loses almost completely its initial benefit.  

 
 Scenario Mean Minimum Maximum SD 

Acidification  savings loss due to decay 2 -53.87% -61.89% -45.80% 8.84% 
 3 -49.46% -67.48% -25.11% 15.45% 
 4 -9.48% -15.30% -4.12% 3.16% 
 5 -8.62% -13.13% -3.63% 3.02% 
 6 -9.78% -19.08% -3.50% 3.71% 

Eutrophication savings loss due to decay 2 -84.99% -95.02% -70.56% 11.78% 
 3 -84.41% -97.02% -61.61% 13.34% 
 4 -20.02% -39.09% -7.33% 7.20% 
 5 -11.76% -17.62% -6.30% 3.46% 
 6 -18.84% -91.12% -1.85% 12.81% 

Global Warming potential savings loss due to 

decay 
2 -51.74% -59.78% -43.68% 8.94% 

 3 -47.37% -65.10% -23.08% 15.25% 
 4 -8.67% -14.62% -3.55% 3.05% 
 5 -7.98% -12.50% -3.24% 2.87% 
 6 -9.09% -18.49% -3.09% 3.56% 

Photochemical Oxidation savings loss due to 

decay 
2 -53.44% -61.74% -45.09% 8.88% 

 3 -48.67% -66.63% -24.33% 15.40% 
 4 -9.08% -15.01% -3.83% 3.12% 
 5 -8.20% -12.72% -3.38% 2.91% 
 6 -9.32% -18.73% -3.27% 3.62% 

CED savings loss due to decay 2 -52.27% -60.39% -44.12% 8.92% 
 3 -47.91% -65.67% -23.58% 15.28% 
 4 -8.75% -14.86% -3.59% 3.08% 
 5 -8.00% -12.52% -3.26% 2.86% 
 6 -9.09% -18.49% -3.19% 3.53% 

Table 10.6.2.1 Environmental savings reduction due to retrofitting interventions technical obsolescence at the 100th 

year; all scenarios 

 

Table 10.6.2.1 shows that the largest environmental benefit losses occur in scenarios 2 and 3, 

namely where the reduction of LC operating energy was already small in its initial (non decayed) 

state. Depending on the intervention iteration frequency and durability of used materials, the 

initially obtained LC environmental gains may fall by up to 95% and 97% in scenarios 2 and 3 

respectively; see Eutrophication impacts in Table 10.6.2.1.  

However when looking at the Standard Deviation of the savings reduction, it can be seen that 

within scenarios 2, 3 and 6 there exists a large variation between scenario alternatives. In other 

words, within these scenarios, the loss of environmental savings at the end of the considered 

RSP, strongly depends on materials technology, intervention iteration frequency and materials 

durability.  

Table 10.6.2.2 plots summary descriptive statistics for scenario 2 (contrasted for materials 

technology). From the table it can be seen that the use of acrylic paint compared to the alkyd 

one, prevents mean loss of environmental gains by respectively 0.81% in Acidification, 19.23% 

in Eutrophication, 0.62% in Global Warming Potential, 1.33% in Photochemical Oxidation and 

0.84% in Cumulative Energy Demand impact categories. It should be remembered that 
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alternative 2.1 (maintenance iterated each 5 years) is excluded as previously observed to be 

environmentally unsuccessful. 

 
Scenario 2 Paint Mean Minimum Maximum SD 

Acidification savings loss due to decay Alkyd -54.27% -61.89% -46.65% 10.78% 
 Acrylic -53.46% -61.13% -45.80% 10.84% 

Eutrophication savings loss due to decay Alkyd -94.60% -95.02% -94.18% 0.59% 
 Acrylic -75.38% -80.19% -70.56% 6.81% 

Global Warming Pot. savings loss due to decay Alkyd -52.05% -59.78% -44.33% 10.93% 
 Acrylic -51.43% -59.18% -43.68% 10.96% 

Photochemical Oxid. savings loss due to decay Alkyd -54.11% -61.74% -46.48% 10.79% 
 Acrylic -52.78% -60.48% -45.09% 10.88% 

CED savings loss due to decay Alkyd -52.69% -60.39% -44.99% 10.89% 
 Acrylic -51.85% -59.59% -44.12% 10.94% 

Table 10.6.2.2; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 

100th year; scenario 2 (contrasted for materials technology) 

 

Table 10.6.2.3 plots summary statistics for scenario 3 contrasted per materials durability. The 

use of more durable materials (alternative b) compared to the less durable ones (alternative a) 

allows prevention of environmental benefits loss in all the impact categories. More specifically, 

the use of draught-proofing EPDM profiles with 20 years SL instead of 10 (see Table 9.5.5.2 in 

chapter 9), allows prevention of mean environmental gains loss by respectively 19% in 

Acidification, 15% in Eutrophication, 18% in Global Warming Potential, 19% in Photochemical 

Oxidation and 19% in Cumulative Energy Demand impacts categories. It should be remembered 

that from this analysis were excluded alternatives 3.4.a and from 3.5 to 3.7 (both a and b) as 

previously observed to be environmentally unsuccessful. Namely, there were excluded all the 

draught proofing alternatives combined with 5- years maintenance iteration, with the sole 

exception of alternative 2.1.β.b (acrylic) as found to be still valid after technical decay. The latter 

alternative becomes environmentally profitable only if combined with draught proofing iterated 

each 10 years and only with durable EPDM profiles (20 years SL) and only with acrylic-based 

paint.  

 
Scenario 3 Durability Mean Minimum Maximum SD 

Acidification savings loss due to decay a -60.27% -67.48% -48.66% 10.15% 
 b -41.35% -56.84% -25.11% 14.30% 

Eutrophication savings loss due to decay a -93.18% -97.02% -87.32% 5.16% 
 b -77.84% -95.86% -61.61% 14.27% 

Global Warming Pot. savings loss due to 

decay 
a -57.90% -65.10% -46.42% 10.05% 

 b -39.48% -54.84% -23.08% 14.26% 

Photochemical Oxid. savings loss due to decay a -59.38% -66.63% -47.76% 10.16% 
 b -40.64% -56.12% -24.33% 14.31% 

CED savings loss due to decay a -58.52% -65.67% -47.06% 10.02% 
 b -39.96% -55.32% -23.58% 14.26% 

Table 10.6.2.3; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 

100th year; scenario 3 (contrasted for materials durability) 

 

In scenario 4, because of the large LC operating energy savings, the selection of the internal 

secondary glazing technology (single or double glazed) plays a marginal role in reducing the 

environmental benefits at the end of the considered 100 years.  

Table 10.6.2.4 plots a summary statistics about the environmental savings loss likely to occur as 

a consequence of technical obsolescence of the two secondary glazing technologies. It can be 

seen that the installation of an IGU (alternative γ) instead of single-glazing (alternative α) internal 
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window, results in a slightly lower fraction of energy savings lost due to obsolescence, with the 

exception of Eutrophication impacts.  

Note that, although a technology may lose a large share of environmental benefits due to 

materials deterioration, it may, thanks to its initial larger environmental benefits, turn out to be 

finally the best option.   

The absolute loss of environmental benefits is lower in alternative γ (IGU) compared to α (single 

glazing) by 1.13% in Acidification, 1.68% in Global Warming Potential, 1.46% in 

Photochemical Oxidation, 1.76% in Cumulative Energy Demand impact categories and results 

larger by 10% in Eutrophication impact category.  

 

Scenario 4 Technology Mean Minimum Maximum SD 

Acidification savings loss due to decay α -10.08% -15.30% -4.12% 3.40% 

 γ -8.95% -13.57% -4.20% 2.90% 

Eutrophication savings loss due to decay α -14.67% -20.46% -7.33% 3.95% 

 γ -24.70% -39.09% -15.74% 6.06% 

Global Warming Pot. savings loss due to decay α -9.56% -14.62% -3.86% 3.27% 

 γ -7.88% -12.32% -3.55% 2.66% 

Photochemical Oxid. savings loss due to decay α -9.86% -15.01% -4.00% 3.34% 

 γ -8.40% -13.00% -3.83% 2.79% 

CED savings loss due to decay α -9.69% -14.86% -3.90% 3.30% 

 γ -7.92% -12.38% -3.59% 2.67% 

Table 10.6.2.4; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 
100th year; scenario 4 (contrasted for materials technology) 

 

If we considder the influence of perishable materials durability used in both the secondary 

glazing technologies, it can be seen that the use of more durable materials, namely EPDM 

profiles with 20 years SL (instead of 10) and IGU with 35 years SL (instead of 25), prevents 

environmental savings reduction in all the impact categories; see Table 10.6.2.5.  More 

specifically, durable materials in scenario 4 allows preventing mean environmental gains loss by 

respectively 2.38% in Acidification, 5.38% in Eutrophication, 2.17% in Global Warming 

Potential, 2.28% in Photochemical Oxidation and 2.19% in Cumulative Energy Demand impact 

categories.  

 
Scenario 4 Durability Mean Minimum Maximum SD 

Acidification savings loss due to decay a -10.67% -15.30% -5.34% 3.07% 
 b -8.29% -13.29% -4.12% 2.83% 

Eutrophication savings loss due to decay a -22.71% -39.09% -9.51% 7.70% 
 b -17.33% -28.43% -7.33% 5.59% 

Global Warming Pot. savings loss due to 

decay 
a -9.75% -14.62% -4.98% 2.99% 

 b -7.58% -12.70% -3.55% 2.75% 

Photochemical Oxid. savings loss due to 

decay 
a -10.22% -15.01% -5.19% 3.04% 

 b -7.94% -13.04% -3.83% 2.81% 

CED savings loss due to decay a -9.84% -14.86% -5.03% 3.02% 
 b -7.65% -12.91% -3.59% 2.78% 

Table 10.6.2.5; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 

100th year; scenario 4 (contrasted for materials durability) 

 

Consistently with the other scenarios so far discussed, also in scenario 5, the use of more durable 

materials permits limitation of environment savings loss given by technical obsolescence. In 

Table 10.6.2.6, it can be seen that more durable materials allow to contain mean energy savings 

loss by 2.73% in Acidification, 3.80% in Eutrophication, 2.51% in global Warming Potential, 

2.59% in Photochemical Oxidation and 2.52% in Cumulative Energy Demand impact categories.   
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Scenario 5 Durability Mean Minimum Maximum SD 

Acidification savings loss due to decay a -9.98% -13.13% -5.56% 2.92% 

 b -7.26% -10.80% -3.63% 2.60% 

Eutrophication savings loss due to decay a -13.66% -17.62% -9.64% 3.11% 

 b -9.86% -13.70% -6.30% 2.78% 

Global Warming Pot. savings loss due to 

decay 
a -9.23% -12.50% -4.97% 2.79% 

 b -6.72% -10.29% -3.24% 2.49% 

Photochemical Oxid. savings loss due to decay a -9.49% -12.72% -5.17% 2.83% 

 b -6.91% -10.47% -3.38% 2.52% 

CED savings loss due to decay a -9.25% -12.52% -4.99% 2.79% 

 b -6.74% -10.30% -3.26% 2.49% 

Table 10.6.2.6; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 
100th year; scenario 5 (contrasted for materials durability) 

 

As mentioned at the beginning of this section, a large Standard Deviation (SD) between the 

savings reduction can be observed with regard to scenario 6. This is given by the large differences 

occurring between the modelled frame technologies. In Table 10.6.2.7, it can be seen that 

Aluminium and PVC frames, with the exception only of Eutrophication impact category, 

undergo very similar environmental savings loss after materials technical decay. Conversely, 

timber frame experiences larger environmental savings reduction. This occurs because the 

perishable components in the Aluminium and PVC frame alternatives (A and PVC) are identical, 

namely EPDM air sealing profiles and IGU. For the timber frame alternative, additionally to the 

mentioned perishable components, also the timber frame itself undergoes physical decay, further 

altering the initial LC operating energy savings.  

 
Scenario 6 Technolog

y 
Mean Minimum Maximu

m 
SD 

Acidification savings loss due to decay A -9.23% -14.48% -3.50% 3.36% 
 PVC -9.23% -14.45% -3.57% 3.31% 
 T -11.95% -19.08% -5.23% 4.52% 

Eutrophication savings loss due to decay A -29.36% -91.12% -14.51% 13.95% 

 PVC -11.28% -17.12% -4.60% 3.90% 

 T -12.93% -21.15% -1.85% 5.94% 

Global Warming Pot. savings loss due to 
decay 

A -8.32% -13.23% -3.09% 3.08% 

 PVC -8.75% -13.86% -3.34% 3.16% 

 T -11.29% -18.49% -4.89% 4.44% 

Photochemical Oxid. savings loss due to 

decay 
A -8.76% -13.89% -3.27% 3.23% 

 PVC -8.84% -13.95% -3.38% 3.19% 

 T -11.40% -18.73% -5.02% 4.56% 

CED savings loss due to decay A -8.40% -13.27% -3.19% 3.05% 

 PVC -8.71% -13.79% -3.32% 3.14% 

 T -11.25% -18.49% -4.93% 4.45% 

Table 10.6.2.7; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 

100th year; scenario 6 (contrasted for materials technology) 

 

Nevertheless, irrespective of the installed windows frame technology, also in this case, the use 

of more durable materials allows to prevent mean environmental losses by 3.15% in 

Acidification, 6.74% in Eutrophication, 2.92% in Global Warming Potential, 3.01% in 

Photochemical Oxidation and 2.93% in Cumulative Energy Demand impact categories; see 

Table 10.6.2.8. 
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Scenario 6 Durability Mean Minimum Maximum SD 

Acidification savings loss due to decay a -11.35% -19.08% -5.76% 3.51% 

 b -8.20% -16.51% -3.50% 3.24% 

 a -22.21% -91.12% -5.59% 14.77% 

Eutrophication savings loss due to decay b -15.47% -55.37% -1.85% 9.53% 

 a -10.55% -18.49% -5.08% 3.39% 

 b -7.63% -16.00% -3.09% 3.13% 

Global Warming Pot. savings loss due to 

decay 
a -10.82% -18.73% -5.37% 3.44% 

 b -7.81% -16.20% -3.27% 3.18% 

 a -10.56% -18.49% -5.25% 3.35% 

Photochemical Ox. savings loss due to 

decay 
b -7.63% -15.99% -3.19% 3.11% 

Table 10.6.2.8; Environmental savings reduction due to Retrofitting interventions technical obsolescence at the 
100th year; scenario 6 (contrasted for materials durability) 

 

10.6.3 Environmental impact of historic windows restoration  

This section analyses the environmental impact caused by the historic fenestration restoration. 

As already discussed in section 10.5.5.2, restoration activities are iterated each 50 years (see 

Annex 4.10) and are assumed not to improve the energy efficiency of the window units, hence 

they do not reduce LC building operating energy.  

The environmental burdens from restoration products manufacturing and disposal (see Annex 

5.11) are only included in scenarios from 2 to 5, namely when the historic windows fenestration 

is retained. Windows replacement options (scenario 6) do not carry any burden from historic 

fenestration restoration and therefore are not discussed in this section.  

The previous section discussed that in scenario 2 and 3, if considering the hypothesis of materials 

technical obsolescence, some retrofitting alternatives showed negligible environmental savings 

at the end of the considered RSP or even impact increase in some impact categories. For this 

reason, these intervention alternatives are considered to be environmentally ineffective. If 

considering simultaneously the loss of environmental savings caused by both technical 

performance decay and extra embodied burdens attributable to the restoration activities 

implementation, additional intervention alternatives become (environmentally) ineffective. 

These alternatives are: 2.1.α, 2.1.β, 2.2.α, 2.3.α, 3.1.a, 3.2.a, 3.3.a, 3.4.a, 3.4.b, 3.5.a, 3.5.b, 3.6.a, 

3.6.b, 3.7.a, 3.7.b. In other words, there are only two alternatives from scenario 2 which still 

remain effective. These alternatives are: 2.2.β and 2.3.β. These are the ones performing windows 

maintenance every 10 and 15 years with acrylic- based paint. It can be understood from the 

results that there does not exist an absolute environmental advantage given by building 

maintenance, but it strongly depends on maintenance iteration, maintenance materials and share 

of energy saving loss consequent to retrofitting technical decay. For this reason in chapter 1 it 

was explained that the currently available environmental point-based standards such as LEED 

or BREEAM are not accurate. Indeed they attribute a plus-point to all the interventions that 

foresee maintenance, regardless of the effective environmental benefit allowed by the undertaken 

maintenance.   

For instance, in scenario 3, the only effective alternatives are 3.1.b, 3.2.b and 3.3.b; namely if 

performing draught proofing windows draught proofing every 10, 20 or 30 years combined with 

10-years based (acrylic) windows maintenance.  

Table 10.6.3.1 reports the same table as Table 10.6.2.1, considering the cumulative effect of 

interventions technical obsolescence and restoration activities. The most significant reduction of 
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environmental savings for all the impact categories is once again registered for scenario 2, 

namely the scenario allowing the least LC operating energy reduction.  

 

 Scenario Mean Min. Max. SD 

Acidification Env. 

benefit Loss due to 
decay+ REST 

2 -64.59% -72.07% -57.11% 10.58% 

3 -54.35% -64.33% -42.06% 11.31% 

4 -11.85% -17.54% -6.47% 3.10% 

5 -11.03% -15.41% -6.20% 2.97% 

Eutrophication  Env. 

benefit Loss due to 

decay+ REST 

2 -96.70% -99.46% -93.94% 3.91% 

3 -87.82% -94.36% -80.21% 7.13% 

4 -27.58% -62.26% -12.95% 10.59% 

5 -16.34% -22.41% -12.01% 3.27% 

Global Warming 

potential Env. benefit 

Loss due to decay+ 
REST 

2 -58.27% -65.96% -50.58% 10.88% 

3 -49.60% -59.45% -37.46% 11.17% 

4 -10.04% -15.98% -4.96% 3.04% 

5 -9.40% -13.89% -4.71% 2.85% 

Photochemical 
Oxidation Env. benefit 

Loss due to decay+ 

REST 

2 -57.19% -64.83% -49.56% 10.80% 

3 -49.08% -59.09% -36.75% 11.35% 

4 -9.99% -15.90% -4.79% 3.11% 

5 -9.12% -13.61% -4.33% 2.90% 

CED Env. benefit 
Loss due to decay+ 

REST 

2 -58.54% -66.20% -50.87% 10.84% 

3 -49.98% -59.83% -37.84% 11.17% 

4 -10.09% -16.21% -4.97% 3.07% 

5 -9.38% -13.86% -4.69% 2.84% 

Table 10.6.3.1; Environmental savings reduction due to retrofitting intervention technical obsolescence and 

restoration activities implementation at the 100th year; all scenarios 

 

10.6.4 Intervention scenarios results 

In this section, LCA results for each scenario are discussed individually. The section does not 

repeat again the results related to LC operating energy savings as already explained in chapter 9. 

The here discussed here results should be considered to complete the ones discussed in sections 

from 9.6.1 to 9.6.6. The LCA results for each scenario alternative consider the three conditions: 

1) no ERI technical decay; 2) ERI technical decay and 3) ERI technical decay together with 

restoration are given in Electronic Annex from 2.1 to 2.5.  

10.6.4.1 Scenario 2 results: fenestration maintenance  

As discussed in section 10.5.5.2, the historic windows maintenance consisted in painting and re-

putting the historic windows frame and sashes. In order to model environment impacts resulting 

from commonly used timber paint products, a solvent-based paint product (alkyd-based paint) 

and a water-based one (acrylic-based paint) were considered. It is assumed that both the products 

have similar efficacy and resistance to climate, identical SL (20 years), identical effect on 

reducing timber frame thermal conductivity and, consequentially, identical Yearly Energy 

Performance Decay rate. The putty for the glass bars is silicone-based (10 years SL).  

The LCI for scenario 2 and Restoration is shown in Annex 5.1, the impacts per each scenario 2 

alternative are given in Electronic Annex 2.1; the savings per each scenario 2 alternative are 

given in Annexes from 5.9 to 5.11. 
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Maintenance activities were modelled considering three iteration frequencies; respectively 5, 10 

and 15 years. These iteration scenarios allowed LC operating energy reduction (at the 100th year) 

by respectively 3.56%, 2.56% and 1.88% (see chapter 9). As mentioned, according to the study 

hypothesis it does not exist difference between alkyd-based and acrylic-based paint on the LC 

operating energy variation. However, this difference exists in terms of LC environmental impacts 

(LCA results).  

If considering the most optimistic scenario, namely without accounting for materials technical 

decay and restoration burdens, alternative 2.3.β (15-years iteration frequency with acrylic-based 

paint) results the most performing option. It allows environmental savings (at the 100th year) by 

4% in Acidification, 3.1% in Eutrophication, 4.2% in Global Warming Potential, 4.1% in 

Photochemical Oxidation and 4.16% in Cumulative Energy Demand impact categories. 

Considering the same optimistic scenario, alternative 2.3.α (alkyd-based paint) also ensures good 

results, however lower by up to 0.5% (Eutrophication impacts) compared to option 2.3.β.   

If considering only LC operating energy reduction, the most intensive maintenance schedule was 

the one allowing the most significant results (option 2.1), however when also accounting the 

total embodied burdens, the most performing option is the one based on the less intensive 

maintenance schedule. Nevertheless, the equilibrium between operating and embodied burdens 

changes once again if accounting for the materials technical decay. Indeed, in this case, neither 

the most frequent nor the less frequent maintenance schedules perform the best and alternative 

2.2.β is the one allowing larger environmental impacts reduction in all the impact categories. 

However, the results are strongly lowered compared to the most optimistic scenario as LC 

operating energy is affected by materials technical decay. Alternative 2.2.β, allows 

environmental savings (at the 100th year) by 2.7% in Acidification, 0% in Eutrophication, 3.1% 

in Global Warming Potential, 2.8% in Photochemical Oxidation and 3% in Cumulative Energy 

Demand impact categories. The use of alkyd-based paint generates an overall loss of savings for 

all the impact categories up to 1.37% in Eutrophication impact. In this impact category, impacts 

increase was registered instead of decrease. 

If accounting also the embodied burdens from restoration activities, still option 2.2.β results the 

most advantageous, but a general reduction of the obtained savings per category can be observed, 

especially in Eutrophication. In this impact category, for which initially 0% of savings were 

obtained, if accounting for materials technical decay and restoration impacts, there is an increase 

of impact up to 0.60%.  

10.6.4.2 Scenario 3 results: fenestration draught proofing 

The previous Chapter observed that undertaking historic windows draught proofing allows 

achieving 6.44% energy consumption reduction in comparison with the unmaintained windows 

(initial energy savings). Depending on the modelled intervention iteration frequencies, materials 

technical decay and materials durability, the LC building operating energy was reduced by up to 

5.93% at the end of the considered RSP (alternative 3.7.b).  

To give a more realistic scenario, the draught- proofing iterations modelled in scenario 3, are 

always combined with windows maintenance. Therefore the savings resulting from windows 

draught proofing (as well as the impacts) actually results from the cumulative effect of 

maintenance and draught- proofing iterated according to the scheme presented in Annex 4.10. 

As mentioned in the previous section, windows maintenance consisted in the re- paint and re-

putty of the windows, while study windows draught proofing consisted in installing weather 

stripping (EPDM) profiles around the sashes and sealing with silicone the windows edges in 

connection with sills and jambs. The combination of the two interventions, additionally a slight 

reduction of the conductive losses, given by the timber frames repaint (see section 9.5.4 in 

chapter 9), allows reducing convective heat losses.  
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Scenario 3 modelled 14 alternatives. More specifically, seven scenarios (from 1 to 7) refer to the 

variation of the maintenance and draught-proofing iteration frequency and two alternatives (a, 

b) refer to the variation of materials SL. See respectively Annex 4.10 and Table 9.5.5.2. 

The LCI for scenario 3 is shown in Annex 5.2, the impacts per each scenario 3 alternative are 

given in Electronic Annex 2.2; the savings per each scenario 2 alternative are given in Annexes 

from 5.9 to 5.11. 

Considering the most optimistic scenario, namely without accounting for the materials technical 

decay and restoration burdens, alternatives 3.3.a-b (maintenance each 10 years, draught proofing 

each 30 years), result the most performing options. 

At the 100th year, there were savings of 5.93% in Acidification, 4.20% in Eutrophication, 6.15% 

in Global Warming, 6.00% in Photochemical Oxidation and 6.09% in Cumulative Energy 

Demand impact categories. It is worth noting that identical gains are achieved by both the 

alternatives irrespective of materials durability. This is because the technical decay of the 

window units is neglected, hence materials durability does not play a role on the environment 

gains.  

If technical decay is considered, alternative 3.1.b (both maintenance and draught proofing each 

10 years) is the most performing option and generates impacts savings of 3.77% in Acidification, 

1.23% in Eutrophication, 4.05 in Global Warming, 3.88% in Photochemical Oxidation and 

3.97% in Cumulative Energy Demand impact categories. It is worth noting that even better 

results are obtained by alternative 3.7.b (both maintenance and draught proofing each 5 years), 

however in the Eutrophication impact category, instead of environmental savings there occurred 

and increase of environmental impacts. Therefore this option is considered environmental 

ineffective as the objective is to allow savings in all the impact categories.  

When allowance is made for the restoration embodied impacts, alternative 3.1.b still allows to 

achieve the best results but lower. In this case there are savings of 3.33% in Acidification, 0.63% 

in Eutrophication, 3.76% in Global Warming, 3.70% in Photochemical Oxidation and 3.69% in 

Cumulative Energy Demand impact categories.  

10.6.4.3 Scenario 4 results: internal storm glazing addition 

Scenario 4 modelled the installation of an internal secondary glazing combined with regular 

maintenance and draught proofing of the historic fenestration considering different iteration 

options; see Annex 4.10.  

The LCIs for scenario 4.α and 4.γ are shown in Annex 5.3 and 5.4, the impacts per each scenario 

4 alternative are given in Electronic Annex 2.3; the savings per each scenario 3 alternative are 

given in Annexes from 5.9 to 5.11. 

The secondary glazing (or storm glazing) was modelled considering two different technological 

alternatives: a single glazed secondary glazing (alternative α) and a double-glazed argon filled 

secondary glazing (alternative γ). No variation for the secondary glazing frame material was 

considered, both the frames are made of aluminium (the quantity of aluminium per technological 

alternative is shown in Table 10.6.1.1). In order to evaluate the possible effect of recycled 

aluminium content into the frame manufacturing, two alternatives were modelled: alternative 

“1%” and “2%” respectively with 50% or 33% recycled aluminium.   

The perishable components for the two alternatives were modelled considering two different SL 

options (option “a” shorter SL and option “b” longer SL see Table 9.5.5.2). The perishable 

materials in the two secondary glazing technologies are identical with the exception of the IGU, 

only foreseen in alternative γ. The IGU, differently from the single glass pane, undergoes 

technical decay due to the reduction of the gas volumetric concentration into the cavity; see 

chapter 9. 

Chapter 9 observed that the total LC operating energy savings at the 100th year allowed by 

scenario 4.α alternatives (single glazing) range between 18.65% (alternative 4.3.α.a) and 20.90% 
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(alternative 4.7.α.b), while the ones allowed by scenario 4.γ (double glazing), range between 

20.54% (alternative 4.3.γ.a) and 22.45% (alternative 4.8.γ.b). In other words, for alternative “α”, 

the best results were achieved when combining the secondary glazing addition with an intensive 

maintenance and draught-proofing schedule (each 5 years) and for alternative “γ”, they were 

obtained when adding to the previously mentioned intensive maintenance and draught-proofing 

schedule also a frequent replacement of the IGU (each 25 years instead of a basis 50 years 

replacement). In all the cases, the best results were obtained considering more durable materials 

(alternative b). 

When considering also the initial and recurrent embodied impacts, the best scenarios change.  

They change again if considering the effect of technical performance decay, and yet again if 

taking into account the combined effect of technical decay and restoration burdens. 

Considering the most optimistic scenario, namely without accounting for materials technical 

decay and restoration burdens, irrespective of the used secondary glazing technology (single or 

double-glazing) and share of recycled content, the alternative allowing the best results is 4.3. In 

this alternative, historic windows maintenance and both historic window and secondary glazing 

draught proofing are iterated respectively every 10 and 30 years. The secondary glazing is 

replaced every 50 years together with the secondary glazing aluminium frame itself. The 

aluminium frame manufactured with higher percentage of recycled content (50% instead of 33%) 

gives additional savings if internally comparing scenario “α” and “γ” alternatives. But it does 

not give always larger saving if comparing the best alternative from “α” with the one from “γ”. 

The results from the alternatives allowing larger savings in scenario 4 when considering the most 

optimistic scenario are given in Table 10.6.4.3.1. 

 

Scenario 
Acidification 

(No decay) 

Eutrophication 

(No decay) 

Global Warming 

(No Decay) 

Photochemical 

Oxidation (No 
Decay) 

CED (No 

decay) 

4.3.α.a-b.1% -19.82% -15.16% -20.74% -20.22% -20.66% 

4.3.α.a-b.2% -19.80% -14.81% -20.73% -20.18% -20.39% 

4.3.γ.a-b.1% -19.42% -10.95% -21.32% -20.32% -21.30% 

4.3.γ.a-b.2% -19.37% -10.22% -21.34% -20.23% -21.24% 

Table 10.6.4.3.1; Largest environmental impact savings from scenario 4 (no technical decay no restoration burdens) 

 

As already mentioned, if not accounting for the retrofitting technical decay, the use of more 

durable materials such as EPDM profiles with 20 years SL instead of 10 and IGUs with 35 years 

SL instead of 25, does not bring variation to the results.  

A slight variation of the environmental impacts was allowed by the use of different aluminium 

recycled content share. Indeed, the use of 50% recycled content instead of 33% allowed up to 

0.35% additional savings in alternative “α” (Eutrophication impact category) and 0.73% 

additional savings in alternative “γ” (Eutrophication impact category).  

The use of single-glazing instead of a double-glazing, allowed additional savings by 0.4% in 

Acidification and by 4.21% in Eutrophication impact categories. Nevertheless, it caused the 

increase of impacts by 0.58% in Global Warming, by 0.10% in Photochemical oxidation and by 

0.64% in Cumulative Energy Demand impact categories. Such a circumstance explains that there 

does not always exists a solution allowing for the best environmental savings within all the 

impact categories and that a cut-off may be necessary.  

Given the significant additional savings obtained in the Eutrophication impact category if 

installing a single-glazing internal window (4.21%), and the almost negligible savings obtained 

in all the other impact categories if installing a double-glazing internal windows, it can be 

concluded that alternative 4.3.α.b.1% has larger environmental performance compared to 

alternative 4.3.γ.b.1%.  

However, when taking into account the retrofitting technical decay, alternative 4.3.α.b.1%, is no 

longer the most performing one. The two most performing options, although reasonably with 
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lower savings than above, are 4.7.α.b.1% and 4.1.γ.b.1%. In this case, obviously, the use of 

materials with different durability plays a role (though negligible) on the results variation.  

In Table 10.6.4.3.2 it are given the savings for the two mentioned most performing alternatives 

(4.7.α.b.1% and 4.1.γ.b.1%) showing, for completeness, also the results obtained by the same 

alternatives with less durable materials or with lower share of recycled aluminium content. In 

order to avoid confusion the two most performing options are reported in bold. 

In alternative “α” the use of more durable materials (alternative b) yielded larger savings by up 

to 0.23% compared to the less durable materials (alternative a). Similarly, in alternative “γ”, the 

use of more durable materials allowed larger savings by up to 0.50% compared to the less durable 

materials. 

In both the alternatives “α” and “γ”, the use of 50% instead of 33% recycled aluminium in the 

aluminium frame manufacturing process, allowed to reach additional savings by up to 

respectively 0.35% and 0.73% in Eutrophication impact category. This impact category was 

observed to be among the most affected ones from the use of virgin or post-consumer aluminium; 

see section 10.6.1.  

 

Scenario 
Acidification 

(Decay) 

Eutrophication 

(Decay) 

Global Warming 

(Decay) 

Photochemical 

Oxidation (Decay) 

CED 

(Decay) 

4.7.α.a.1% -17.88% -9.60% -19.16% -18.43% -18.94% 

4.7.α.b.1% -18.11% (*) -9.83% (*) -19.39% -18.66% -19.17% 

4.7.α.b.2% -18.09% -9.48% -19.38% -18.62% -18.89% 

4.1.γ.a.1% -17.18% -7.61% -19.19% -18.12% -19.07% 

4.1.γ.b.1% -17.67% -8.11% (*) -19.69% (*) -18.62% -19.56% 

4.1.γ.b.2% -17.62% -7.38% -19.66% -18.53% -19.51% 

Table 10.6.4.3.2; Largest environmental impact savings from scenario 4 alternatives in bold (technical decay no 
restoration burdens) compared to the same alternatives with different durability or recycled-content options 

(*) a larger saving within this impact category was observed in other alternatives 

 

The figures identified by an asterisk in Table 10.6.4.3.2 indicate that there exists a larger saving 

with regard to that specific impact category in another modelled alternative. However, this does 

not mean that there exists one unique alternative allowing larger savings in all the impact 

categories. 

An internal single glazing window combined with maintenance and draught proofing activities 

iterated each 5 years (4.7.α.b.1%) compared to a double glazing internal window combined with 

maintenance and draught proofing activities iterated each 10 years (4.1.γ.b.1%) allows larger 

savings of up to 1.72% (Eutrophication) with the exception for impact categories Global 

Warming and Cumulative Energy Demand. Nevertheless, given that the savings obtained by 

alternative 4.1.γ.b.1% for the mentioned two impacts categories are negligibly larger than the 

ones obtained in alternative 4.7.α.b.1%, it can be concluded that alternative 4.7.α.b.1% is the one 

best performing when accounting for retrofitting alternatives technical decay in scenario 4.  

However, when also taking into account the embodied burdens for the historic windows 

restoration, the two most performing options, although with lower savings than above, are 

4.4.α.b.1% and 4.1.γ.b.1%.  

Alternative 4.4.α.b.1% is characterized by the combination of 5 years- based maintenance and 

10 years- based draught-proofing interventions together with the installation of a single glass 

internal secondary glazing to be replaced each 50 years. 

Table 10.6.4.3.3 gives the savings for the two mentioned most performing alternatives showing 

also (for completeness) the results obtained by the same alternatives with less durable materials 

or with lower share of recycled aluminium. In order to avoid confusion the two most performing 

options are reported in bold. 
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Scenario 
Acidification 

(decay+Resto) 

Eutrophicatio

n 

(decay+Resto) 

Global Warming 
(Decay+Resto) 

Photochemicla 

Oxidation 

(Decay+Resto) 

CED 
(decay+Resto) 

4.4.α.a.1% -17.16% -10.05% -18.49% -17.92% -18.34% 

4.4.α.b.1% -17.68% -10.57%(*) -19.01%(*) -18.44%(*) -18.86%(*) 

4.4.α.b.2% -17.66% -10.22% -19.00% -18.40% -18.59% 

4.1.γ.a.1% -16.73% -7.02% -18.91% -17.94% -18.79% 

4.1.γ.b.1% -17.23% -7.51% -19.40% -18.44% -19.29% 

4.1.γ.b.2% -17.18% -6.79% -19.38% -18.35% -19.23% 

Table 10.6.4.3.3; Largest environmental impact savings from scenario 4 alternatives in bold (with technical decay 

and restoration burdens) compared to the same alternatives with different durability or recycled-content options 

(*) a larger saving within this impact category was observed in other alternatives 

 

Alternative 4.4.α.b.1% is characterized by the combination of 5 years- based maintenance and 

10 years- based draught-proofing interventions together with the installation of a single glass 

internal secondary glazing to be replaced each 50 years. 

Table 10.6.4.3.3 gives the savings for the two mentioned most performing alternatives showing 

also (for completeness) the results obtained by the same alternatives with less durable materials 

or with lower share of recycled aluminium. In order to avoid confusion the two most performing 

options are reported in bold. 

In alternative “α” the use of more durable materials (alternative b) yielded savings larger by 

0.52% compared to the less durable materials (alternative a). Similarly, in alternative “γ”, the 

use of more durable materials allowed savings larger by 0.50% compared to the less durable 

materials. 

In both the alternatives “α” and “γ”, the use of 50% instead of 33% recycled aluminium in the 

frame manufacturing process, allowed additional savings respectively by up to 0.35% and 0.73% 

in Eutrophication impact category as already observed in Table 10.6.4.3.2. 

Alternative 4.4.α.b.1% allows larger saving in impact categories Acidification (0.45%) and 

Eutrophication (3.06%) compared to alternative 4.1.γ.b.1%. Conversely, the latter alternative 

allows slight larger savings in Global Warming (0.39%) and Cumulative Energy Demand 

(0.42%) impact category. Photochemical oxidation shows identical savings between the two 

alternatives. Considering that the obtained savings between the scenarios are almost identical 

with the exception of Eutrophication impacts, it can be concluded that alternative 4.4.α.b.1% is 

the most environmentally valid option when accounting for both technical performance loss and 

restoration impacts. 

10.6.4.4 Scenario 5: glass panes replacement 

Scenario 5 modelled the replacement of the glass paned of the historic windows with a double 

glazed argon filled IGU. It is worth mentioning that the IGU modelled in scenario 5, 6 and 4.γ is 

identical and its thermal characteristics are given in Table 9.5.3.2.4. 

On each historic window sash are installed multiple single glass panels separated by glass bars. 

The IGU installation foresees the removal of all the glass bars and the installation of one 

continuous 28 mm IGU connected to the perimetral frame of the sash as shown in Figure 

9.5.5.5.1. This allows installation of the IGU on a larger frame profile and the installation of only 

one double glazing unit. The historic frame is considered to be restored, consolidated and milled 

for enlarging the profiles and hosting the IGU. Also in this scenario, similarly to scenario 4, the 

activities from scenario 2 and 3 are performed; see Annex 4.10. 
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The LCI for scenario 5 is shown in Annex 5.5, the impacts per each scenario 5 alternative are 

given in Electronic Annex 2.4; the savings per each scenario 5 alternative are given in Annexes 

from 5.9 to 5.11. 

This scenario modelled 16 alternatives considering different materials durability and intervention 

iteration frequencies. In chapter 9 it was indicated that the LC operating energy savings allowed 

by scenario 5 range between 18.75% and 20.68%. Further, it was noted that the maximum energy 

savings from scenario 5 allow slightly lower savings than the best alternative from scenario 4 

with single glazed secondary glazing (e.g., 4.α.7.b). However, given the lower total embodied 

burdens from scenario 5 compared to 4, it is worth observing their reciprocal environmental 

performance when also accounting scenarios materials impacts. 

If considering the most optimistic scenario, namely without accounting for materials technical 

decay and restoration burdens, alternative 5.3 (a or b are identical as no technical decay is 

considered) is the one allowing for best results. This alternative is characterized by maintenance 

iteration performed each 10 years and window unit draught proofing each 30 years. The IGU is 

replaced at its EOL, at the 50th year.  

Alternative 5.3.a-b, allows savings by 19.50% in Acidification, 16.56% in Eutrophication, 

20.48% in Global Warming, by 20.13 in Photochemical Oxidation and by 20.46% in Cumulative 

Energy demand impact categories.  

If accounting for the intervention technical decay, the alternative delivering the most significant 

environmental savings is 5.1.b. In this alternative both maintenance and draught proofing are 

iterated each 10 years. This alternative allows environmental savings by 18.02% in Acidification, 

by 14.35% in Eutrophication, by 19.06% in Global Warming, by 18.68% in Photochemical 

oxidation and by 19.01% in Cumulative Energy Demand. However, when implementing the 

same intervention with the same frequency but with less durable materials the mentioned savings 

decrease by ≈0.60% in all the impact categories; see Table 10.6.4.4.1. 

 

Scenario 
Acidification 
(No decay) 

Eutrophication 
(No decay) 

Global Warming 
(No Decay) 

Photochemical 

Oxidation (No 

Decay) 

CED (No 
decay) 

5.1.a -17.45% -13.79% (*) -18.49% (*) -18.11% (*) -18.44% (*) 

5.1.b -18.02% -14.35% (*) -19.06% -18.68% -19.01% 

Table 10.6.4.5.1; Largest environmental impact savings from scenario 5 alternatives in bold (technical decay no 
restoration burdens) compared to the same alternatives with different durability options 

(*) a larger saving within this impact category was observed in other alternatives 

 

It can be observed that, when taking into account the technical performance decay of both EPDM 

weather stripping profiles and IGU, the iteration of maintenance alternatives modyfies the 

previously obtained results. Indeed, if admitting steady state LC operating energy savings, the 

best results were obtained by the alternative with lower maintenance and draught proofing 

iteration (respectively each 10 and 30 years). Conversely, if accounting for the technical decay, 

the contribution ensured by maintenance and draught proofing in limiting the performance loss 

becomes fundamental and the best results are obtained by the alternative foreseeing a more 

frequent maintenance iteration (respectively 10 an d10 years).  

However, it should be also noted that the environmental contribution of maintenance and draught 

proofing may not last monotonic, indeed if looking at the savings obtained by the alternative 

with the most frequent iteration of maintenance and draught proofing and most durable materials 

(alternative 5.8.b), there is a significant lowering of the environmental savings compared to 

alternative 5.1.b by up to 5% in Eutrophication impact category.  

If taking into account also the burdens from restoration activities, still alternative 5.1.b is the one 

allowing for the largest energy savings, however these savings are reduced by 0.45% in 

Acidification, by 0.59% in Eutrophication, by 0.29% in Global Warming, by 0.18% in 

Photochemical oxidation and by 0.28% in Cumulative Energy Demand impact categories.  
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10.6.4.5 Scenario 6 results: windows replacement  

In this scenario historic windows were replaced by three different windows frame typologies: 

aluminium, PVC and timber. In this scenario historic fenestration is processed as waste because 

considered at the EOL. Consequentially all alternatives in the scenario include the impacts from 

historic windows waste treatment and do not include the impacts from historic windows 

restoration, see Annex 4.10. 

The LCI for scenario 6, alternative A, PVC and T are shown respectively in Annex 5.6, 5.7 and 

5.8, the impacts per each scenario 6 alternative are given in Electronic Annex 2.5; the savings 

per each scenario 6 alternative are given in Annexes from 5.9 to 5.11. 

In the previous Chapter it was observed that, the LC operating energy savings obtained by each 

modelled alternative (accounting for technical decay) at the end of the considered RSP range 

between 21.06% and 23.29% for aluminium frame, 20.29% and 22.64% for PVC frame and 

between 20.02% and 23.26% for timber frame. In the study it was also observed that, although 

timber frame is characterized by the largest reduction of savings due technical performance 

decay induced by materials deterioration, the iteration of maintenance activities over the 

considered RSP, allows to contain technical performance losses and to make timber frames 

performing as good as aluminium frames. Indeed, the maximum LC operating energy savings 

obtainable from the two scenarios, considering the maintenance iteration scenarios, are almost 

identical.  

PVC, differently from timber, was observed to have lower performance decay but the LC energy 

savings allowed from this technology are lower than the ones achievable by aluminium and 

timber frames. This section analysed if, windows manufacturing, maintenance and EOL impacts 

may vary the previously obtained results. 

If considering the most optimistic scenario, namely without accounting for materials technical 

decay and restoration burdens, alternative 6.3 (a or b are identical as no technical decay is 

considered) allows the best results in all the considered frame technologies. The only results 

variation is related to the recycled content share during the manufacturing of both aluminium 

and PVC profiles. 

In Table 10.6.4.5.1 reports the environmental savings for the three best alternatives from scenario 

6 considering the two Recycled Content (RC) alternatives for scenario Aluminium (A) and PVC 

(PVC). In scenario 6.A the recycled content options are “1%”, including 50% of aluminium RC 

and “2%” , including 33% of aluminium RC. In scenario PVC, the recycled content options are 

“1%”, including both 0% of PVC RC and 50% aluminium RC and “2%”, including both 20% 

PVC RC and 50% aluminium RC; see Fig. 10.6.1.1. 

 

Scenario 
Acidification 

(No decay) 

Eutrophication 

(No decay) 

Global Warming 

(No Decay) 

Photochemical 

Oxidation (No 
Decay) 

CED (No 

decay) 

6.3.A.a-b.1% -20.18% -10.70% -21.86% -20.95% -21.82% 

6.3.A. a-b.2% -19.85% -9.33% -21.72% -20.69% -21.66% 

6.3.PVC.a-b.1% -21.32% -17.99% -22.23% -22.08% -22.34% 

6.3.PVC.a-b.2% -21.46% -18.34% -22.30% -22.17% -22.43% 

6.3.T.a-b -22.89% -20.65% -23.61% -23.32% -23.62% 

Table 10.6.4.4.1; Largest environmental impact savings from scenario 6 alternatives in bold (no technical decay) 

compared to the same alternatives with different recycled content options: Aluminium (1%) 50% RC, (2%) 33% 

RC; PVC (1%) 0% RC, PVC (2%) 20% RC 

(*) a larger saving within this impact category was observed in other alternatives 

 

For PVC and aluminium alternatives; option 6.3 is characterized by maintenance (limited to the 

ironmongery lubricating) iterated every 10 years, draught proofing iterated each 30 years and 

windows as well as IGU replacement iterated every 50 years. For the alternative 6.T, it is also 
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foreseen the maintenance of the timber frame (identical to the explained for the historic 

maintenance) iterated every 15 years.  

From Table 10.6.4.5.1 it can be observed that, in scenario 6.A, the use of 33% reclaimed 

aluminium, instead of 50%, reduces the environmental savings by up to 1.37% (Eutrophication). 

In scenario 6.PVC, it can be observed that the use of 0% reclaimed PVC instead of 20% reduces 

the environmental savings by a negligible extent (up to 0.35% for Eutrophication). According to 

the obtained results, at the end of the considered RSP there does not seem to exist a significant 

environmental benefit given by the use of larger share of recycled content in the aluminium or 

PVC manufacturing. Again this means that does not necessarily exists a significant 

environmental impacts reduction generated by the use of reclaimed materials. No generalisations 

can be made in this regard.  

In contrast to chapter 9 in which a predominance was observed of the alternatives from scenario 

6.A among the ones allowing for larger LC energy operating reduction, the LCA results point 

out that aluminium frame (even when produced with 50% of recycled material) allows lower 

savings than PVC and timber windows frame. This is especially attributable to the large 

manufacturing burdens. The use of timber frame, despite the larger technical performance and 

additional recurrent embodied burdens due to maintenance (absent in PVC and aluminium), 

allows to obtain the largest environmental savings at the end of the considered RSP in all the 

considered impact categories.  

In the case of the aluminium frame, when taking into account the technical performance decay 

of both EPDM weather stripping profiles and IGU, the savings allowed per impact category 

strongly depend on maintenance iteration frequency and materials durability and we cannot 

distinguish an unique or a small set of better performing alternatives.  

Nevertheless, alternative 6.1.A.b is found to the be the one allowing simultaneously the largest 

environmental savings in all the impact categories. This alternative, differently from the 

previously discussed one, foresees draught proofing each 10 years instead of each 30. Table 

10.6.4.4.2 reports 6.1.A alternatives results showing both durability and recycled content 

options. 

 

Scenario 
Acidification 

(No decay) 

Eutrophication 

(No decay) 

Global Warming 

(No Decay) 

Photochemical 

Oxidation (No 
Decay) 

CED (No 

decay) 

6.1.A.a.1% -17.76% (*) -6.14% (*) -19.56% (*) -18.61% (*) -19.26% 

6.1.A.b.1% -18.46% -6.84%(*) -20.26% (*) -19.32% -19.96% (*) 

6.1.A.a.2% -17.42% (*) -4.76% (*) -19.42% (*)  -18.35% (*) -19.09% 

6.1.A.b.2% -18.12% -5.47% (*) -20.12% -19.05% -19.79% 

Table 10.6.4.5.2; Largest environmental impact savings from scenario 6.A alternatives in bold (technical decay) 
compared to the same alternatives with different recycled content options: Aluminium (1%) 50% RC, (2%) 33% 

RC;  

(*) a larger saving within this impact category was observed in other alternatives 

 

It is visible that results from the best aluminium frame option, when including technical decay, 

significantly decrease compared to the ones observed in the best aluminium option if neglecting 

intervention technical decay (6.3.A). If comparing the results with and without the technical 

decay for the previously discussed option 6.3.A, it can be concluded that the technical decay at 

the end of the considered RSP, is responsible of 2.30% environmental savings reduction in all 

the impact categories. It can also be observed that, the use of more durable materials (alternative 

b) allows environmental savings 0.7% larger than the ones obtained by less durable materials 

(alternative a).   

In the case of PVC windows frames, differently from the aluminium ones, the environmental 

savings obtained after the windows technical decay, sharply highlight one option as the one 

allowing the largest environmental savings in (almost) all the impact categories, alternative 
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6.7.PVC. The alternative that allows for larger environmental benefits is the one with largest 

share of recycled PVC content (2%) and with more durable materials (b). The results for this 

alternative considering both the Recycled Content and materials durability options are given in 

Table 10.6.4.5.3. 

 

Scenario 
Acidification 

(No decay) 

Eutrophication 

(No decay) 

Global Warming 

(No Decay) 

Photochemical 

Oxidation (No 
Decay) 

CED (No 

decay) 

6.7.PVC.a.1% -19.67% -15.74% -20.62% -20.45% -20.65% 

6.7.PVC.b.1% -20.07% -16.15% (*) -21.02% -20.85% -21.05% (*) 

6.7.PVC.a.2% -19.81% -16.10% -20.69% -20.55% -20.74% 

6.7.PVC.a.2% -20.22% -16.50% -21.09% (*) -20.95% -21.14% 

Table 10.6.4.5.3; Largest environmental impact savings from scenario 6.PVC alternatives in bold (technical decay) 

compared to the same alternatives with different recycled content options: PVC (1%) 0% RC, PVC (2%) 20% RC;  

(*) a larger saving within this impact category was observed in other alternatives 

 

The results obtained from the decayed PVC scenario are more advantageous compared to the 

ones obtained from the decayed Aluminium ones; this, despite the LC operating energy of the 

latter frame technology was observed least performing in the previous Chapter. Comparing the 

best PVC option with the aluminium one and accounting for their technical decay, it can be 

observed that the plastic window allows environmental savings by up to 9.66% (Eutrophication) 

at the 100th year. 

The use of 20% reclaimed PVC in the frame profile manufacturing allows to achieve larger 

savings by up to 0.35% (Eutrophication). The use of more durable materials allows larger savings 

in all the impact categories of 0.40%.  

Also for the timber windows, if considering their technical decay, no longer is alternative 6.3 the 

most advantageous, but it becomes alternative 6.7.T as already observed for PVC windows 

frames. The results for both the durability scenarios are given in Table 10.6.4.5.4.  

 

Scenario 
Acidification 

(No decay) 

Eutrophication 

(No decay) 

Global Warming 

(No Decay) 

Photochemical 

Oxidation (No 
Decay) 

CED (No 

decay) 

6.7.T.a. -20.42% -16.48% (*) -21.39% -20.94% -21.20% 

6.7.T.b -20.82% -16.88% (*) -21.79% (*) -21.34% -21.60% (*) 

Table 10.6.4.5.4; Largest environmental impact savings from scenario 6.T alternatives in bold (technical decay) 

compared to the same alternatives with different materials durability;  

(*) a larger saving within this impact category was observed in other alternatives 

 

The table shows the largest environmental savings achieved from all the modelled scenarios 

when accounting for their technical decay. Moreover, Table 10.6.4.5.4 shows clearly the 

potential of materials maintenance.  

In chapter 9, scenario 6.T was observed to be the one allowing the largest initial energy savings. 

But after taking into account its technical performance loss due to material deterioration, it was 

found that this frame technology loses the largest fraction of initial operating energy savings. 

Successively it was observed that by undertaking regular maintenance on timber frame, it was 

possible to re-gain the initial performance and to perform at the end of the considered RSP, as 

well as aluminium windows (observed to be the most performing ones). For regaining the lost 

fraction of energy performance and to perform as well as aluminium, timber windows frame 

need an intensive maintenance plan including: frame repainting each 5 years, ironmongery 

lubrication every 10 years, windows sashes draught-proofing every 5 years and IGU replacement 

every 50 or 25years (alternatives 6.7-8.T). Such an intensive maintenance plan -observed to be 

environmentally unsustainable in case the contribute of operating energy reduction is low 
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(scenario 2 and 3)-  can be considered advantageous in the specific case of replacement timber 

frame maintenance. In that specific case, the combination of such intensive maintenance iteration 

combined with the use of durable materials, makes timber replacement windows the alternatives 

with largest absolute environmental saving for each impact category. 

10.7 CONCLUSION  

This study analysed, by means of LCA, the environmental benefits likely to be obtained by 

undertaking fenestration maintenance, restoration and energy retrofitting of historic buildings.  

The modelled interventions, ranging between historic fenestration maintenance and historic 

windows replacement, were assessed considering both LC operating energy and LC total (initial 

and recurrent) embodied impacts as well as the interrelation between the two.  

This study completes a previous study (see chapter 9) in which the validity of the proposed 

interventions was assessed solely from a LC Energy savings viewpoint.  

On the basis of the obtained results it can be pointed out that, in order to gain clear and realistic 

knowledge on the environmental validity of energy retrofitting interventions, the interrelation 

between retrofitting intervention LC operating and embodied impacts should be taken into 

account instead of assessing them separately and summing their respective burdens. Moreover, 

the alteration of the intervention technical performance over its Service Life should not be 

neglected as otherwise misleading LCA results may be obtained.  

When retrofitting intervention technical decay is not considered, the scenarios delivering the best 

LCA results are the ones with low maintenance iteration frequency. However, this is not realistic. 

Indeed, as retrofitting measures tend to lose their technical performance over time, performing 

regular maintenance may exert a beneficial effect for reducing this technical decay and make the 

retrofitting regain the initial performance. In other words, if technical decay is neglected, 

maintenance activities result only as active embodied burdens without effect on the LC operating 

energy. Hence the less are these recurrent burdens the better the intervention environmental 

performance. The possible advantage of repair and replacement activities for reducing LC 

operating energy is not considered. On the contrary, only their recurrent embodied burdens are 

examined. Moreover, the beneficial effect of durable materials cannot be understood as it is not 

linked to the operating energy. 

This simplification is comparable to the one considered when only taking into account (as in 

chapter 9) LC operating energy impacts without including the embodied ones. In that case, if the 

technical decay of the retrofitting measures was taken into account, the scenarios alternatives 

delivering more satisfactory results (in terms of LC energy savings) were the ones with high 

intervention iteration frequency. This because the maintenance iteration was only assessed on it 

beneficial impact on LC operating energy burdens reduction (no maintenance embodied burdens 

were accounted). 

It is obvious that there exists an implicit triviality in the results obtained when not accounting 

for interventions embodied impacts (as in LC Energy Analysis, see chapter 9), but it is also clear 

that there exists the same triviality when performing LCA studies, accounting for both 

intervention LC embodied and operating impacts but without modelling technical performance 

decay consequent on the materials aging. In both cases the delivered results may be strongly 

misleading. 

In this study, it was observed that verifying the environmental impact of retrofitting interventions 

takes on a more nuanced meaning than just statically calculating operating and embodied impacts 

(without allowing a relation between each other) and summing them up.  

Table 10.7.1 reports the final results for the best scenario alternatives considering the technical 

performance decay of each scenario and, for scenarios from 2 to 5, including the additional 

burdens from historic windows restoration.   
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Scenario 
Acidification 

(No decay) 

Eutrophication 

(No decay) 

Global Warming 

(No Decay) 

Photochemical 

Oxidation (No 
Decay) 

CED (No 

decay) 

2.2.β -2.69% 0% -3.07% -2.82% -2.99% 

3.1.b -3.33% -0.63% -3.76% -3.70% -3.69% 

4.4.α.b.1% -17.68% -10.57%(*) -19.01%(*) -18.44%(*) -18.86%(*) 

4.1.γ.b.1% -17.23% -7.51% -19.40% -18.44% -19.29% 

5.1.b -18.02% -14.35% (*) -19.06% -18.68% -19.01% 

6.1.A.b.1% -18.46% -6.84%(*) -20.26% (*) -19.32% -19.96% (*) 

6.7.PVC.a.2% -20.22% -16.50% -21.09% (*) -20.95% -21.14% 

6.7.T.b -20.82% -16.88% (*) -21.79% (*) -21.34% -21.60% (*) 

Table 10.7.1; Largest environmental impact savings from all scenarios (technical decay and restoration burdens)  

(*) a larger saving within this impact category was observed in other alternatives 

 

The results point out that performing building maintenance, in the specific case of fenestration 

maintenance, is a practice that not only allows for energy savings (as concluded in chapter 9), 

but it also generates environmental benefits (up to 3.07% in Global warming impact category). 

However this conclusion cannot be generalized because this intervention, due to its small 

influence on the LC operating energy, may even generate impact increase with regard to some 

impact categories (e.g. Eutrophication) if high impacting materials are utilized. In the specific 

case it was found that the use of solvent-based paint instead of water based generates impact 

increase instead of decrease by up to 1.37% (Eutrophication). This explains that, notwithstanding 

the generally observed beneficial effect on the building energy performance given by building 

maintenance, attention should be paid to the materials typology. If performing simultaneously 

fenestration maintenance and draught-proofing, slight larger benefits may be obtained (up to 

3.79% in Global Warming impact category).  

Poor benefits from scenarios 2 and 3 are also explainable because of the burdens generated by 

fenestration restoration. As the restoration burdens were identical in all the scenarios from 2 to 

5, their effect was significantly larger for the scenarios that allowed initial low energy savings, 

namely 2 and 3. The cumulative burdens produced by technical performance loss and 

fenestration restoration, reduced by up to 94% the environmental burdens from alternative 2.2.β 

and by up to 80% the ones from alternative 3.1.b compared to their initial savings without 

technical decay and restoration (Eutrophication impact category). 

The addition of an internal secondary glazing with single or double glazing or the replacement 

of the historic windows glazing panes, allowed environmental benefits larger than all the less 

performing windows replacement option (aluminium frame) with regard to Eutrophication 

impact category.  

In the study it was found that replacing historic windows with aluminium frame instead of simply 

adding an internal secondary glazing allowed environmental savings larger only by 1.50%. 

More specifically in the case of internal secondary glazing, the use of a double glazing secondary 

window instead of a single glazing one, allowed to obtain larger environmental savings only in 

two impact categories on five. This makes the use of a double glazing in the case of internal 

secondary glazing highly questionable. Moreover these larger savings were never higher than 

0.5% in comparison to the ones obtained by the single glazing option. The better results obtained 

by the single glazing option are consequent on the lesser use of aluminium for the frame 

production.  

Among the replacement options, the better results are achieved by the timber frame option. This 

one allows the highest environmental benefits in all the modelled alternatives. The significant 

results obtained from timber frame are partially attributable to timber maintenance as beneficial 

for improving timber profiles thermal performance in case of their technical decay.  

 



292 

 

However the replacement of historic windows does not permit far larger environmental benefits 

if compared to preservation options. Indeed, given that the largest saving obtained after 100 years 

by the best replacement option (timber frame) is only 3% larger compared to the one obtained 

by e.g., the sole replacement of the historic windows glass panes; and moreover, given that 

windows replacement products such as aluminium frame, allows only 1.5% larger environmental 

savings than the one obtained by e.g., installing an internal single glazed secondary glazing, it 

can be concluded that the environmental advantage allowed by historic windows replacement 

over their maintenance and energy improvement is limited.  

 

According to the study results it may be concluded that historic windows replacement is not only 

questionable because of the architectural loss, but also because there exist retrofitting solutions 

allowing to achieve long-term environmental benefits similar to the ones of new windows units. 

For this reason in the HBE, appropriate fenestration maintenance and performance improvement 

should be preferred over its replacement for allowing a long- term cultural and environmental 

sustainable development.  

 

 

 

 

 

 

 



 

 

11 Conclusions  
 

 

 

 

 

 

This Chapter summarizes the conclusions of the present doctoral research. Following a summary 

of the research conclusions with regard to the principal objectives of the thesis, there is an 

overview of the specific objective of the thesis, divided per chapter.  

On the basis of this overview, the conclusions for each specific objective are described. However, 

these conclusions should be not considered exhaustive for all the findings obtained per each 

performed study. A more detailed description of the findings obtained per each specific research 

objective is provided at the end of each chapter. 

A conclusion note, completes the thesis by giving an outlook of the doctoral research findings 

also in the light of the revised European Energy Directive published by the EU Council on May 

the 14th 2018, during the submission of this PhD thesis.  
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11.1 RESEARCH CONCLUSIONS SUMMARY 

This research, showed that the development and use of multi-objective based models for 

assessing (or certifying) historic buildings performance, even if limited to a part of the manifold 

building performance aspects, e.g. IMQ as in this research, is a valid practice in order to permit 

building control, management and optimization. This is because, the simultaneous and 

continuous verification of multiple criteria of quality in relation to different certification targets 

(e.g., building users and movable or immovable cultural heritage in the HBE ), favours real-time 

or a-posteriori control of the requirements expected to be satisfied by the building and its HVAC 

systems. On this basis, comfort or safety failures may be promptly identified, thus permitting to 

undertake mitigation or preventive conservation actions. Moreover, when multi-objective 

models are used for evaluating building retrofitting scenarios, they allow a comparison of the 

proposed alternatives and identification of the one that maximizes the most the multiple 

performance aspects expected to be improved.  

Nevertheless, the research also demonstrated that assessing buildings performance on the basis 

of such models is not sufficient its own to ensure an in- depth analysis of the various building 

performance aspects and especially of their mutual interrelation. This is because such models, 

though allowing for multi-objective and multi-layered performance verification, do not allow for 

an analyse of the interrelation between performance aspects. For this reason, multi-objective 

models (such as the one developed in this research) can only be employed for building 

assessment and not for building diagnosis.  

Building diagnosis and assessment should be not seen as interchangeable activities; the former 

is preparatory to the latter. Indeed, building assessment only indicates the presence of a problem, 

but does not discover its causes. Bearing this in mind, the design of energy retrofitting measures 

–in contrast to what is often done in the current practice- should be based on both preparatory 

integrated building diagnosis and successive multi-objective –based performance assessment.  

 

Thus, if a given model is utilized for assessing together, say IMQ (for both building users and 

cultural heritage objects) and envelope energy performance of a historic building and, the results 

show the poorness (with reference to selected benchmarks) of both the assessed criteria, perhaps 

it would be agreed to insulate the building masonry. However, in fact, the results from the 

assessment neither elucidate the possible relationship between the two observed failures, nor the 

possible cause of them. Hence, it remains unclear if the failure with regard to one performance 

aspect may affect the other. As such, there is little knowledge that can be capitalized for allowing 

a building-tailored energy and environmental retrofitting design.  

If, in the example above, the observed poor IMQ quality and building envelope performance 

were caused say, by masonry deterioration issues, it is improbable that the mentioned 

performances issues would be solved in the long-term by simply insulating the building masonry. 

Indeed, a preparatory restoration of the masonry would be necessary. However, the deterioration 

of the masonry, the real cause for both of the observed performance failures, could not be 

identified by only relying on the multi-objective assessment results. Furthermore, the mentioned 

assessment results would not allow identification of the actual relationship between the two 

performance aspects.  

All this calls for the introduction into the current practice of a preparatory integrated diagnosis 

overcoming the current approach of unrelated building audits. It is quite clear from the reported 

example that performing energy retrofitting without acquiring a comprehensive understanding 

of the different aspects of building performance and of their mutual relationship, might create a 

high risk of failure for the undertaken retrofitting intervention. In the literature this risk of failure 

is defined risk of non-delivering.  
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The risk of non-delivering not only can cause an environmental concern because the expected 

environmental savings are not obtained, but, even more seriously, it may cause a shift of the 

environmental burdens. This is because the environmental investment (in terms of real burdens) 

performed during the retrofitting implementation will be probably not be offset by the 

environmental savings expected to be obtained throughout the entire energy retrofitting service 

life. Moreover, in HBE where retrofitting interventions are undertaken by allowing a certain 

degree of damage to the building integrity and value, failing to achieve the expected long –term 

environmental savings adds to the loss of part of the building integrity and value. Hence the 

failure in the long term is not only environmental but also cultural and most likely economic.  

 

The research found that multi-objective certification results strongly rely on: 1) procedures 

undertaken for data acquisition, 2) quality of data to be entered in the model and 3) methods to 

be used for the assessment of each single performance criteria in the long-term. The latter 

methods are integrated within the multi-objective model for assessing independently each 

performance criterion prior to their aggregation. 

Given that an assessment (or certification) is a quality control integrated over time, it is necessary 

to acquire a sharp picture of the studied building performance in all the moments of the monitored 

period and to preserve information accuracy when summarizing and aggregating each 

performance criteria in the model. Hence, despite the use of accurate multi-objective assessment 

models, if the data acquisition process lacks accuracy due to erroneous measurement equipment 

positioning, or if the acquired data are not verified in their temporal- spatial resolution and 

representativeness or if the interval between data sampling is inappropriate, or if the utilized 

methods for the single criterion long-term evaluation embed methodological biases, it is not 

possible to obtain the mentioned sharp picture of the building performance. In such 

circumstances the certification results are senseless and are certainly not supportive decision 

making about: mitigation actions, conservative preservation or retrofitting measure design.  

 

Further, this research discussed that the risk of non-delivering may occur not only due to the lack 

of integrated building diagnosis prior to the retrofitting design, but can also arise as a 

consequence of inappropriate or simplified energy retrofitting modelling. For instance, if within 

building simulation and LCA modelling, the possible long- term technical decay of the 

retrofitting measures is not taken into account, there may exist the possibility that the obtained 

results (in terms of calculated energy and environmental savings) are overestimated compared 

to the real environmental benefit obtained by their implementation. This occurs due to the 

unavoidable physical materials deterioration that causes long-term technical decay of the 

retrofitting measures.  

If, due to technical decay,  the retrofitting measure will lose the level of technical performance 

on the basis of which it was selected, and this occurs within the time frame of the retrofitting 

intervention service life (so prior to the expected retrofitting End Of Life), these can generate  

environmental burden shift. This is not a minor problem if evaluated on a large scale, especially 

with reference to the achievement of the European Energy Directive (EED) 2020, 2030 and 2050 

objectives.  

 

The main objective of this research was the introduction of a methodological diagnostic and 

assessment framework for supporting energy and environmental retrofitting interventions design 

in historic and heritage buildings. Additionally, the research wanted to analyse, by means of case 

studies, specific aspects to be taken into account upon energy-environmental retrofitting of the 

HBE. An overview of the specific research objectives is reported below and related conclusions 

(given more in detail at the end of each chapter) are summarized in the following sections.  
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11.1.1 Overview of the research specific objectives  

Building target microclimate definition according to EN 15757:2010 

 

 Assessment of the influence of monitoring temporal representativeness and indoor 

microclimate fluctuations on the alteration of the target-microclimate (see chapter 3); 

 Assessment of the target microclimate variation if calculated at the object’s 

microclimate proximity or on the basis of hygrothermal parameters spatial average (see 

chapter 8). 

 

People thermal comfort definition according to subjective assessment 

 

 Quantification of indoor air temperature causing people thermal sensation variation;  

 Quantification of the magnitude of thermal sensation variation caused by semantic 

variation in the thermal comfort scale; 

 Analysis of the sensitivity of thermal sensation variation to stepwise temperature 

increase and decrease; 

 Assessment of the willingness of museum visitors to reduce thermal comfort for 

allowing better museum- collection preservation (see chapter 4 for all the points) 

 

Building integrated diagnosis  

 

 Assessment of the relation between historic buildings envelope physical deterioration 

and energy performance alteration (see chapter 5) 

 Assessment of the simultaneous effect of: outdoor climatic variations, building 

envelope decay, HVAC system operating, building users presence, operating of doors 

on the alteration of the building Indoor Microclimate Quality (see chapter 6). 

 

Multi-objective IMQ-assessment 

 

 (Simultaneous) assessment of the thermal comfort for build users (museum visitors) 

and microclimate safety for hygroscopic cultural heritage (the study focussed on the 

microclimate- induced mechanical deterioration risk for timber panels); 

 Assessment of the influence of spatial microclimate heterogeneity on the target-

microclimate variation (with the purpose of IMQ certification for cultural objects); 

 Assessment of the influence of spatial microclimate heterogeneity on the standards-

based people thermal sensation variation (with the purpose of IMQ certification for 

people); 

 Assessment of the summer-overheating reduction by means of passive cooling in a 

museum hypogeum exhibition hall and application of IMQ certification before and after 

the environmental- retrofitting (see chapter 8 for all the points)  

 

Life Cycle Energy modelling and LCA of energy retrofitting interventions accounting for 

technical decay. 

 

 Quantification of the life cycle energy savings alteration caused by energy-retrofitting 

scenarios technical performance decay (see chapter 9); 

 Quantification of historic buildings energy demand reduction (hence building 

environmental impact reduction) by means of historic fenestration energy performance 

improvement ranging from windows maintenance to replacement.  
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 Quantification of the environmental impact caused by: energy-retrofitting scenarios 

technical performance decay; historic building maintenance and restoration; variation 

of the recycled content in retrofitting components manufacturing (see chapter 10). 

11.1.2 Building target microclimate definition according to EN 15757:2010 

Indoor climate assessment and management based on the building historic microclimate, as 

introduced by the EN 15757:2010, allows cultural heritage objects preservation while permitting 

safe hygrothermal fluctuations. According to the standard, the fluctuation range, defined target 

microclimate range, can be considered safe if already experienced by the objects in the past. It 

can be calculated on the basis of infield hygrothermal monitoring. However, two concerns were 

observed in the standard methodology with the purpose of calculating the target microclimate 

range: 1) the suggestion to filter out the measured readings from periods when “excessive indoor 

climate disturbances” occurred and 2) the suggestion to perform at least 1 year hygrothermal 

monitoring for calculating the building historic climate, hence target microclimate and target 

microclimate range.  

With regard to the first point, the standard does not provide a definition of “excessive indoor 

microclimate disturbance” therefore it is not clear which kind of disturbances should be removed 

from the dataset. Moreover, the standard does not consider the possible effect of their removal 

on the determination of the target microclimate. With regard to the second point, because the 

microclimate range calculated according to the standard procedure is data population –

dependent, the calculated historic climate may be not equally representative if calculated on 1-

year or 10-years hygrothermal monitoring. More specifically this research evaluated whether 1-

year hygrothermal monitoring can be representative for the determination of the historic climate, 

target microclimate and target microclimate range.  

To answer to the first point, an analysis was performed based on 5-years monitoring (2010-2015) 

in room 5 of the museum Mayer van den Bergh. Two different years, 2010 and 2012, registered 

indoor climate perturbation caused by heating system failures and summer overheating. 

Although the readings from 2012 showed the largest absolute hygrothermal alteration (compared 

to 2010), hence the largest deviations from the seasonal fluctuations, the calculated inferior and 

superior percentiles were more flexible for the year 2010. This occurred because, though less 

outlying indoor climate was registered in 2010, the frequency of the hygrothermal deviations 

was larger. On the basis of the analysis performed, it was found that the alteration of the inferior 

and superior hygrothermal percentiles (hence the alteration of the target microclimate range) -

caused by exceptional indoor climate events- is related to the frequency of event occurrence 

rather than solely to the absolute exceptionality of the hygrothermal deviation from the seasonal 

fluctuation. The identification of these disturbances is not straightforward because it is caused 

by the interrelation between amplitude and frequency of the deviations. To overcome the bias 

given by excessive variations of the indoor climate, a good practice would be the extension of 

the monitoring period instead of the elimination of hygrothermal readings as suggested by the 

EN 15757 standard. Indeed the effect of abnormal hygrothermal records becomes negligible on 

a multiyear dataset.   

In order to provide such an understanding, the RH percentiles calculated from ad-hoc created 

short-term fluctuations datasets out of 10-years hygrothermal monitoring (2010-2016) were 

analysed with regard to room 10 in the same museum. The inferior and superior percentiles with 

regard to the cumulative historic microclimate and future historic climate were calculated. in 

other words calculating the cumulative short –term fluctuation backwards and frontwards. The 

evolution of the percentiles over the period was also compared with the percentile values 

calculated for each independent year. 
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From the analysis it was observed that the inferior and superior percentiles calculated for 

individual years, often deviated from the linear tendency of the long- term historic building 

microclimate calculated with cumulative historic and future microclimate. For this reason it can 

be concluded that historic climate calculated on 1-year hygrothermal monitoring is not always 

representative of the long- term historic building climate.  

In the author’s opinion, calculating the inferior and superior percentiles for the determination of 

the microclimate target on the basis of a long-term building instrumental monitoring is the most 

robust option for allowing correct building microclimate management. If this option is not viable, 

it is suggested to obtain the hygrothermal percentiles from a simulation-based historic 

microclimate. Indeed, if a dynamic building simulation model is physically calibrated, it allows 

to simulate precisely the current and past climate of the whole building or its parts. In such a 

way, a long-term building historic microclimate can be obtained and on its basis a more accurate 

microclimate management can be done. 

11.1.3 People thermal comfort definition according to subjective assessment 

People thermal comfort assessments are generally made either through thermal physiological 

models or subjective evaluation. The latter assessment typology is based on the administration 

of questionnaires (to building users) and successive statistical modelling. The advantage of such 

assessment typology is that thermal comfort is quantified by directly asking people about their 

thermal sensation. As such, it is possible to obtain actual thermal sensation of the respondents 

including information about their thermal adaptation to the specific environment.  

Furthermore, assessing thermal comfort on the basis of questionnaires, generally requires the 

monitoring of fewer environmental parameters. This aspect is fundamental because it makes 

feasible the continuous monitoring of each hygrothermally different space of a heritage building 

or museum. However, as thermal comfort subjective assessments are developed on the basis of 

statistical models rather than on validated thermal-physiological models, they are not free of 

inaccuracies. Both the regression model used for predicting the thermal sensation as well as the 

semantic variations within the thermal sensation scale in the questionnaire may bias the results.    

The research sought to meet the following specific objectives: 1) quantifying the indoor air 

temperature likely to cause people thermal sensation variation; 2) quantifying the magnitude of 

thermal sensation variation caused by semantic variation in the thermal comfort scale; 3) 

analysing the sensitivity of thermal sensation variation to stepwise temperature increase and 

decrease. Furthermore, in order to investigate the presence of conflicts between microclimate 

needs for people and cultural heritage objects, and to test the people thermal comfort adaptability 

as a possible way for overcoming these conflicts, the research aimed at assessing: 4) the 

willingness of museum visitors to reduce part of their thermal comfort for allowing better 

museum- collection preservation 

In order to perform the study and answer the mentioned specific objectives, 1-year microclimate 

monitoring was performed coped with administration of questionnaire to visitors of museum 

Mayer van den Bergh.  

On the basis of the approximately 1800 valid questionnaires used for statistical modelling, two 

ANOVA models (the first propaedeutic to the second) for predicting the mean air temperature 

corresponding to each interval of the thermal sensation vote variation were run. Successively the 

temperature increase or decrease necessary for triggering 1 unit of change in the thermal 

sensation (categorical) scale was quantified. Further, on the basis of the model the accuracy of 

the 7-point scale thermal sensation developed according to the ISO 10551 was tested.  

The results showed that not all the 7-point scale thermal sensations were experienced by the 

respondents. This occurred because of the relatively limited range of variation throughout the 

monitoring period in the studied space. More specifically a randomness for the “too cold” and 
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“cold” thermal sensations was observed. As a consequence the developed model could not 

accurately predict these two thermal sensations, that were therefore, excluded from the analysis. 

The second model was developed for allowing thermal sensation predictions within the interval 

“slightly cold” to “too warm”. The thermal sensation intervals were accordingly recoded. 

On the basis of the results from the recoded model (second ANOVA model), it was observed 

that there was not a significant and consistent predicted mean temperature variation at each 

thermal sensation variation as experienced by respondents. This circumstance occurred because 

the slight semantic variations between thermal sensations were not always perceived by the 

respondents (this was the case for “slightly warm” and “warm”).  

The predicted temperature obtained from the second model varied linearly and almost 

symmetrically (with a quadratic variation tendency towards “too warm”) across the recoded 

thermal sensations.  

It was observed that the thermal neutrality with regard to the whole year was 22.38°C and -

1.07°C and +0.88°C would cause the thermal sensation to vary respectively towards cold and 

warm. Despite the slight numerical differences between these thermal sensation variations, it can 

be said that 1°C temperature increase or decrease from the neutrality causes one unit of upper or 

lower thermal sensation deviation. However, more precisely, there is not a perfect symmetry 

between upper and lower deviation from neutrality. It is indeed necessary a smaller temperature 

increase for making people feel “warm” than the one necessary for making people feel “cold”. 

This can be explained by the fact that respondents generally perceived the microclimate warmer 

than colder (the minimum observed temperature was 19.50°C and the maximum one 27.50°C). 

This circumstance is also reflected in their willingness to sacrifice part of their thermal comfort 

for a better preservation of the collection.  

Visitors showed a strong willingness to reduce their comfort for the sake of a better cultural 

heritage preservation. Nevertheless the microclimatic alteration permitted by the respondents 

was significantly dependent on the thermal perception felt at the moment of the questionnaire 

compilation, meaning that the cultural adaptability of visitors in the museum environment is 

related to their current thermal perception. This may appear a trivial conclusion but it is not, 

considering that the indoor temperature in the monitored space did not vary significantly 

(minimum temperature 19.50°C and maximum 27.50°C).  

The results showed that, in museum buildings, there is a large possibility to adjust set point 

temperature if required for the preservation of the housed cultural heritage. Indeed the percentage 

of people not admitting any microclimate alteration of their thermal sensation is extremely low, 

between 1.90% and 5.60%. Adjusting temperature set points by considering the results from the 

performed study, may allow lower microclimate fluctuation throughout the entire year. In such 

a way the risk of microclimate-induced mechanical deterioration for the hygroscopic cultural 

objects may be reduced. Moreover, building energy savings may be allowed.  

11.1.4 Building integrated diagnosis 

With the objective of introducing an integrated building diagnosis for assessing the relation 

between different aspects of building performance, the research conducted two studies aimed 

respectively at: 1) verifying the relation between historic buildings envelope physical 

deterioration and energy performance alteration and 2) assessing the simultaneous effect of: 

outdoor climatic variations, building envelope decay, HVAC system operating, building users 

presence, operating of doors on the alteration of the building Indoor Microclimate Quality. 

The two studies together revealed that buildings materials physical deterioration may cause both 

building envelope performance reduction and overall lowering of the building IMQ with the 

consequent risk of endangering housed cultural heritage.  

The two studies were conducted in the Vleeshuis museums. In the first study wall thermal 

heterogeneity, caused by infiltrative water, was investigated by means of preparatory IRT, quasi 
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in contact hygrothermal monitoring, and Heat Flow Metering. The activities were performed 

iteratively on two parts of the south oriented façade of the building from February until May 

2014. The monitoring allowed quantification of: 1) the thermal transmittance value deviation as 

a consequence of moisture presence in the masonry and 2) masonry natural drying cycle. It was 

observed that the presence of moisture in the masonry caused the thermal transmittance value to 

increase more than three times compared to the one measured in areas not affected by moisture 

deterioration.  

Moreover, it was observed that, despite a general drying of the masonry at the beginning of the 

warm season, the damp area still had residual moisture which had not completely evaporated. 

The results showed the role played by physical deterioration (e.g., moisture) in radically 

perturbing the thermal properties of the building envelope. Such deterioration issues should be 

assessed during the activities preparatory to the EERI design and solved prior to the retrofitting 

intervention. Otherwise they may cause the failure of the retrofitting measure (risk of non-

delivering) and the shift of environmental burdens.  

A second study undertaken in the main exhibition hall of the Vleeshuis museum, conducted an 

indoor microclimate monitoring during the year 2014-2015. Consistent with the analysis 

discussed above, and with the objective of localising moisture presence in the masonries and 

water infiltrative sources, the study combined: indoor microclimate monitoring, IRT and analysis 

of the building documentation. Further, with the objective of analysing the influence of heat and 

moisture loads on the exhibition hall microclimate variability, the study focussed on: 1) the effect 

of outdoor climate variability on the indoor one; 2) the effect of visitors on the indoor 

microclimate alteration; 3) the effect of climate control equipment operation and building use on 

the indoor hygrothermal variability; 4) the effect of infiltrative air on indoor hygrothermal 

fluctuations. The relation between the mentioned sources of microclimate alteration and the 

indoor microclimate variation was studied with tests of mean independency (t-test). 

The study, indicated that the envelope decay has a significant influence on the indoor 

microclimate stability. Moreover this stability is also affected by the operating of the installed 

air-heating and ventilation unit. It was observed that air infiltration enables both lowering of 

indoor air temperature and increase of air velocity. Especially in the cold period, the temperature 

reduction caused by air infiltration reduces the moisture evaporation from the damp masonries. 

However when the air heating unit was in function, it drove the evaporation process from the 

deteriorated masonries provoking severe microclimate instability and speeding the process of 

inwards masonry evaporation.  

The study showed that the presence of infiltrative water in the Vleeshuis museum masonries is 

caused by the incorrect installation of a metal scaffold system for debris collections attached to 

the building facades. This improper intervention, performed in 2007, endangered almost all the 

cultural heritage objects present on the first floor of the building and it triggered severe masonries 

deterioration processes with a significant impact on building microclimate and energy 

performance. 

The undertaken study clarified that, unintentionally, the HVAC systems operating may even 

worsen the building deterioration process or reduce the indoor microclimate stability. Moreover 

it was observed that the origin of the building envelope deterioration (even before the installation 

of the scaffold system) was caused by improper restoration activities performed in the ‘60s.  

The study highlighted the paramount importance of performing integrated diagnosis instead of 

independent audits prior to the definition of a retrofitting intervention in historic and heritage 

buildings. The integrated building diagnosis performed permitted understanding the possible 

relations between building performance aspects necessary to be clarified before the retrofitting 

design.  
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11.1.5 Multi-objective IMQ certification of historic buildings 

 

With the purpose of detecting possible downsides of the current building microclimate or for 

verifying the microclimate quality after the implementation of energy or environmental 

retrofitting, and a support tool, resort can be had to a building IMQ certification model. Because 

in heritage and museum buildings it is necessary to maintain microclimate quality both 

comfortable for building users (e.g. museum visitors) and safe for preserving possibly housed 

cultural objects, the IMQ certification models should preferably be developed on the basis of a 

multi-objective approach. 

This study developed and tested a multi-objective IMQ certification model for simultaneously 

verifying people thermal comfort and microclimate safety for the cultural heritage. The model 

was tested with the purpose of verifying the IMQ of the main exhibition hall of the Vleeshuis 

museum in its current state, and the IMQ of the hypogeum exhibition hall (parts north and south) 

in its current state and after the implementation of a passive cooling strategy.  

After a summer monitoring of the hypogeum exhibition hall it was observed that the space (both 

the parts) tends to overheating due to the presence of large indoor sensible gains. For this reason 

a passive cooling strategy was simulated by exploiting the south-oriented tower of the building. 

The building model was calibrated on the basis of the infield acquired hygrothermal parameters.  

 

The developed multi-objective IMQ certification model allows systematic verification of the 

fulfilment of given (microclimate) parameters to intervals of quality, performance or stability for 

two certification targets: cultural hygroscopic objects (timber panels) and building users.  The 

assessment for cultural objects was based on two performance indicators: hygrometric quality 

and thermal quality. For the cultural heritage objects, the model evaluates the microclimate 

quality according to two levels of assessment: a) long term hygrothermal fluctuations and b) 

short-term RH alteration and glass transition air temperature. The quality category intervals for 

the microclimate safety for the cultural objects were determined according to the EN 15757 

standard and related literature. 

The assessment for building users was based only on one performance indicator (thermal 

comfort). The comfort classes were determined according to the ISO 7730 and EN 15251 

respectively for the cold and warm (or free running) periods. 

It should be mentioned that the temporal representativeness of the IMQ certification for the two 

exhibition halls is different, indeed it is 1-year for the ground floor exhibition hall (2014-2015) 

and only one warm season (July- September 2013) for the hypogeum exhibition hall. 

 

Furthermore the study analysed the influence of the spatial microclimate heterogeneity on: 1) 

thermal comfort (categories) variation for the building users and 2) target microclimate and target 

range variation if calculated at each measurement point (object proximity) or on the basis of the 

readings from the spatial average. The latter aspect was aimed at evaluating if, in the current EN 

15757 data acquisition methodology, there may exist a hyper precision that does not necessarily 

yield a more accurate target microclimate definition and hence to more accurate IMQ 

certification results with regard to cultural heritage objects.   

 

During the monitored period, the ground floor exhibition hall was characterized by good 

microclimate quality and absence of danger for the collection (caused by risky fluctuations or 

mechanical damage for the timber panels). However, since a slight cooling of the space during 

the cold period was observed, should be considered a possible adjustment of the temperature set-

points. The installation of a cooling system at the ground floor exhibition hall is strongly 

discouraged. The IMQ certification results with regard to the hypogeum exhibition hall showed 

that there is an issue of summer overheating.  
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As mentioned, in order to reduce indoor air temperature at the basement level, a passive cooling 

strategy was simulated. The passive strategy, by combining stack effect and cross ventilation, 

allowed significant reduction of air temperature by keeping limited the indoor air velocity. 

However, because of the appreciable temperature cooling in both the parts of the hypogeum 

exhibition space and the consequent Relative Humidity increase, the global IMQ in comparison 

with the current scenario was reduced.  

 

To identify the influence of spatial microclimate heterogeneity on the variation of people thermal 

comfort categories a sensitivity analysis was performed.  The results clarified that small spatial 

temperature variations may result in a differentiation of the people thermal perception depending 

on the thermal model used. It should be noted that in the study performed here the variation 

between thermal perception is not actual but is based on comfort as delivered by the ISO 7730 

and EN 15251 respectively for cold and free-running or warm period.  

In the case study, the alteration of ±0.71°C temperature during the warm period (considering the 

EN 15251 adaptive model) did not lead to comfort category variation in the space. However, this 

occurred during the (second) heating period (considering the ISO 7730 non adaptive thermal 

model). In the latter case, a variation of thermal comfort quality was registered although the 

environment was considered uniform according to the ISO 7730 standard. 

 

To observe the deviation of the target microclimate calculated on the basis of the readings from 

the spatial mean and the ones from each measurement point (objects proximity), the target 

microclimate from each measurement point were calculated and compared to the one calculated 

on the basis of the spatial mean.  

At the ground floor it was seen that the definition of target microclimate on the basis of the 

spatial mean instead of the objects proximity yield deviations lower than 0.5°C air temperature 

and 3% relative humidity. Therefore the readings from the spatial mean were sufficiently 

accurate for the purpose of target microclimate definition and successive IMQ certification 

instead of the readings from each measured point.  

However was not the same true for the hypogeum exhibition hall there an IMQ certification on 

the basis of the spatial average (between part A and B of the hypogeum exhibition hall) would 

be inappropriate as it would not take into account the microclimatic specificity observed in the  

two spaces. The analysis of the hypogeum exhibition hall showed that there exists a significant 

microclimate difference between the two parts: south-oriented (Part A) and north-oriented (Part 

B). Not only did the south-oriented and north-oriented parts have different seasonal fluctuations, 

but also short term ones. The difference of long-term fluctuations between the two parts is 

attributable to the presence of a central wall that does not allow perfect air volume mixing 

between the two parts. Therefore, the two spaces follow different long- term cycles. Hence, 

different seasonal hygrothermal dynamics. The short-term fluctuations were also non consistent 

between the two spaces.  

According to the results with regard to this latter study, it was observed that in the Vleeshuis 

museum, there was no specific need for monitoring each object microclimate proximity in the 

exhibition hall at the ground floor, but it was necessary at the hypogeum. In this case, two 

separate target microclimates were calculated per each part of the exhibition hall and two 

separate IMQ certifications were provided.  

11.1.6 LC environmental effectiveness of retrofitting interventions accounting 

for their technical performance decay   

The research aimed at developing a methodology for modelling the technical performance decay 

of retrofitting intervention over their service life. It is well know that materials undergo 

deterioration over time. The deterioration process alters the technical performance of retrofitting 
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components making their contribution to save energy consumption inconstant throughout the 

time. The purpose of the research was to develop a methodology for quantifying this technical 

performance decay and to integrate it within the LCA modelling framework. The methodology, 

developed on the basis of dynamic building simulations, was tested in a case study. A set of 

fenestration energy-improvement options –ranging from historic windows maintenance to total 

replacement- was simulated for a heritage building, the Schonselhoof Kasteel.   

 

The first study focussed on the assessment of LC energy savings likely to be obtained by all the 

historic fenestration retrofitting scenarios over a period of 100 years. The life cycle energy 

savings with and without allowance for retrofitting technical decay were quantified. The second 

study focussed on the same interventions as above, but modelling them not only within a Life 

Cycle Energy Assessment buy within a more complete Life Cycle Assessment framework. The 

results of the modelled retrofitting scenarios are given at the end of chapters 9 and 10, below are 

reported the insights obtained with regard to the energy retrofitting technical decay modelling.  

   

When retrofitting intervention technical decay is not considered, the scenarios delivering the best 

LCA results are the ones with low maintenance iteration frequency. However, these results are 

not realistic because, as retrofitting measures tend to lose their technical performance over time, 

their contribution to saving energy is gradually reduced. Performing regular maintenance may 

exert a beneficial effect for reducing this technical decay and permits the retrofitting to regain 

the initial performance.  

In other words, if technical decay is neglected, the possible advantage of repair and replacement 

activities for reducing LC operating energy is not allowed for. This simplification is comparable 

to the one considered when only taking into account LC operating energy impacts without 

including the embodied ones. In this case, if the technical decay of the retrofitting measures is 

taken into account, the scenarios alternatives delivering more satisfactory results (in terms of LC 

energy savings) are the ones with high intervention iteration frequency. This is because the 

maintenance iteration is only assessed on its beneficial effect for reducing LC operating energy 

burdens.  

It is obvious that there exists an implicit triviality in the results obtained when not accounting 

for interventions embodied impacts, but it is also clear that the same triviality exists when 

performing LCA studies, accounting for both intervention LC embodied and operating impacts 

but without modelling technical performance decay consequent on materials aging. In both cases 

the delivered results may be strongly misleading. 

In these studies, it was observed that verifying the environmental impact of retrofitting 

interventions takes on a more nuanced meaning than just calculating operating and embodied 

impacts (without allowing a relation between each other) and aggregating them.  

11.2 CONCLUSION NOTE 

During the submission of this PhD thesis, on the May the 14th 2018, the EU Council published a 

revision of the European Energy Directive (27.2012). The revision pictures a comprehensive 

concept of building performance, in fact, moving the attention from the sole building energy 

performance to a more comprehensive concept of global building performance (Article 30). 

Aspects such as building IMQ, long-term building envelope energy performance and life cycle 

building environmental impacts should be assessed by means of an integrated approach.  

In order to allow the implementation of retrofitting interventions characterized by a long-term 

effectiveness, the Directive- revision suggests to introduce evidence-based estimations of the 

expected benefits in terms of energy saving, IMQ improvement and safety (Article 2.a). This 

implicitly calls for the adoption of EERIs modelling methodologies capable of quantifying not 
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only the initial energy (or environmental) savings but the life-cycle benefits permitted by the 

retrofitting implementation.  

The Directive-revision introduces for the first time within the energy directives the suggestion 

of considering passive or bioclimatic solutions for improving buildings energy efficiency 

(Articles 15 and 17). Such interventions not only may be worthy consideration upon HBE 

retrofitting given their low invasiveness, but also because of the lower life cycle embodied 

burdens required for their implementation. 

The Directive-revision (after 16 years from the first EPBD promulgation) moved further the 

position of historic and heritage buildings in the sustainable development process. Not any longer 

a vague derogation for them (that has in fact give the rise to speculative mechanisms) is 

considered, but on the contrary, it is encouraged scientific research for finding and testing new 

solutions in order to permit their energy performance improvement while preserving their 

cultural heritage value (Article 18). 

 

The present PhD is in line with the European Energy Directive-revision and with the EN 16883. 

Some of the aspects suggested in them have been addressed in this research and novel 

methodological approaches and concerns have been introduced. Hopefully, the present PhD 

results may provide some insights for allowing a new –more aware- approach upon historic and 

heritage buildings energy and environmental retrofitting. Here below are bulleted some 

additional aspects worth further research attention. 

 

 Development of applied research for (in field) quantifying the retrofitting components 

durability in different microclimate conditions and taking into account different state of 

conservation of the building envelope; 

 Development of in field methodologies for testing (and controlling) the actual 

environmental effectiveness of EERI immediately after their implementation and 

throughout their service life; 

 Development of multi-objective models for allowing real time building control and 

certification by taking into account additional criteria than the ones considered in this 

research.  
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Annex 1 
 

 
Annex 1..1; flow chart monitoring activities 
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Measurement range Temperature -20° to 70° 

Measurement range  Relative Humidity 25% to 95% 

Accuracy Temperature ± 0,4° from 0° to 40° C 

Accuracy Relative Humidity ± 3,5% from 25% to 85% over the range of 15° to 45°; ±5 from 

25% to 95% over the range of 5° to 55°C 

Drift Temperature 0,1°C/year 

Drift Relative Humidity < 1% per year 

Response time in airflow of 1m/s Temperature 10 minutes, typical to 90% 

Response time in airflow of 1m/s Relative 

Humidity 

6minutes, typical to 90% 

Time accuracy Approximately ±1 minute per month at 25° 

Operating range Logging -20° to 70° Temperature; 0 % to 95% RH 

Annex 1.2; Hobo U 10 Temperature/Relative Humidity Data logger 

Temperature resolution: 0.15 °C 

Minimum distance measurement: 0.6m 

Working temperature: -20...+250°C 

Error of temperature measurement: ±2 °C, ±2% of the measured value 

Emission factor: 0.1...1.0 

Indication: 2.8'' LCD 

Field of View: 12.5° x 12.5° 

Full radiometric data: + 

Measurement mode: Standard measurement (1 point) 

Image Storage: Standard JPEG 

Storage Capacity: Mini SD card 512 MB (about 5,000 images) 

Software: Flir tools 

Weight: 365g 

Dimensions L x W x H: 223 x 83 x 79mm 

Annex 1.3; FLIR E60BX  Infrared camera 

Temperature Sensor 

Response time (seconds) 8 

Operative range (°C) -50...125 

Resolution (°C) 0.01 

Accuracy (°C) ±0.1 

Heat Flow Sensor 

Response time (minutes) 4 

Operative range (W/m²) -300...300 

Resolution (W/m²) 0.01 

Accuracy (%/Temp°C) ±5 (Temp 20°C) 

Temperature Range (°C) -20...60 

Thermal Resistance (m²K/W) <0.006 

Annex 1.4; ThermoZig Light Heat Flow Meter 
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Annex 1.5; Surface Temperature vs dew point temperature evaluation; measured point A3 

 
Annex 1.6; Surface Temperature vs dew point temperature evaluation; measured point H3 

 
Annex 1.7; Surface Temperature vs dew point temperature evaluation; measured point H7 
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Annex 1.8; Surface Temperature vs dew point temperature evaluation; measured point I7
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Annex 2 
 

 
Annex 2.1; 1964; water infiltration through the vault; source Vleeshuis archive  

 

 
Annex 2.2; 1964; water infiltration through the stained glasses; source Vleeshuis archive 

 

 
Annex 2.3; 1964; water infiltration through the stained glasses and soiled masonry; source Vleeshuis archive 
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Saturation Pressure of Water vapour (Vps);  

(Vps) =  
e
(77.3435+0.0057(273(k)+T(°C))−

7235
273(K)+T(°C)

(273(K)+T(°C))8.2  (Pa)                                                          

(1)                      

 

Pressure of Water vapour (Vp);  

VP = Vps ∗ (RH/100); (hPa)                           

(2) 
 

Absolute humidity (AH) 

AH = C ∗ Vp/T; (g/m3)          

(3) 

 

Mixing Ratio (MR) 

MR = B ∗ Vp/(Ptot − Vp); (g/kg); where Ptot = Absolute air pressure (hPa) and B= 621.9907 (g/kg)  

                                              

(4) 

Annex 2.4 Formulas from  [240] 

 

 Percentiles (months 11-12-1-2)        
 

 5 10 25 50 75 90 95 Mean SE Min Max SD 

Temp012 15.79 16.19 16.78 17.54 18.35 19.13 19.66 17.59 0.02 13.97 20.87 1.15 

Temp014 16.10 16.49 17.27 18.01 18.88 19.79 20.32 18.08 0.03 14.31 21.50 1.24 

Temp015 15.79 16.19 16.91 17.68 18.50 19.35 19.79 17.72 0.02 13.89 21.18 1.20 

RH012 56.38 57.43 58.75 59.82 61.25 65.05 66.38 60.43 0.06 53.35 69.51 2.88 

RH014 52.86 54.15 55.95 57.38 59.01 62.98 64.51 57.85 0.07 47.93 68.56 3.39 

RH015 55.60 56.37 57.90 59.24 60.82 64.79 66.29 59.82 0.06 52.45 70.27 3.19 

Annex 2.5; Descriptive statistics for Temperature and Relative Humidity in the cold period (condition a) 

 
Percentiles (months 6-7-9_condition a) 

       

 5 10 25 50 75 90 95 Mean SE Min Max SD 

Temp012 20.29 20.54 21.02 21.52 22.09 22.56 22.88 21.54 0.02 19.41 24.23 0.78 

Temp014 20.34 20.65 21.10 21.64 22.24 22.78 23.09 21.67 0.02 19.26 24.62 0.84 

Temp015 20.35 20.63 21.14 21.71 22.36 22.89 23.26 21.75 0.02 19.32 24.68 0.88 

RH012 58.59 59.28 60.43 61.86 64.53 66.56 67.21 62.45 0.07 56.77 69.11 2.67 

RH014 56.00 57.75 58.99 60.45 63.10 65.70 66.48 61.03 0.08 52.33 68.71 3.06 

RH015 58.20 58.75 60.22 61.83 64.25 66.64 67.42 62.27 0.08 55.77 69.60 2.83 

Annex 2.6; Descriptive statistics for Temperature and Relative Humidity in the warm period (condition a) 

 Percentiles (months 6-7-9_condition b)         
 

 5 10 25 50 75 90 95 Mean SE Min Max SD  

Temp012 20.96 21.18 21.64 22.46 23.48 24.53 24.73 22.62 0.16 20.63 26.00 1.22  

Temp014 21.14 21.44 21.95 22.83 23.60 24.75 25.01 22.89 0.16 20.65 26.55 1.23  

Temp015 21.41 21.71 22.12 23.01 23.67 24.80 25.08 23.06 0.16 20.88 27.01 1.21  

RH012 60.86 61.32 63.07 64.83 65.40 65.93 66.20 64.20 0.22 60.60 66.40 1.64  

RH014 60.12 60.22 61.73 63.31 64.82 65.51 65.71 63.14 0.24 59.85 66.12 1.80  

RH015 60.20 60.61 61.91 63.49 64.69 66.01 66.51 63.41 0.25 59.77 66.88 1.87  

Annex 2.7; Descriptive statistics for Temperature and Relative Humidity in the warm period (condition b) 

moths 11-12-1-2_a  Percentiles                 
 5.00 10.00 25.00 50.00 75.00 90.00 95.00 Min Max SD 

ROOTSQ DT 012 5.81 7.08 9.09 11.82 14.04 16.01 17.44 0.22 23.41 3.53 

ROOTSQ MR 012 1.02 1.32 2.00 2.70 3.36 3.76 3.98 0.01 5.38 0.92 

ROOTSQ RH 012 7.09 12.19 18.42 24.07 27.94 30.45 31.69 0.10 36.58 7.32 

moths 6-7-9_a           
ROOTSQ DT 012 1.00 1.81 3.89 5.84 7.56 8.98 9.80 0.02 13.54 2.64 

ROOTSQ MR 012 0.22 0.48 1.04 1.70 2.54 3.06 3.34 0 5.11 0.97 

ROOTSQ RH 012 1.64 3.09 8.06 16.06 23.06 26.95 28.05 0.04 33.97 8.72 

moths 6-7-9_b           
ROOTSQ DT 012 0.29 0.41 1.46 3.01 4.35 5.73 6.71 0.06 7.1 1.93 

ROOTSQ MR 012 0.24 0.32 0.51 0.91 1.73 2.16 2.68 0.12 3.23 0.75 
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ROOTSQ RH 012 0.23 0.68 2.51 5.41 9.90 16.00 17.96 0.04 20.16 5.24 

Annex 2.8; Point 012 summary statistics and percentiles for the cold (11-12-1-2) and warm (6-7-9) period in condition 
a) and b); Root Square of the Root Squared Error of Temperature gradient inside-outside, Mixing Ratio gradient (MR) 

and Relative Humidity gradient (RH) 

Model R 
R 

Square 

Adjusted 

R Square 

Std. 

Error of 

the 

Estimate 

Change Statistics 

R 

Square 

Change 

F Change df1 df2 
Sig. F 

Change 

1 .133a 0.018 0.017 1.24344 0.018 30.815 1 1703 0.000 

2 .906b 0.821 0.821 0.53114 0.803 7631.398 1 1702 0.000 

3 .969c 0.940 0.940 0.30786 0.119 3365.132 1 1701 0.000 

Annex 2.9; Multi regression model summary; a. Predictors: (Constant), Airvelocity012; b. Predictors: (Constant), 

Airvelocity012, Temperature012; c. Predictors: (Constant), Airvelocity012, Temperature012, Mixing Ratio Outside; d. 

Dependent Variable: MixingRatio012 

 
Annex 2.10; Test of linearity; standardized predicted values VS Mixing Ratio 012 (predicted outcome); (R 0.88) 

 
Annex 2.11; Test of homoscedasticity; standardized residuals VS standardized predicted outcomes 
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Annex 2.12; Test of Normality of distribution of (standardized) residuals 

 
1) Additivity and linearity; the model was tested for linear relationship between (standardized) predicted values and Mixing 

Ratio 012 (outcome); the resulting linear relationship was significant (p<0.001; R 0.88); see Fig. 4 in Supplementary 

Data  

2) Homoscedasticity; the model was tested for homoscedasticity verifying whether the model residuals variance was 

constant at each level of the model predictors; no assumption violation was evidenced; see Fig. 5 in Supplementary Data 

3) Normality of errors distribution; the model was tested for normality of errors distribution by means of QQ plot of the 

standardized residuals and a frequency-histogram graph with the normal distribution curve on it displayed. The residuals 

can be considered rather normally distributed; see Fig. 6 in Supplementary Data 

4) Non perfect multicollinearity; the highest correlation coefficient between variables is between indoor air temperature and 

outdoor mixing ratio (R 0.69), the other pairwise correlation were lower than it; therefore no concern of multicollinearity 

is found. 

5) No null- variance; as said above, the predictor with lower explained variance in the model is the indoor air velocity that 

however was not null. No issues of zero variance within the predictors are found.  

Annex 2.13; Summary of regression model diagnostic 

Bx1 Max. Temperature  7.4 °C 

Bx1 Min. Temperature  6.7 °C 

Bx1 Average Temperature  7.1 °C 

Bx2 Max. Temperature  8.4 °C 

Bx2 Min. Temperature  7.4 °C 

Bx2 Average Temperature  7.9 °C 

Emissivity  0.93 

Date  04/03/2014 

Time  19:34 

Outdoor Temperature  7°C 

Outdoor Relative Humidity  82% 

Indoor Temperature 

 

 

 

19°C 

Indoor Relative Humidity 

 
58% 

Annex 2.14; Thermogram parameters table referring to Fig.6.4.6.1 in the text  
 

Bx1 Max. Temperature  7.8 °C 

Bx1 Min. Temperature  6.3 °C 

Bx1 Average Temperature  6.9 °C 

Bx2 Max. Temperature  9.6 °C 

Bx2 Min. Temperature  7.4 °C 

Bx2 Average Temperature  8.5 °C 

Li2 Max. Temperature  8.4 °C  

Li2 Min. Temperature  7.7 °C  

Li3 Max. Temperature  8.7 °C  

Li3 Min. Temperature  7.7 °C  

Li4 Max. Temperature  8.8 °C  

Li4 Min. Temperature  7.9 °C  

Li2 Average Temperature 8.1°C 

Li3 Average Temperature 8.3°C 

Li4 Average Temperature 8.3°C 

Emissivity  0.93 

Date 04/03/2014 
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Time 19:19 

Outdoor Temperature  7°C 

Outdoor Relative Humidity  82% 

Indoor Temperature 

 

 

 

19°C 

Indoor Relative Humidity 

 
58% 

Annex 2.15; Thermogram parameters table referring to Fig. 6.4.6.2 in the text 

 
Li1 Max. Temperature  7.5 °C  

Li1 Min. Temperature  6.7 °C  

Li2 Max. Temperature  7.6 °C  

Li2 Min. Temperature  6.7 °C  

Li3 Max. Temperature  7.7 °C  

Li3 Min. Temperature  7.1 °C  

Li4 Max. Temperature  7.7 °C  

Li4 Min. Temperature  7.2 °C  

Li1 Average Temperature 7.2 °C 

Li2 Average Temperature 7.1 °C 

Li3 Average Temperature 7.3 °C 

Li4 Average Temperature 7.4 °C 

Date 04/03/2014 

Time 19:42 

Outdoor Temperature  7°C 

Outdoor Relative Humidity  82% 

Indoor Temperature 

 

 

 

19°C 

Indoor Relative Humidity 

 
58% 

Annex 2.16; Thermogram parameters table referring to Fig. 6.4.6.3 in the text 
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Annex 2.17; IRT North-East façade (see Annex 2.21 for Thermogram parameters table) 
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25.1 °C

20

22

24

 
Annex 2.18; IRT North-East façade; indoor wall surface damage between the second and the first floor (see Annex 

2.22 Thermogram parameters table) 
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Annex 2.19; IRT North-East façade; indoor wall surface damage in correspondence of the window (see Annex 2.23 for 

Thermogram parameters table) 
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22.4 °C
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22

 
Annex 2.20; IRT North-East façade; surface cooling behind the textile and the pews (see Annex 2.24 for thermogram 

parameters table) 

 
Date 04/03/2014 

Time 19:42 

Outdoor Temperature  7°C 

Outdoor Relative Humidity  82% 

Indoor Temperature 

 

 

 

19°C 

Indoor Relative Humidity 

 
58% 

Annex 2.21; Thermogram parameters table referring to Annex 2.17 
 

Date 05/03/2014 

Time 15:44 

Outdoor Temperature  11.6°C 

Outdoor Relative Humidity  47% 

Indoor Temperature 

 

 

 

20°C 

Indoor Relative Humidity 

 
59% 

Emissivity  0.93 

Annex 2.22; Thermogram parameters table referring to Annex 2.18 

 
Date 05/03/2014 

Time 15:41 

Outdoor Temperature  11.6°C 

Outdoor Relative Humidity  47% 

Indoor Temperature 

 

 

 

20°C 

Indoor Relative Humidity 

 

59% 

Emissivity 0.93 

Annex 2.23; Thermogram parameters table referring to Annex 2.19 
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Date 05/03/2014 

Time 15:50 

Outdoor Temperature  11.6°C 

Outdoor Relative Humidity  47% 

Indoor Temperature 

 

 

 

20°C 

Indoor Relative Humidity 

 
59% 

Annex 2.24; Thermogram parameters table referring to Annex 2.20 

 

Annex 2.25 

 

 
     
Figure 2.25.1; North façade; brick masonry courses surface temperature; Lines 1 to 4 as drawn in thermogram in Fig. 

7.4.6.3 (in the text); the letters indicate the beginning of the moist areas; the x axis starts from the origin of the lines 
2,3,4 indicated in Fig. 7.4.6.3 (IR thermogram cells) 

 

In Fig. 2.25.1 (related to Fig. 7.4.6.3 in the text) it can be seen that all the curves have an initial 

value between 7.2°C and 7.5°C (line four is not present as it starts at the right side of the window) 

and the average surface temperature for each one of the four line in the moist area lies in the 

same temperature range: between 7.1°C and 7.4°C; see Annex 2.16.  

All the four lines cross the damp area but in different points: lines 1 and 2 cross the damp above 

it, while lines 3 and 4 are progressively distant from it. The surface temperature curves in Fig. 

2.25.1 can be explained as follows: 

 

 The surface temperature of line 2 drops of 0.7°C when the water path is crossed (see 

segment A-B) and it increases again after the moist area of 0.45°C (segment B-C). This 

surface temperature increase might be caused by the presence of the radiators inside 

(see Annex 2.19)  

 A damp area causes a new surface temperature reduction of 0.6°C (segment C-D), and 

immediately afterwards the surface gradually warms up again toward the right side 

(segment D-E).  

 Although on the right side of Figure 7.4.6.3 (in the text) and Fig. 2.25.1, less accurate 

temperature readings are expected because of border effects, it can be seen that the 

temperature stabilizes again around the initial average temperature. 

 

Above the kerb, line 1 crosses another moist area.  

 

 The surface temperature readings, start from a positive pick –occurred most likely 

because of the same reason observed for line 2 (internal radiators, see Annex 2.19) After 

this, the temperature drops by 0.55°C (segment C-C’).  

 Due to unclear circumstances (perhaps a water path variation in the inner core of the 

masonry), the brick surface regains 0.33°C but the temperature trend is however not 

varied, indeed it decreases again by 0.48°C (segment C’-D), reaching the same surface 

temperature as in line 2.  
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 Temperature cooling for both lines 1 and 2 follows the same linear curve and reaches 

the lowest value of 6.7°C.  

 As already mentioned, when the moist area diminishes, surface temperatures stabilizes 

in the range of the temperature average (segment C’-D).  

 

The surfaces measured by the lines 3 and 4, as located further away from the damp areas (and 

most likely from the infiltrative water source), are less influenced by the water cooling, indeed 

the absolute amplitude of the temperature oscillation for the two curves is smaller than the one 

measured for curves 1 and 2. Nevertheless, the temperature distribution of the two areas 

alongside the wall (see line 3 and 4 in Fig. 2.25.1 in this Annex), is positively correlated to the 

one of the two upper areas. Pearson correlation coefficient between line 2 and line 3 and between 

line 3 and line 4 is R 0.32 and R 0.55 respectively.   

 
Figure 2.25.2; East  façade; brick masonry courses surface temperature; Lines 1 to 2 as drawn in thermogram in Fig. 
7.4.6.5 (in the text); the letters indicate the beginning of the larger moist areas; the x axis starts from the origin of the 

lines indicated in Fig. 7.4.6.5 (IR thermogram cells) 

 

Similarly to what is observed on the north façade, in the initial part of the lines, before the damp 

areas, the surface temperature of both the lines is around the average value (±7.5°C); see Fig. 

2.25.2 Further the following should be observed: 

 

 When line 1 crosses the damp area, the temperature drops by 0.6°C (segment A-B).  

 Immediately after, probably because of a water infiltration path variation, it rises back 

to the average value (segment B-C) and again a moist spot provokes a temperature 

reduction of 0.61°C (segment C-D). At this point, corresponding to the first radiator 

inside (see Annex 2.19), surface temperature from line 1 rises of 0.85°C (segment D-

E).  

 When the influence of the radiators is ended the temperature decreases to the average 

value because no water infiltration is present (segment E-F).  

 Afterwards, a second radiator behind the wall enables a temperature increase of 0.70°C 

(segment F-G, see Annex 2.19), but still a sudden temperature cooling is observable. It 

is worth noting that the surface temperature reaches a higher value (than the one in point 

E) as the initial temperature is higher.  

 The beginning of another water infiltration causes the temperature to drop of 1.0°C 

(segment G-H). After this point the temperature increases stabilizing around the average 

temperature but, again, border effects might affect the temperature readings.  

 

Line 2, follows the same trend of line 1, therefore the considerations above discussed are still 

valid with the only exception being the first moist area which does not affect strongly the 
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temperature of line 2. This may be explained by a less intense downward water infiltration flow. 

However, immediately after the first radiator, see point D, the trend of curve 2 is correlated to 

the one in 1 (R 0.52). Moreover, as already observed in line 1 (segment F-G), because the surface 

temperature prior to the radiator influence was around the mean value, a more significant surface 

temperature increase was enabled. It is also remarkable that the central water spot, provokes a 

more severe surface temperature cooling of line 2 compared to line 1. This might be caused by 

water accumulation in the masonry.  

 
Li1 Min. Temperature  7.0 °C 

Li2 Min. Temperature  7.2 °C 

Li1 Max. Temperature  8.2 °C 

Li2 Max. Temperature  8.5 °C 

Li1 Average Temperature  7.5 °C 

Li2 Average Temperature  7.5°C 

Li2 Emissivity  0.93 

Date  04/03/2014 

Time  19:29 

Outdoor Temperature  7°C 

Outdoor Relative Humidity  82% 

Indoor Temperature 

 

 

 

19°C 

Indoor Relative Humidity 

 

58% 

Annex 2.26; Thermogram parameters table referring to Fig. 6.4.6.5 in the text 
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Annex 2.27; IRT East façade, first floor level (see Annex 2.28 15 for Thermogram parameters table) 

 
Date 04/03/2014 

Time 19:29 

Outdoor Temperature  7°C 

Outdoor Relative Humidity  82% 

Indoor Temperature 

 

 

 

19°C 

Indoor Relative Humidity 

 
58% 

Annex 2.28; Parameters Table referring to Annex 2.27 
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Annex 3 
 

Annex 3.1 

 

The calculation of daily hygrothermal fluctuations (daily cycles) is not unequivocal and by 

varying the calculation method, the obtained results are different; this is clearly visible in In Fig. 

3.1 in this Annex which plots the temperature daily fluctuations for the month March 2014 (point 

012) calculated according to three different methods.  

 

 
Figure 3.1; daily temperature fluctuations comparison; March 2014, point 012 

 

The vertical grey bars represent the equidistant daily temperature fluctuations, calculated as the 

absolute difference between maximum and minimum daily temperature. The continuous smooth 

grey line represents the (forward) Simple Moving Average (SMA) fluctuations, calculated with 

a forward running average (24 period). The continuous smooth red line represents the Centred 

Moving Average (CMA) fluctuations calculated with a centred running average (49 period). The 

latter is different from the second as it is symmetrically centred (48hours + the current hour 

reading).  

 

 
Figure 3.2; Daily temperature fluctuations comparison; 13-17 March 2014, point 012; Series 1 in the graph represents 

the hourly air temperature in point 012 

 

Fig. 3.2 in this Annex, shows a time interval, from 13 to 17/03/2014, with regard to measurement 

point 012. The air temperature is plotted together with forward SMA (grey line), CMA (red line), 

and equidistant daily fluctuations (large numbers in black). Can be seen that the red line is less 

reactive than the grey one (only forward looking); this explains that CMA responds less to mono-

directional variations. 

By observing the grey bars representing the air temperature, can be seen that during the second 

day the air temperature is slightly lower than the first one; likewise during the third day. During 

the fourth day, the temperature is similar to the second one and during the fifth day, it decreases 

(though the minimum temperature increases).  
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Because of the temperature fluctuations decrease occurring in the third day, it can be observed 

(looking at the second day) that both the curves decline.  

The Standard Deviation (SD) during the third day is smaller compared to the one in the second 

day105. Because the SD calculated for the SMA is smaller than the one calculated for the CMA, 

the daily fluctuations of the SMA drop more significantly (from 1.34°C to 0.77°C) compared to 

the ones of CMA (from 1.92°C to 1.38°C). This is even more visible with regard to the third day.  

During the third day the SMA rises consistently with the thermal fluctuations in the fourth day; 

the SD from third to fourth day doubles106. Likewise, the CMA curve rises but with less intensity 

than the SMA; so does the SD calculated with CMA.  

This occurs because the CMA 'keeps memory' of the fluctuations already experienced (second 

day) and balances them with the ones to be yet experienced (fourth day). By doing so, the curve 

is more stable to environmental variations. Because microclimate variability needs to be 

evaluated continuously, in the author’s opinion, the Centred Moving Average (CMA) is more 

appropriate than other metrics. The daily fluctuations calculated on the CMA (49 periods) allow 

consideration of the past and coming hygrothermal fluctuations without creating discontinuities. 

                                                           
105 The temperature Standard Deviation (SD) calculated according to the (forward) Simple Moving Average (SMA) 
decreases from 0.42°C (day 2) to 0.23°C (day 3). The SD calculated according to the Centred Moving Average (CMA), 

decreases from 0.53°C (day 2) to 0.35°C (day 2). 
106 The temperature Standard Deviation (SD) calculated according to the (forward) Simple Moving Average increases 
from 0.23°C (day 3) to 0.45°C (day 4). The SD calculated according to the Centred Moving Average (CMA) increases 

from 0.35°C (day 3) to 0.38°C (day 4).  



321 

 

Annex 4 
 

Annex 4.1 

 

Insulating Glass Units (IGU) decay 

 

IGU, have as prevalent performance the low conduction losses. In fact, the low thermal 

transmittance value of the IGU is allowed by the high concentration of inert gas volume in the 

spacer. The IGU technological deterioration is caused by the reduction of gas volume 

concentration into the space.  

It is generally accepted that IGUs are delivered from the manufacturer with 90% nominal gas 

concentration [352][427]. Nevertheless, the differential between the partial pressure of the gas 

within the IGU and the one of the surrounding air causes gas to diffuse through the seal. The seal 

should have low gas permeability to prevent the gas fill from being replaced by air 

[428][429][430]. 

Moreover, over the course of time, water vapour diffusing in via the edges results in a saturation 

of the desiccant in the spacer, hence water condenses in the inter-pane space of the IGU ending 

its service life [428]. However, this latter cause of IGU decay is neglected in our study. 

Although the mentioned IGU technological decay is largely documented in the literature 

[428][325][429][351], it is often neglected in energy modelling in which IGUs are assumed to 

perform constantly until their EOL. This assumption is far from representing the reality as due 

to gas leakages, the IGU thermal transmittance can be affected, and in turn, the total building 

energy consumption.  

A. T. Wolf in [428] reported that, if gas leakage rate is constant, the IGU cavity 100% filled with 

argon and having 5% annual leakage rate, would be expected to have only air at the end of its 

20th year. However, since the gas leakage rate depends on the pressure differential, it was 

observed that the IGU still keeps 36% of argon in its cavity at the 20th year.  

In the recent EN 1279-3 standard, for taking into account the gas leakage and the alteration of 

the IGU performance, introduced a maximum yearly gas leakage rate of 1% [352]. Nevertheless 

as the leakage rate of dual sealed IGU depends on both sealant materials and insulating gas 

typology, higher rate than the one in the standard can be observed in practice [431]. Finch et al. 

in [427] reported results from gas concentration measurement campaigns in IGUs installed in 

under-construction- buildings. The authors observed that none of the tested units had gas volume 

concentration of 90%. Moreover, 68% of the measured units had no measurable argon or a 

concentration of gas lower than 50%. The same authors documented, after testing 245 glass units, 

that only 3% of them had gas concentration volume of 90% while 45% had no gas at all or less 

than 50%. All the tested IGUs were at the early begin of their SLives, hence supposed to meet 

the gas concentration claimed by the producers. 

S. K. Asphaug et.al., in [325] after having performed aging tests on argon filled IGUs with 

aluminium spacer, observed a 7% diminishing of gas concentration (compared to the initial 

92.7%) during a period of 1 year and 18 weeks. The gas concentration reduction resulted in an 

increase of the centre glass thermal transmittance value of 4% for the IGU with double glass 

pane and 5% for the triple glass. The reduction of  7% argon concentration over 20 years, 

increased the life cycle operating energy by 65MWh and 1.3 MWh in an office and residential 

building respectively [325].  

 

Hydrophobic paint decay 

 

A paint layer is present on the majority of historic (and newly installed) timber windows frames, 

so it is for the historic fenestration in the present case study. The presence of a paint layer on 
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timber frames, not only has an aesthetic purpose, but it is mainly used for protecting the timber 

frame from microclimate-induced deterioration. Indeed, paint deterioration may cause 

deterioration issues to the timber frame. 

Timber frames have thermal transmittance value lower than other windows frame materials. 

Nevertheless, if the paint layer damages, moisture or liquid water may infiltrate altering the 

timber thermal conductivity (due to the increase of the equilibrium moisture content). As a result, 

the timber frame thermal transmittance value increases. The variation of timber windows frame 

thermal properties resulting from moistening cycles is widely discussed in the literature 

[432][343][201][433][434][435]. Because of the mentioned reasons, the application of a water 

resistant layer on both the sides of the frame profile allows the moisture content of the timber 

frame core to be constant over time [343].  

 

Sealant profiles decay 

 

Air sealing profiles or materials, such as silicone putty and EPDM weather stripping profiles, 

installed on window frame edges, sashes, glass bars, etc., allow for an increased building 

airtightness. Nevertheless, over time, the technological performance of sealants (reduction of 

infiltrative losses) may be compromised due to profiles deformation or detachment caused by 

indoor/outdoor microclimate conditions and use cycles. This does not necessarily mean that 

materials deteriorate, but most likely that they do not serve any longer (or as initially) the 

technological performance they were supposed to serve.  

For instance, silicone is generally considered a highly resistant polymer to deterioration by aging, 

see Table 3 in ISO 2230 [436]. However, even if the material does not deteriorate in itself, its 

initial technological performance may decay. In other words, if silicone is used as putty onto 

windows glass bars, even if it preserves its elasticity at the end of its SL, it may detach from the 

glazing bars ending or reducing the technological (functional) performance it was supposed to 

satisfy. Similar is the circumstance for other kind of weather stripping profiles such as the EPDM 

profiles.  

Indeed, similarly to silicone, EPDM rubber is generally considered highly resistant to 

deterioration by aging, see ISO 2230 [436]; however, although rubber profiles may preserve their 

mechanical properties beyond the declared SL, they may deform over time because of the 

windows closing and opening cycles. The latter condition would unavoidably generate the 

increase of air infiltration through the window sashes, hence the increase of energy consumption 

by infiltrative losses. This issue was reported, with regard to buildings in the Mediterranean area, 

by F. R. D’Ambrosio et. al. in [331].  
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Annex 4.2; Windows typologies in the building 
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Annex 4.3; lack of putty on window glazing bar space 1 

   
Annex 4.4; state of conservation window ground floor and basement 

 

 
Annex 4.5 a-b; Photo (a) and IR thermogram (b) of air infiltration through the sashes meeting and fixed frame and sill; 

space 1 

 

 
Annex 4.6 a-b; Photo (a) and IR thermogram (b) of air infiltration through the window fixed frame, sill and jamb;  

space 1  
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Annex 4.7 a-b; Photo (a) and IR thermogram (b) of air infiltration through the window sashes meeting and glazing 

beads; space 1  

 

 
Annex 4.8 a-b; Photo (a) and IR thermogram (b) of central correction of air infiltrations after window sealing; space 1  

 

 
Annex 4.9 a-b; Photo (a) and IR thermogram (b) of corner correction of air infiltrations before and after 

window sealing; space 1  
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Scenario 2            

F
ro

m
 

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 
      

R 

R
es

to
ra

ti
o
n

 

Removal of the paint 50 50 50 
      

Plastering of the cracks 50 50 50 
      

Fungicide treatment 50 50 50 
      

Windows consolidation 50 50 50 
      

(Total iterations in 100 

years) 
(2) (2) (2) 

      

2 

M
ai

n
te

n
an

ce
 

Removal of the paint 5 10 15 
      

Replacement of putty 5 10 15 
      

Layer of primer 5 10 15 
      

Layer of paint and 

varnishing 
5 10 15 

      

Lubricating of 

ironmongery 
5 10 15 

      

(Total iterations in 100 

years) 
(20) (10) (7) 

      

Scenario 3   

F
ro

m
 

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 

Sub-

scenari

o 4 

Sub-

scenari

o 5 

Sub-

scenari

o 6 

Sub-

scenari

o 7   

R 
Restor

ation 
  =2 =2 =2 =2 =2 =2 =2 

  

2 

M
ai

n
te

n
an

ce
 

Removal of the paint 10 10 10 5 5 5 5 
  

Replacement of putty 10 10 10 5 5 5 5 
  

Layer of primer 10 10 10 5 5 5 5 
  

Layer of paint and 

varnishing 
10 10 10 5 5 5 5 

  

Lubricating of 

ironmongery 
10 10 10 5 5 5 5 

  

(Total iterations in 100 

years) 
(10) (10) (10) (20) (20) (20) (20) 

  

3 

D
ra

u
g
h
t-

p
ro

o
fi

n
g

 Frame milling 10 20 30 10 20 30 5 
  

Sashes weather 

stripping 
10 20 30 10 20 30 5 

  

Windows case weather 

stripping 
10 20 30 10 20 30 5 

  

(Total iterations in 100 

years) 
(10) (5) (4) (10) (5) (4) (20) 

  

Scenario 4 (α; β)   

F
ro

m
 

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 

Sub-

scenari

o 4 

Sub-

scenari

o 5 

Sub-

scenari

o 6 

Sub-

scenari

o 7   

R 
Restor

ation 
  =2 =2 =2 =2 =2 =2 =2 

  

2 
Maint

enance 
  =3 =3 =3 =3 =3 =3 =3 

  

3 
Draug

ht-

proofi

ng 

  =3 =3 =3 =3 =3 =3 =3 
  

4.

α-

β 

second

ary 

glazin

g 

Internal storm glazing 

installation (including 

frame and counter 

frame) 

50 50 50 50 50 50 50 
  

(Total iterations in 100 

years) 
(2) (2) (2) (2) (2) (2) (2) 

  

Scenario 4 (γ) 
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F
ro

m
 

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 

Sub-

scenari

o 4 

Sub-

scenari

o 5 

Sub-

scenari

o 6 

Sub-

scenari

o 7 

Sub-

scenari

o 8  

R 
Restor

ation   
=2 =2 =2 =2 =2 =2 =2 50 

2 
Maint

enance   
=3 =3 =3 =3 =3 =3 =3 5 

3 
Draug

ht-

proofi

ng 

  
=3 =3 =3 =3 =3 =3 =3 5 

4.

γ 

second

ary 

glazin

g 

(with 

IGU) 

Internal storm glazing 

installation (including 

frame and counter 

frame) 

50 50 50 50 50 50 50 50 

(Total iterations in 100 

years) 
(2) (2) (2) (2) (2) (2) (2) (2) 

IGU 

replac

ement  

Insulating Glass Unit 

replacement (only IGU) 
50 50 50 25 25 25 50 25 

(Total iterations in 100 

years) 
(2) (2) (2) (2) (2) (2) (2) (4) 

 Scenario 5 

F
ro

m
 

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 

Sub-

scenari

o 4 

Sub-

scenari

o 5 

Sub-

scenari

o 6 

Sub-

scenari

o 7 

Sub-

scenari

o 8 

R 
Restor

ation 
 =2 =2 =2 =2 =2 =2 =2 =4(γ) 

2 
Maint

enance 
  =3 3 =3 =3 =3 =3 =3 =4(γ) 

3 
Draug

ht-

proofi

ng 

  =3 =3 =3 =3 =3 =3 =3 =4(γ) 

5 

IGU 

install

ation-

replac

ement 

IGU installation 

(including frame 

routing, timber glass 

beads remotion and 

installation) 

50 50 50 25 25 25 50 25 

(Total iterations in 100 

years) 
(2) (2) (2) (2) (2) (2) (2) (4) 

Scenario 6-Aluminium-PVC 

F
ro

m
  

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 

Sub-

scenari

o 4 

Sub-

scenari

o 5 

Sub-

scenari

o 6 

Sub-

scenari

o 7 

Sub-

scenari

o 8 

2 
Maint

enance 

Lubricating of 

ironmongery 
10 10 10 10 10 10 10 10 

(Total iterations in 100 

years) 
(10) (10) (10) (10) (10) (10) (20) (20) 

3 

Draug

ht-

proofi

ng 

Sashes weather 

stripping 
10 20 30 10 20 30 5 5 

Windows case weather 

stripping 
10 20 30 10 20 30 5 5 

(Total iterations in 100 

years) 
(10) (5) (3) (10) (5) (3) (20) (20) 

6 

Windo

w 

install

ation 

Window frame 

installation (including 

sealing) 

50 50 50 50 50 50 50 25 

IGU 

replac

ement  

IGU replacement 50 50 50 25 25 25 50 25 

(Total iterations in 100 

years) 
(2) (2) (2) (2-4) (2-4) (2-4) (2) (4) 

Scenario 6-Timber 

F
ro

m
 

Summary activities 

Sub-

scenari

o 1 

Sub-

scenari

o 2 

Sub-

scenari

o 3 

Sub-

scenari

o 4 

Sub-

scenari

o 5 

Sub-

scenari

o 6 

Sub-

scenari

o 7 

Sub-

scenari

o 8 

2 
Maint

enance 

Lubricating of 

ironmongery 
10 10 10 10 10 10 10 10 

(Total iterations in 100 

years) 
(10) (10) (10) (10) (10) (10) (20) (20) 

Removal of the paint 5 10 15 5 10 15 5 5 

Layer of primer 5 10 15 5 10 15 5 5 

Layer of paint and 

varnishing 
5 10 15 5 10 15 5 5 

(Total iterations in 100 

years) 
(20) (10) (7) (20) (10) (7) (20) (20) 
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3 

Draug

ht-

proofi

ng 

Sashes weather 

stripping 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

6 

Windo

w 

install

ation 

Window frame 

installation (including 

sealing) 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

IGU 

replac

ement  

IGU replacement 
=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

=6.A-

PVC 

Annex 4.10; Summary Iteration Frequency Scenarios and Sub Scenarios (years) 

Annex 4.11 

 

The U value is given by 

 
1

𝑈
= 

1

ℎ𝑒
+

1

ℎ𝑡
+

1

ℎ𝑖
         (1) 

 

Where hi and he are the internal and external heat transfer coefficient 

ht is the total thermal conductance of the glazing  

 
1

ℎ𝑡
= ∑

1

ℎ𝑠

𝑁
1 + ∑ 𝑑𝑗 ∙ 𝑟𝑗

𝑀
1         (2) 

 

Where hs is the thermal conductance of each gas space; 

N is the number of each gas space 

dj is the thickness of each material layer 

rj is the thermal resistivity of each material 

M is the number of material layers 

 

ℎ𝑠,𝑘 = ℎ𝑟,𝑘 + ℎ𝑔,𝑘        (3)  

 

hs,k is the heat transfer of the kth space; 

hr,k is the radiation conductance of each space 

hg,k is the U value of the gas 

The gas thermal conductance (ℎ𝑔,𝑘) is calculated according to 5.4.1 in EN 673.2011 

 

ℎ𝑔,𝑘 = 𝑁𝑢
𝜆𝑘

𝑠𝑘
         (4) 

 

𝑠𝑘 is the width of the 𝑘𝑡ℎspace; 

𝜆𝑘 is the thermal conductivity of the 𝑘𝑡ℎ gas; 

Nu is the Nusselt number (see Eg. 2); 

 

Nu= A∙(Gr∙Pr)n          (5) 

 

A is a constant (0.035 for vertical windows, 0.10 for 45° tilted windows, see § 5.4.2 and 5.4.3 in 

EN 673.2011); 

Gr is the Grashof number; 

Pr is the Prandtl number; 

n is an exponent (in this study 0.38 vertical and 0.31 for 45° tilted windows, see § 5.4.2 and 5.4.3 

in EN 673.2011); 
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Gr = 
9.81 𝑠3∆𝑇 𝜌2

𝑇𝑚 µ
2          (6) 

 

𝑃𝑟 = 
µ 𝑐

𝜆
          (7) 

 

∆T is the temperature difference between glass surfaces bounding the gas space (in this study 

4.5°C is the temperature difference in case of representative winter circumstances as measured 

onsite) 

 

𝜌 is the density; 

µ is the dynamic viscosity; 

c is the specific heat capacity; 

𝑇𝑚is the mean temperature of the gas space; (in this study 9.85°C, see § 8 in EN 673.2011) 

 
Symbols from Eq. 1-7 in Annex 4.11  Value Unit Description 

Delta T  10 K temperature difference between glass surfaces  

p 1.232 Kg/m³ Air density (at 10°C) 

µ 0.00001761 Kg/(m s) Air dynamic viscosity 

c 1008 J/(Kg K) Air specific heat capacity 

Tm  10 °C Temperature mean of gas space 

A 0.035 - vertical  

n 0.38 - vertical  

A 0.10 - 45° 

n 0.31 - 45° 

λ 0.02496 W/(m K) Air thermal conductivity 

s  0.168 m Thickness of the Air gap 

Annex 4.12; Parameters adopted in Equations. 1-7 in Annex 4.11 for Air; EN 673.2011 [349] 

Symbols from Eq. 1-7 in Annex 4.11 Value Unit Description 

Delta T  10 K temperature difference between glass surfaces 

p 1.699 Kg/m³ Argon density (at 10°C) 

µ 0.00002164 Kg/(m s) Argon dynamic viscosity 

c 519 J/(Kg K) Argon specific heat capacity 

Tm  10 °C Temperature mean of gas space 

A 0.035 - vertical  

n 0.38 - vertical  

A 0.1 - 45° 

n 0.31 - 45° 

λ 0.01684 W/(m K) Argon thermal conductivity 

s  0.012 m Thickness of the Air gap 

Annex 4.13; Parameters adopted in Equations. 1-7 in Annex 4.11 for Argon; EN 673.2011 [349] 

Annex 4.14 

 

The effect of the slight ventilation on the air cavity total thermal resistance (𝑅𝑡) is calculated 

according to § 5.3.3 in EN 6946 as reported by Eq. 1. 

 

𝑅𝑡 = 
1500−𝐴𝑣

1000
 𝑅𝑇,𝑢 + 

𝐴𝑣−500

1000
 𝑅𝑇,𝑣       (1) 

 

𝑅𝑇,𝑢 Is the total thermal resistance with an unventilated air layer; in this study it is 0.260 and 

0.258 m2K/W respectively for vertical windows and skylights.  

𝑅𝑇,𝑣 Is the total thermal resistance with a well-ventilated air layer, calculated according to § 5.3.4 

in EN 6946; in this study 0.0538 m2K/W, given by the summation of outdoor laminar surface 

resistance (0.05 m2K/W) and thermal resistance of the historic glazing (0.0038 m2K/W) Av Is 

the opening (fissure) area (see Table 10.5.5.4.1 in the text) 

 

Annex 4.15 
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Because the Argon in the air cavity improves the IGU thermal transmittance value (U) by more 

than 0.4 W/m2K, the IGU thermal transmittance value increase caused by the gas concentration 

reduction is calculated according to procedure 2.a  in § A.2 (Appendix A) in EN 1279-3. 2002 

(E). The final U value or U value for publication (𝑈𝑝) is given by Eq. 6.; in this study it resulted 

65.36%, rounded to 66% for simplicity of calculation. 

 

𝑈𝑝 = 𝑈(𝑐𝑖,𝑓) − 𝑈(𝑐𝑖,𝑜)        (6) 

 

𝑐𝑖,𝑜 Is the nominal gas concentration in the Insulating Glass Unit cavity (in this study it was 

hypotized at 90%) 

𝑐𝑖,𝑓 Is the estimated final gas concentration in the Insulating Glass Unit cavity considering the 

gas leakage. It is calculated according to Eq. 7. 

 

𝑐𝑖,𝑓 = (𝑐𝑖,0-5)(1-0.22 𝐿𝑖,𝑚)        (7) 

 

Where  

𝐿𝑖,𝑚 is the maximum gas leakage rate in percent as measured according to the standard plus 5% 

relative (in the standard the maximum leakage rate is fixed at 1%/year, see § 4.1 in EN 1279-

3.2002 (E).  

 

Annex 4.16 

 

The gas properties for gas mixtures (𝑃𝑚𝑖𝑥) are proportioned according to the ratio of the gas 

volume fraction as reported in § 6.2 in EN 673.2011 (E) and given in Eq. 8.  

 

𝑃(𝑚𝑖𝑥)= P1 F1+P2 F2 …         (8) 

 

Where 

F1, F2 …Fn Is the gas volume fraction for Gas 1, 2…n 

P1, P2 …Pn Is the gas relevant property for Gas 1, 2…n (e.g., thermal conductivity, specific heat 

capacity, etc.) 

 

Scenario  Sub scenario Life cycle operating energy (kW) 
Life cycle energy 

saving 

1  18212044.92 0.00% 

2 1 17564168.63 -3.56% 

2 2 17745969.82 -2.56% 

2 3 17869925.36 -1.88% 

3 1.a 17250851.15 -5.28% 

3 1.b 17249512.43 -5.29% 

3 2.a 17252487.36 -5.27% 

3 2.b 17250999.90 -5.28% 

3 3.a 17252814.60 -5.27% 

3 3.b 17251788.25 -5.27% 

3 4.a 17134600.01 -5.92% 

3 4.b 17133261.29 -5.92% 

3 5.a 17136236.22 -5.91% 

3 5.b 17134748.75 -5.92% 

3 6.a 17136563.46 -5.91% 

3 6.b 17135537.11 -5.91% 

3 7.a 17133112.54 -5.92% 

3 7.b 17132517.56 -5.93% 

4 1.α-β.a 14676568.79 -19.41% 

4 1.α-β.b 14582066.19 -19.93% 
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4 2.α-β.a 14792071.96 -18.78% 

4 2.α-β.b 14687069.08 -19.36% 

4 3.α-β.a 14815172.59 -18.65% 

4 3.α-β.b 14742720.60 -19.05% 

4 4.α-β.a 14551993.29 -20.10% 

4 4.α-β.b 14457490.69 -20.62% 

4 5.α-β.a 14667496.46 -19.46% 

4 5.α-β.b 14562493.58 -20.04% 

4 6.α-β.a 14690597.09 -19.34% 

4 6.α-β.b 14498441.82 -20.39% 

4 7.α-β.a 14446990.41 -20.67% 

4 7.α-β.b 14404989.25 -20.90% 

4 1.γ.a 14359002.70 -21.16% 

4 1.γ.b 14268735.00 -21.65% 

4 2.γ.a 14452979.51 -20.64% 

4 2.γ.b 14354168.46 -21.18% 

4 3.γ.a 14471774.87 -20.54% 

4 3.γ.b 14399448.20 -20.93% 

4 4.γ.a 14261244.14 -21.69% 

4 4.γ.b 14166007.63 -22.22% 

4 5.γ.a 14355220.95 -21.18% 

4 5.γ.b 14251441.09 -21.75% 

4 6.γ.a 14374016.31 -21.07% 

4 6.γ.b 14296720.82 -21.50% 

4 7.γ.a 14210592.38 -21.97% 

4 7.γ.b 14163041.42 -22.23% 

4 8.γ.a 14175810.68 -22.16% 

4 8.γ.b 14123290.90 -22.45% 

5 1.a 14669825.49 -19.45% 

5 1.b 14566883.41 -20.02% 

5 2.a 14775709.43 -18.87% 

5 2.b 14663141.53 -19.49% 

5 3.a 14796886.21 -18.75% 

5 3.b 14714158.33 -19.21% 

5 4.a 14602184.35 -19.82% 

5 4.b 14493184.35 -20.42% 

5 5.a 14708068.29 -19.24% 

5 5.b 14589442.47 -19.89% 

5 6.a 14729245.08 -19.12% 

5 6.b 14640459.28 -19.61% 

5 7.a 14548331.65 -20.12% 

5 7.b 14493518.63 -20.42% 

5 8.a 14505926.23 -20.35% 

5 8.b 14445055.29 -20.68% 

6 A.1.a 14219127.81 -21.92% 

6 A.1.b 14091037.14 -22.63% 

6 A.2.a 14351025.38 -21.20% 

6 A.2.b 14210944.03 -21.97% 

6 A.3.a 14377404.90 -21.06% 

6 A.3.b 14274494.68 -21.62% 

6 A.4.a 14166674.19 -22.21% 

6 A.4.b 14031090.15 -22.96% 

6 A.5.a 14298571.76 -21.49% 

6 A.5.b 14150997.03 -22.30% 

6 A.6.a 14324951.28 -21.34% 

6 A.6.b 14214547.68 -21.95% 

6 A.7.a 14099220.92 -22.58% 

6 A.7.b 14031083.70 -22.96% 

6 A.8.a 14046767.30 -22.87% 

6 A.8.b 13971136.70 -23.29% 

6 PVC.1.a 14356730.22 -21.17% 

6 PVC.1.b 14222679.99 -21.91% 

6 PVC.2.a 14490641.78 -20.43% 

6 PVC.2.b 14344417.78 -21.24% 

6 PVC.3.a 14517424.09 -20.29% 

6 PVC.3.b 14408938.80 -20.88% 

6 PVC.4.a 14293066.05 -21.52% 

6 PVC.4.b 14149920.94 -22.30% 

6 PVC.5.a 14426977.61 -20.78% 
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6 PVC.5.b 14271658.73 -21.64% 

6 PVC.6.a 14453759.92 -20.64% 

6 PVC.6.b 14336179.75 -21.28% 

6 PVC.7.a 14234992.43 -21.84% 

6 PVC.7.b 14161811.10 -22.24% 

6 PVC.8.a 14171328.27 -22.19% 

6 PVC.8.b 14089052.05 -22.64% 

6 T.1.a 14243219.26 -21.79% 

6 T.1.b 14110918.44 -22.52% 

6 T.2.a 14461736.88 -20.59% 

6 T.2.b 14317550.92 -21.38% 

6 T.3.a 14566887.13 -20.02% 

6 T.3.b 14459545.11 -20.60% 

6 T.4.a 14177349.52 -22.15% 

6 T.4.b 14035638.74 -22.93% 

6 T.5.a 14395867.14 -20.95% 

6 T.5.b 14242271.22 -21.80% 

6 T.6.a 14501017.39 -20.38% 

6 T.6.b 14384265.41 -21.02% 

6 T.7.a 14124367.82 -22.44% 

6 T.7.b 14051492.72 -22.85% 

6 T.8.a 14058498.08 -22.81% 

6 T.8.b 13976213.02 -23.26% 

Annex 4.17; Summary life cycle energy consumption and saving all sub-scenarios 

 
Annex 4.18; Life cycle operating energy scenario 2; sub scenarios from 2.1 to 2.3; on the x axis are 

shown the years 

 

 
Annex 4.19; Life cycle operating energy scenario 3; sub scenarios from 3.1 to 3.7 alternatives a and b; on 

the x axis are shown the years 
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Annex 4.20; Life cycle operating energy scenario 4.α; sub scenarios from 4.1 to 4.7 alternatives a and b; 

on the x axis are shown the years 

 

 
Annex 4.21; Life cycle operating energy scenario 4.γ; sub scenarios from 4.1 to 4.8 alternatives a and b; 

on the x axis are shown the years 

 

 

Annex 4.22; Life cycle operating energy scenario 5; sub scenarios from 5.1 to 5.8 alternatives a and b; on 

the x axis are shown the years 

 

Annex 4.23; Life cycle operating energy scenario 6.A; sub scenarios from 6.A.1 to 6.A.8 alternatives a 

and b; on the x axis are shown the years 
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Annex 4.24; Life cycle operating energy scenario 6.PVC; sub scenarios from 6.PVC.1 to 6.PVC.8 alternatives a and b; 
on the x axis are shown the 

 
Figure 4.25; Life cycle operating energy scenario 6.T; sub scenarios from 6.T.1 to 6.T.8 alternatives a and b; on the x 

axis are shown the 
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Annex 5 
Annex 5.1; LCI scenario 2.β and Restoration 
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Annex 5.2; LCI scenario 3  



337 

 

Annex 5.3; Scenario 4.α 
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Annex 5.4 scenario 4.γ 

 
Annex 5.5; scenario 5 
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Annex 5.6; scenario 6 
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Annex 5.7; scenario 6.PVC 
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Annex 5.8; scenario 6.T 
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1          

2 1 α   -3.35% 0.57% -3.75% -3.38% -3.63% 

2 2 α   -3.85% -1.89% -4.05% -3.87% -3.99% 

2 3 α   -4.00% -2.63% -4.14% -4.01% -4.10% 

2 1 β   -3.49% -0.74% -3.87% -3.61% -3.79% 

2 2 β   -3.92% -2.55% -4.11% -3.99% -4.07% 

2 3 β   -4.05% -3.09% -4.19% -4.10% -4.16% 

3 1 - a  -5.74% -3.20% -6.02% -5.85% -5.94% 

3 1 - b  -5.74% -3.20% -6.02% -5.85% -5.94% 

3 2 - a  -5.88% -3.92% -6.11% -5.96% -6.05% 

3 2 - b  -5.88% -3.92% -6.11% -5.96% -6.05% 

3 3 - a  -5.93% -4.20% -6.15% -6.00% -6.09% 

3 3 - b  -5.93% -4.20% -6.15% -6.00% -6.09% 

3 4 - a  -5.31% -1.39% -5.78% -5.48% -5.65% 

3 4 - b  -5.31% -1.39% -5.78% -5.48% -5.65% 

3 5 - a  -5.44% -2.11% -5.87% -5.59% -5.76% 

3 5 - b  -5.44% -2.11% -5.87% -5.59% -5.76% 

3 6 - a  -5.50% -2.39% -5.90% -5.63% -5.81% 

3 6 - b  -5.50% -2.39% -5.90% -5.63% -5.81% 

3 7 - a  -5.04% 0.04% -5.60% -5.26% -5.43% 

3 7 - b  -5.04% 0.04% -5.60% -5.26% -5.43% 

4 1 α a 0.01 -19.62% -14.04% -20.61% -20.05% -20.49% 

4 1 α b 0.01 -19.62% -14.04% -20.61% -20.05% -20.49% 

4 2 α a 0.01 -19.77% -14.85% -20.70% -20.18% -20.62% 

4 2 α b 0.01 -19.77% -14.85% -20.70% -20.18% -20.62% 

4 3 α a 0.01 -19.82% -15.16% -20.74% -20.22% -20.66% 

4 3 α b 0.01 -19.82% -15.16% -20.74% -20.22% -20.66% 

4 4 α a 0.01 -19.19% -12.23% -20.36% -19.68% -20.20% 

4 4 α b 0.01 -19.19% -12.23% -20.36% -19.68% -20.20% 

4 5 α a 0.01 -19.33% -13.04% -20.46% -19.80% -20.33% 

4 5 α b 0.01 -19.33% -13.04% -20.46% -19.80% -20.33% 

4 6 α a 0.01 -19.39% -13.35% -20.50% -19.85% -20.38% 

4 6 α b 0.01 -19.39% -13.35% -20.50% -19.85% -20.38% 

4 7 α a 0.01 -18.89% -10.61% -20.16% -19.44% -19.95% 

4 7 α b 0.01 -18.89% -10.61% -20.16% -19.44% -19.95% 

4 1 α a 0.02 -19.62% -13.85% -20.61% -20.03% -20.24% 

4 1 α b 0.02 -19.62% -13.85% -20.61% -20.03% -20.24% 

4 2 α a 0.02 -19.75% -14.56% -20.70% -20.14% -20.35% 

4 2 α b 0.02 -19.75% -14.56% -20.70% -20.14% -20.35% 

4 3 α a 0.02 -19.80% -14.81% -20.73% -20.18% -20.39% 

4 3 α b 0.02 -19.80% -14.81% -20.73% -20.18% -20.39% 

4 4 α a 0.02 -19.17% -11.88% -20.35% -19.64% -19.93% 

4 4 α b 0.02 -19.17% -11.88% -20.35% -19.64% -19.93% 

4 5 α a 0.02 -19.31% -12.69% -20.45% -19.77% -20.06% 

4 5 α b 0.02 -19.31% -12.69% -20.45% -19.77% -20.06% 

4 6 α a 0.02 -19.37% -13.00% -20.49% -19.81% -20.11% 

4 6 α b 0.02 -19.37% -13.00% -20.49% -19.81% -20.11% 

4 7 α a 0.02 -18.87% -10.26% -20.15% -19.40% -19.67% 

4 7 α b 0.02 -18.87% -10.26% -20.15% -19.40% -19.67% 

4 1 γ a 0.01 -19.19% -9.62% -21.20% -20.13% -21.08% 

4 1 γ b 0.01 -19.19% -9.62% -21.20% -20.13% -21.08% 

4 2 γ a 0.01 -19.36% -10.61% -21.32% -20.27% -21.24% 

4 2 γ b 0.01 -19.36% -10.61% -21.32% -20.27% -21.24% 

4 3 γ a 0.01 -19.42% -10.95% -21.32% -20.32% -21.30% 

4 3 γ b 0.01 -19.42% -10.95% -21.32% -20.32% -21.30% 

4 4 γ a 0.01 -17.39% -5.27% -20.39% -18.97% -20.29% 

4 4 γ b 0.01 -17.39% -5.27% -20.39% -18.97% -20.29% 

4 5 γ a 0.01 -17.56% -6.25% -20.51% -19.12% -20.46% 

4 5 γ b 0.01 -17.56% -6.25% -20.51% -19.12% -20.46% 

4 6 γ a 0.01 -17.62% -6.59% -20.55% -19.17% -20.84% 

4 6 γ b 0.01 -17.62% -6.59% -20.55% -19.17% -20.84% 

4 7 γ a 0.01 -18.41% -5.84% -20.72% -19.47% -20.46% 

4 7 γ b 0.01 -18.41% -5.84% -20.72% -19.47% -20.46% 
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4 8 γ a 0.01 -17.04% -3.30% -20.16% -18.69% -19.96% 

4 8 γ b 0.01 -17.04% -3.30% -20.16% -18.69% -19.96% 

4 1 γ a 0.02 -19.14% -8.90% -21.18% -20.04% -21.02% 

4 1 γ b 0.02 -19.14% -8.90% -21.18% -20.04% -21.02% 

4 2 γ a 0.02 -19.31% -9.88% -21.30% -20.18% -21.19% 

4 2 γ b 0.02 -19.31% -9.88% -21.30% -20.18% -21.19% 

4 3 γ a 0.02 -19.37% -10.22% -21.34% -20.23% -21.24% 

4 3 γ b 0.02 -19.37% -10.22% -21.34% -20.23% -21.24% 

4 4 γ a 0.02 -17.34% -4.54% -20.37% -18.88% -20.24% 

4 4 γ b 0.02 -17.34% -4.54% -20.37% -18.88% -20.24% 

4 5 γ a 0.02 -17.51% -5.53% -20.49% -19.03% -20.40% 

4 5 γ b 0.02 -17.51% -5.53% -20.49% -19.03% -20.40% 

4 6 γ a 0.02 -17.57% -5.87% -20.53% -19.08% -20.46% 

4 6 γ b 0.02 -17.57% -5.87% -20.53% -19.08% -20.46% 

4 7 γ a 0.02 -18.36% -5.12% -20.70% -19.38% -20.41% 

4 7 γ b 0.02 -18.36% -5.12% -20.70% -19.38% -20.41% 

4 8 γ a 0.02 -16.99% -2.57% -20.13% -18.60% -19.91% 

4 8 γ b 0.02 -16.99% -2.57% -20.13% -18.60% -19.91% 

5 1 - a - -19.31% -15.65% -20.36% -19.98% -20.31% 

5 1 - b - -19.31% -15.65% -20.36% -19.98% -20.31% 

5 2 - a - -19.45% -16.37% -20.45% -20.09% -20.42% 

5 2 - b - -19.45% -16.37% -20.45% -20.09% -20.42% 

5 3 - a - -19.50% -16.65% -20.48% -20.13% -20.46% 

5 3 - b - -19.50% -16.65% -20.48% -20.13% -20.46% 

5 4 - a - -17.58% -11.43% -19.58% -18.86% -19.52% 

5 4 - b - -17.58% -11.43% -19.58% -18.86% -19.52% 

5 5 - a - -17.72% -12.14% -19.67% -18.97% -19.63% 

5 5 - b - -17.72% -12.14% -19.67% -18.97% -19.63% 

5 6 - a - -17.77% -12.43% -19.70% -19.01% -19.68% 

5 6 - b - -17.77% -12.43% -19.70% -19.01% -19.68% 

5 7 - a - -18.61% -12.41% -19.93% -19.39% -19.80% 

5 7 - b - -18.61% -12.41% -19.93% -19.39% -19.80% 

5 8 - a - -17.32% -9.99% -19.40% -18.64% -19.30% 

5 8 - b - -17.32% -9.99% -19.40% -18.64% -19.30% 

6 1 A a 0.01 -19.76% -8.15% -21.56% -20.62% -21.26% 

6 1 A b 0.01 -19.76% -8.15% -21.56% -20.62% -21.26% 

6 2 A a 0.01 -20.06% -9.97% -21.78% -20.86% -21.66% 

6 2 A b 0.01 -20.06% -9.97% -21.78% -20.86% -21.66% 

6 3 A a 0.01 -20.18% -10.70% -21.86% -20.95% -21.82% 

6 3 A b 0.01 -20.18% -10.70% -21.86% -20.95% -21.82% 

6 4 A a 0.01 -18.98% -6.70% -21.25% -20.17% -20.98% 

6 4 A b 0.01 -18.98% -6.70% -21.25% -20.17% -20.98% 

6 5 A a 0.01 -19.29% -8.53% -21.46% -20.41% -21.38% 

6 5 A b 0.01 -19.29% -8.53% -21.46% -20.41% -21.38% 

6 6 A a 0.01 -19.41% -9.26% -21.54% -20.51% -21.54% 

6 6 A b 0.01 -19.41% -9.26% -21.54% -20.51% -21.54% 

6 7 A a 0.01 -19.15% -4.49% -21.14% -20.14% -20.46% 

6 7 A b 0.01 -19.15% -4.49% -21.14% -20.14% -20.46% 

6 8 A a 0.01 -18.38% -3.05% -20.82% -19.70% -20.17% 

6 8 A b 0.01 -18.38% -3.05% -20.82% -19.70% -20.17% 

6 1 A a 0.02 -19.43% -6.77% -21.42% -20.35% -21.09% 

6 1 A b 0.02 -19.43% -6.77% -21.42% -20.35% -21.09% 

6 2 A a 0.02 -19.73% -8.60% -21.64% -20.59% -21.50% 

6 2 A b 0.02 -19.73% -8.60% -21.64% -20.59% -21.50% 

6 3 A a 0.02 -19.85% -9.33% -21.72% -20.69% -21.66% 

6 3 A b 0.02 -19.85% -9.33% -21.72% -20.69% -21.66% 

6 4 A a 0.02 -18.38% -4.82% -20.99% -19.75% -20.71% 

6 4 A b 0.02 -18.38% -4.82% -20.99% -19.75% -20.71% 

6 5 A a 0.02 -18.68% -6.65% -21.21% -19.99% -21.11% 

6 5 A b 0.02 -18.68% -6.65% -21.21% -19.99% -21.11% 

6 6 A a 0.02 -18.80% -7.38% -21.29% -20.08% -21.27% 

6 6 A b 0.02 -18.80% -7.38% -21.29% -20.08% -21.27% 

6 7 A a 0.02 -18.82% -3.11% -21.00% -19.88% -20.29% 

6 7 A b 0.02 -18.82% -3.11% -21.00% -19.88% -20.29% 

6 8 A a 0.02 -17.77% -1.16% -20.57% -19.27% -19.91% 

6 8 A b 0.02 -17.77% -1.16% -20.57% -19.27% -19.91% 

6 1 PVC a 0.01 -21.27% -17.70% -22.20% -22.04% -22.27% 

6 1 PVC b 0.01 -21.27% -17.70% -22.20% -22.04% -22.27% 

6 2 PVC a 0.01 -21.30% -17.91% -22.22% -22.07% -22.32% 

6 2 PVC b 0.01 -21.30% -17.91% -22.22% -22.07% -22.32% 
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6 3 PVC a 0.01 -21.32% -17.99% -22.23% -22.08% -22.34% 

6 3 PVC b 0.01 -21.32% -17.99% -22.23% -22.08% -22.34% 

6 4 PVC a 0.01 -20.31% -15.92% -21.80% -21.49% -21.92% 

6 4 PVC b 0.01 -20.31% -15.92% -21.80% -21.49% -21.92% 

6 5 PVC a 0.01 -20.35% -16.13% -21.83% -21.52% -21.97% 

6 5 PVC b 0.01 -20.35% -16.13% -21.83% -21.52% -21.97% 

6 6 PVC a 0.01 -20.36% -16.21% -21.84% -21.53% -21.99% 

6 6 PVC b 0.01 -20.36% -16.21% -21.84% -21.53% -21.99% 

6 7 PVC a 0.01 -21.20% -17.27% -22.15% -21.98% -22.18% 

6 7 PVC b 0.01 -21.20% -17.27% -22.15% -21.98% -22.18% 

6 8 PVC a 0.01 -20.24% -15.49% -21.75% -21.43% -21.83% 

6 8 PVC b 0.01 -20.24% -15.49% -21.75% -21.43% -21.83% 

6 1 PVC a 0.02 -21.41% -18.05% -22.27% -22.13% -22.37% 

6 1 PVC b 0.02 -21.41% -18.05% -22.27% -22.13% -22.37% 

6 2 PVC a 0.02 -21.45% -18.26% -22.29% -22.16% -22.41% 

6 2 PVC b 0.02 -21.45% -18.26% -22.29% -22.16% -22.41% 

6 3 PVC a 0.02 -21.46% -18.34% -22.30% -22.17% -22.43% 

6 3 PVC b 0.02 -21.46% -18.34% -22.30% -22.17% -22.43% 

6 4 PVC a 0.02 -20.46% -16.27% -21.87% -21.58% -22.01% 

6 4 PVC b 0.02 -20.46% -16.27% -21.87% -21.58% -22.01% 

6 5 PVC a 0.02 -20.49% -16.48% -21.90% -21.61% -22.06% 

6 5 PVC b 0.02 -20.49% -16.48% -21.90% -21.61% -22.06% 

6 6 PVC a 0.02 -20.51% -16.56% -21.91% -21.62% -22.08% 

6 6 PVC b 0.02 -20.51% -16.56% -21.91% -21.62% -22.08% 

6 7 PVC a 0.02 -21.34% -17.63% -22.22% -22.08% -22.27% 

6 7 PVC b 0.02 -21.34% -17.63% -22.22% -22.08% -22.27% 

6 8 PVC a 0.02 -20.39% -15.85% -21.82% -21.53% -21.92% 

6 8 PVC b 0.02 -20.39% -15.85% -21.82% -21.53% -21.92% 

6 1 T a - -22.53% -19.44% -23.45% -23.02% -23.37% 

6 1 T b - -22.53% -19.44% -23.45% -23.02% -23.37% 

6 2 T a - -22.80% -20.33% -23.57% -23.25% -23.55% 

6 2 T b - -22.80% -20.33% -23.57% -23.25% -23.55% 

6 3 T a - -22.89% -20.65% -23.61% -23.32% -23.62% 

6 3 T b - -22.89% -20.65% -23.61% -23.32% -23.62% 

6 4 T a - -21.64% -17.78% -23.08% -22.50% -23.04% 

6 4 T b - -21.64% -17.78% -23.08% -22.50% -23.04% 

6 5 T a - -21.91% -18.67% -23.20% -22.73% -23.23% 

6 5 T b - -21.91% -18.67% -23.20% -22.73% -23.23% 

6 6 T a - -22.00% -18.99% -23.24% -22.81% -23.29% 

6 6 T b - -22.00% -18.99% -23.24% -22.81% -23.29% 

6 7 T a - -22.36% -18.42% -23.33% -22.88% -23.14% 

6 7 T b - -22.36% -18.42% -23.33% -22.88% -23.14% 

6 8 T a - -21.46% -16.77% -22.96% -22.37% -22.81% 

6 8 T b - -21.46% -16.77% -22.96% -22.37% -22.81% 

Annex 5.9; savings all scenarios no ERI technical decay 
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1          

2 1 α   -2.55% 1.37% -2.95% -2.58% -2.83% 
2 2 α   -2.05% -0.09% -2.26% -2.07% -2.20% 
2 3 α   -1.53% -0.15% -1.67% -1.54% -1.63% 
2 1 β   -2.69% 0.06% -3.07% -2.82% -2.99% 
2 2 β   -2.13% -0.75% -2.32% -2.19% -2.28% 
2 3 β   -1.58% -0.61% -1.71% -1.62% -1.68% 
3 1 - a  -2.95% -0.41% -3.23% -3.06% -3.14% 
3 1 - b  -3.77% -1.23% -4.05% -3.88% -3.97% 
3 2 - a  -2.08% -0.12% -2.31% -2.16% -2.25% 
3 2 - b  -2.99% -1.03% -3.22% -3.08% -3.16% 
3 3 - a  -1.93% -0.20% -2.14% -2.00% -2.09% 
3 3 - b  -2.56% -0.83% -2.78% -2.63% -2.72% 
3 4 - a  -3.15% 0.77% -3.62% -3.32% -3.50% 
3 4 - b  -3.98% -0.06% -4.44% -4.15% -4.32% 
3 5 - a  -2.28% 1.05% -2.71% -2.43% -2.60% 
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3 5 - b  -3.20% 0.14% -3.62% -3.34% -3.52% 
3 6 - a  -2.13% 0.97% -2.54% -2.27% -2.45% 
3 6 - b  -2.76% 0.34% -3.17% -2.90% -3.08% 
3 7 - a  -3.80% 1.28% -4.36% -4.02% -4.19% 
3 7 - b  -4.17% 0.92% -4.72% -4.38% -4.56% 
4 1 α a 0.01 -17.35% -11.77% -18.34% -17.79% -18.22% 
4 1 α b 0.01 -17.87% -12.29% -18.86% -18.30% -18.74% 
4 2 α a 0.01 -16.86% -11.95% -17.80% -17.27% -17.71% 
4 2 α b 0.01 -17.44% -12.53% -18.38% -17.85% -18.29% 
4 3 α a 0.01 -16.79% -12.13% -17.71% -17.19% -17.63% 
4 3 α b 0.01 -17.19% -12.53% -18.11% -17.59% -18.03% 
4 4 α a 0.01 -17.60% -10.65% -18.78% -18.10% -18.62% 
4 4 α b 0.01 -18.12% -11.16% -19.30% -18.62% -19.14% 
4 5 α a 0.01 -17.12% -10.82% -18.24% -17.59% -18.11% 
4 5 α b 0.01 -17.69% -11.40% -18.82% -18.16% -18.69% 
4 6 α a 0.01 -17.04% -11.00% -18.15% -17.51% -18.03% 
4 6 α b 0.01 -17.44% -11.40% -18.55% -17.90% -18.43% 
4 7 α a 0.01 -17.88% -9.60% -19.16% -18.43% -18.94% 
4 7 α b 0.01 -18.11% -9.83% -19.39% -18.66% -19.17% 
4 1 α a 0.02 -17.33% -11.42% -18.33% -17.75% -17.94% 
4 1 α b 0.02 -17.85% -11.94% -18.84% -18.26% -18.46% 
4 2 α a 0.02 -16.84% -11.60% -17.79% -17.23% -17.44% 
4 2 α b 0.02 -17.42% -12.18% -18.37% -17.81% -18.01% 
4 3 α a 0.02 -16.77% -11.78% -17.70% -17.15% -17.36% 
4 3 α b 0.02 -17.17% -12.18% -18.10% -17.55% -17.76% 
4 4 α a 0.02 -17.58% -10.30% -18.77% -18.06% -18.34% 
4 4 α b 0.02 -18.10% -10.82% -19.29% -18.58% -18.86% 
4 5 α a 0.02 -17.09% -10.48% -18.23% -17.55% -17.84% 
4 5 α b 0.02 -17.67% -11.05% -18.81% -18.12% -18.42% 
4 6 α a 0.02 -17.02% -10.65% -18.14% -17.47% -17.76% 
4 6 α b 0.02 -17.42% -11.05% -18.54% -17.86% -18.16% 
4 7 α a 0.02 -17.86% -9.25% -19.15% -18.39% -18.66% 
4 7 α b 0.02 -18.09% -9.48% -19.38% -18.62% -18.89% 
4 1 γ a 0.01 -17.18% -7.61% -19.19% -18.12% -19.07% 
4 1 γ b 0.01 -17.67% -8.11% -19.69% -18.62% -19.56% 
4 2 γ a 0.01 -16.84% -8.08% -18.79% -17.75% -18.71% 
4 2 γ b 0.01 -17.38% -8.63% -19.33% -18.29% -19.26% 
4 3 γ a 0.01 -16.80% -8.32% -18.73% -17.69% -18.67% 
4 3 γ b 0.01 -17.19% -8.72% -19.13% -18.09% -19.06% 
4 4 γ a 0.01 -15.91% -3.79% -18.92% -17.50% -18.82% 
4 4 γ b 0.01 -16.44% -4.32% -19.44% -18.02% -19.34% 
4 5 γ a 0.01 -15.57% -4.26% -18.52% -17.13% -18.47% 
4 5 γ b 0.01 -16.14% -4.83% -19.09% -17.70% -19.04% 
4 6 γ a 0.01 -15.53% -4.50% -18.46% -17.07% -18.75% 
4 6 γ b 0.01 -15.95% -4.93% -18.89% -17.50% -19.17% 
4 7 γ a 0.01 -17.21% -4.65% -19.53% -18.28% -19.27% 
4 7 γ b 0.01 -17.47% -4.91% -19.79% -18.54% -19.53% 
4 8 γ a 0.01 -16.03% -2.29% -19.15% -17.68% -18.96% 
4 8 γ b 0.01 -16.32% -2.58% -19.44% -17.97% -19.24% 
4 1 γ a 0.02 -17.13% -6.89% -19.17% -18.03% -19.01% 
4 1 γ b 0.02 -17.62% -7.38% -19.66% -18.53% -19.51% 
4 2 γ a 0.02 -16.79% -7.36% -18.77% -17.66% -18.66% 
4 2 γ b 0.02 -17.33% -7.90% -19.31% -18.20% -19.20% 
4 3 γ a 0.02 -16.75% -7.59% -18.71% -17.60% -18.61% 
4 3 γ b 0.02 -17.14% -7.99% -19.10% -18.00% -19.01% 
4 4 γ a 0.02 -15.86% -3.07% -18.90% -17.41% -18.76% 
4 4 γ b 0.02 -16.39% -3.59% -19.42% -17.93% -19.29% 
4 5 γ a 0.02 -15.52% -3.54% -18.50% -17.04% -18.41% 
4 5 γ b 0.02 -16.09% -4.11% -19.07% -17.61% -18.98% 
4 6 γ a 0.02 -15.48% -3.78% -18.44% -16.98% -18.36% 
4 6 γ b 0.02 -15.90% -4.20% -18.86% -17.41% -18.79% 
4 7 γ a 0.02 -17.16% -3.92% -19.50% -18.19% -19.21% 
4 7 γ b 0.02 -17.42% -4.18% -19.76% -18.45% -19.47% 
4 8 γ a 0.02 -15.98% -1.57% -19.13% -17.59% -18.90% 
4 8 γ b 0.02 -16.27% -1.85% -19.42% -17.88% -19.19% 
5 1 - a - -17.45% -13.79% -18.49% -18.11% -18.44% 
5 1 - b - -18.02% -14.35% -19.06% -18.68% -19.01% 
5 2 - a - -17.00% -13.92% -18.00% -17.64% -17.97% 
5 2 - b - -17.62% -14.54% -18.62% -18.26% -18.59% 
5 3 - a - -16.94% -14.09% -17.92% -17.57% -17.90% 
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5 3 - b - -17.39% -14.55% -18.37% -18.02% -18.35% 
5 4 - a - -16.09% -9.93% -18.09% -17.37% -18.03% 
5 4 - b - -16.69% -10.53% -18.69% -17.97% -18.63% 
5 5 - a - -15.64% -10.07% -17.59% -16.90% -17.56% 
5 5 - b - -16.29% -10.72% -18.25% -17.55% -18.21% 
5 6 - a - -15.58% -10.24% -17.51% -16.82% -17.49% 
5 6 - b - -16.07% -10.73% -18.00% -17.31% -17.97% 
5 7 - a - -17.42% -11.21% -18.74% -18.19% -18.61% 
5 7 - b - -17.72% -11.51% -19.04% -18.49% -18.91% 
5 8 - a - -16.35% -9.03% -18.44% -17.68% -18.34% 
5 8 - b - -16.69% -9.36% -18.77% -18.01% -18.67% 
6 1 A a 0.01 -17.76% -6.14% -19.56% -18.61% -19.26% 
6 1 A b 0.01 -18.46% -6.84% -20.26% -19.32% -19.96% 
6 2 A a 0.01 -17.33% -7.24% -19.05% -18.13% -18.93% 
6 2 A b 0.01 -18.10% -8.01% -19.82% -18.90% -19.70% 
6 3 A a 0.01 -17.31% -7.83% -18.99% -18.08% -18.95% 
6 3 A b 0.01 -17.88% -8.40% -19.55% -18.64% -19.52% 
6 4 A a 0.01 -17.27% -4.99% -19.53% -18.46% -19.26% 
6 4 A b 0.01 -18.01% -5.73% -20.27% -19.20% -20.00% 
6 5 A a 0.01 -16.85% -6.09% -19.02% -17.97% -18.94% 
6 5 A b 0.01 -17.66% -6.90% -19.83% -18.78% -19.75% 
6 6 A a 0.01 -16.82% -6.68% -18.96% -17.92% -18.95% 
6 6 A b 0.01 -17.43% -7.28% -19.56% -18.53% -19.56% 
6 7 A a 0.01 -17.81% -3.14% -19.79% -18.79% -19.11% 
6 7 A b 0.01 -18.18% -3.52% -20.17% -19.17% -19.48% 
6 8 A a 0.01 -17.32% -1.99% -19.76% -18.64% -19.11% 
6 8 A b 0.01 -17.73% -2.40% -20.18% -19.05% -19.53% 
6 1 A a 0.02 -17.42% -4.76% -19.42% -18.35% -19.09% 
6 1 A b 0.02 -18.12% -5.47% -20.12% -19.05% -19.79% 
6 2 A a 0.02 -17.00% -5.87% -18.91% -17.86% -18.77% 
6 2 A b 0.02 -17.77% -6.64% -19.68% -18.63% -19.54% 
6 3 A a 0.02 -16.98% -6.46% -18.85% -17.81% -18.78% 
6 3 A b 0.02 -17.54% -7.02% -19.41% -18.38% -19.35% 
6 4 A a 0.02 -16.66% -3.10% -19.28% -18.03% -18.99% 
6 4 A b 0.02 -17.40% -3.85% -20.02% -18.78% -19.74% 
6 5 A a 0.02 -16.24% -4.21% -18.76% -17.55% -18.67% 
6 5 A b 0.02 -17.05% -5.02% -19.57% -18.36% -19.48% 
6 6 A a 0.02 -16.22% -4.79% -18.70% -17.50% -18.69% 
6 6 A b 0.02 -16.82% -5.40% -19.31% -18.11% -19.29% 
6 7 A a 0.02 -17.47% -1.77% -19.65% -18.53% -18.94% 
6 7 A b 0.02 -17.85% -2.14% -20.03% -18.90% -19.32% 
6 8 A a 0.02 -16.71% -0.10% -19.51% -18.22% -18.85% 
6 8 A b 0.02 -17.13% -0.52% -19.92% -18.63% -19.26% 
6 1 PVC a 0.01 -19.07% -15.50% -20.00% -19.84% -20.08% 
6 1 PVC b 0.01 -19.80% -16.23% -20.73% -20.58% -20.81% 
6 2 PVC a 0.01 -18.37% -14.97% -19.29% -19.13% -19.39% 
6 2 PVC b 0.01 -19.17% -15.78% -20.09% -19.94% -20.19% 
6 3 PVC a 0.01 -18.24% -14.91% -19.15% -19.00% -19.26% 
6 3 PVC b 0.01 -18.83% -15.51% -19.75% -19.59% -19.86% 
6 4 PVC a 0.01 -18.46% -14.07% -19.95% -19.64% -20.08% 
6 4 PVC b 0.01 -19.25% -14.85% -20.74% -20.43% -20.86% 
6 5 PVC a 0.01 -17.76% -13.54% -19.24% -18.93% -19.39% 
6 5 PVC b 0.01 -18.61% -14.40% -20.10% -19.79% -20.24% 
6 6 PVC a 0.01 -17.63% -13.48% -19.11% -18.80% -19.26% 
6 6 PVC b 0.01 -18.27% -14.13% -19.75% -19.44% -19.90% 
6 7 PVC a 0.01 -19.67% -15.74% -20.62% -20.45% -20.65% 
6 7 PVC b 0.01 -20.07% -16.15% -21.02% -20.85% -21.05% 
6 8 PVC a 0.01 -19.06% -14.31% -20.57% -20.25% -20.65% 
6 8 PVC b 0.01 -19.51% -14.77% -21.03% -20.70% -21.10% 
6 1 PVC a 0.02 -19.22% -15.85% -20.07% -19.93% -20.17% 
6 1 PVC b 0.02 -19.95% -16.59% -20.81% -20.67% -20.90% 
6 2 PVC a 0.02 -18.52% -15.32% -19.36% -19.23% -19.48% 
6 2 PVC b 0.02 -19.32% -16.13% -20.16% -20.03% -20.28% 
6 3 PVC a 0.02 -18.38% -15.26% -19.22% -19.09% -19.35% 
6 3 PVC b 0.02 -18.98% -15.86% -19.82% -19.69% -19.95% 
6 4 PVC a 0.02 -18.61% -14.42% -20.03% -19.73% -20.17% 
6 4 PVC b 0.02 -19.40% -15.21% -20.81% -20.52% -20.95% 
6 5 PVC a 0.02 -17.91% -13.90% -19.31% -19.03% -19.48% 
6 5 PVC b 0.02 -18.76% -14.75% -20.17% -19.88% -20.33% 
6 6 PVC a 0.02 -17.78% -13.83% -19.18% -18.89% -19.35% 
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6 6 PVC b 0.02 -18.42% -14.48% -19.82% -19.54% -19.99% 
6 7 PVC a 0.02 -19.81% -16.10% -20.69% -20.55% -20.74% 
6 7 PVC b 0.02 -20.22% -16.50% -21.09% -20.95% -21.14% 
6 8 PVC a 0.02 -19.21% -14.67% -20.64% -20.35% -20.74% 
6 8 PVC b 0.02 -19.66% -15.12% -21.10% -20.80% -21.19% 
6 1 T a - -19.94% -18.35% -21.07% -20.83% -21.09% 
6 1 T b - -20.67% -19.08% -21.79% -21.55% -21.82% 
6 2 T a - -19.01% -16.54% -19.78% -19.46% -19.76% 
6 2 T b - -19.80% -17.33% -20.57% -20.25% -20.56% 
6 3 T a - -18.52% -16.28% -19.24% -18.95% -19.25% 
6 3 T b - -19.11% -16.87% -19.83% -19.54% -19.84% 
6 4 T a - -19.41% -15.55% -20.85% -20.28% -20.81% 
6 4 T b - -20.19% -16.33% -21.63% -21.05% -21.59% 
6 5 T a - -18.48% -15.24% -19.77% -19.31% -19.80% 
6 5 T b - -19.32% -16.09% -20.62% -20.15% -20.64% 
6 6 T a - -17.99% -14.98% -19.24% -18.80% -19.29% 
6 6 T b - -18.63% -15.63% -19.88% -19.45% -19.93% 
6 7 T a - -20.42% -16.48% -21.39% -20.94% -21.20% 
6 7 T b - -20.82% -16.88% -21.79% -21.34% -21.60% 
6 8 T a - -19.89% -15.19% -21.39% -20.79% -21.24% 
6 8 T b - -20.34% -15.64% -21.84% -21.24% -21.69% 

Annex 5.10; savings all scenarios with ERI technical decay 
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1     -0.60% -0.28% -0.18% -0.27% 

2 1 α  -2.10% 1.97% -2.67% -2.40% -2.56% 

2 2 α  -1.61% 0.50% -1.97% -1.89% -1.92% 

2 3 α  -1.08% 0.44% -1.38% -1.36% -1.35% 

2 1 β  -2.25% 0.66% -2.79% -2.64% -2.72% 

2 2 β  -1.68% -0.15% -2.03% -2.01% -2.00% 

2 3 β  -1.13% -0.02% -1.43% -1.44% -1.41% 

3 1 - a -2.50% 0.19% -2.94% -2.88% -2.87% 

3 1 - b -3.33% -0.63% -3.76% -3.70% -3.69% 

3 2 - a -1.63% 0.48% -2.03% -1.98% -1.97% 

3 2 - b -2.55% -0.44% -2.94% -2.90% -2.89% 

3 3 - a -1.48% 0.39% -1.86% -1.83% -1.82% 

3 3 - b -2.12% -0.24% -2.49% -2.46% -2.45% 

3 4 - a -2.71% 1.36% -3.34% -3.15% -3.22% 

3 4 - b -3.53% 0.54% -4.16% -3.97% -4.05% 

3 5 - a -1.84% 1.65% -2.42% -2.25% -2.33% 

3 5 - b -2.75% 0.74% -3.34% -3.16% -3.24% 

3 6 - a -1.69% 1.56% -2.26% -2.09% -2.17% 

3 6 - b -2.32% 0.93% -2.89% -2.72% -2.80% 

3 7 - a -3.36% 1.88% -4.07% -3.84% -3.92% 

3 7 - b -3.72% 1.51% -4.44% -4.21% -4.28% 

4 1 α a -16.91% -11.18% -18.05% -17.61% -17.94% 

4 1 α b -17.43% -11.69% -18.57% -18.13% -18.46% 

4 2 α a -16.42% -11.35% -17.52% -17.09% -17.44% 

4 2 α b -17.00% -11.93% -18.09% -17.67% -18.01% 

4 3 α a -16.35% -11.53% -17.43% -17.01% -17.36% 

4 3 α b -16.75% -11.93% -17.83% -17.41% -17.76% 

4 4 α a -17.16% -10.05% -18.49% -17.92% -18.34% 

4 4 α b -17.68% -10.57% -19.01% -18.44% -18.86% 

4 5 α a -16.67% -10.23% -17.96% -17.41% -17.84% 

4 5 α b -17.25% -10.81% -18.54% -17.98% -18.42% 

4 6 α a -16.60% -10.41% -17.87% -17.33% -17.76% 

4 6 α b -17.00% -10.81% -18.27% -17.72% -18.16% 

4 7 α a -17.44% -9.00% -18.87% -18.25% -18.66% 

4 7 α b -17.67% -9.23% -19.10% -18.48% -18.89% 

4 1 α a -16.89% -10.83% -18.04% -17.57% -17.67% 

4 1 α b -17.40% -11.35% -18.56% -18.09% -18.19% 

4 2 α a -16.40% -11.01% -17.51% -17.05% -17.16% 

4 2 α b -16.98% -11.58% -18.08% -17.63% -17.74% 
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4 3 α a -16.33% -11.18% -17.42% -16.97% -17.08% 

4 3 α b -16.73% -11.58% -17.82% -17.37% -17.48% 

4 4 α a -17.14% -9.70% -18.48% -17.88% -18.07% 

4 4 α b -17.66% -10.22% -19.00% -18.40% -18.59% 

4 5 α a -16.65% -9.88% -17.95% -17.37% -17.56% 

4 5 α b -17.23% -10.46% -18.53% -17.94% -18.14% 

4 6 α a -16.58% -10.06% -17.86% -17.29% -17.49% 

4 6 α b -16.98% -10.46% -18.26% -17.69% -17.88% 

4 7 α a -17.42% -8.65% -18.86% -18.21% -18.39% 

4 7 α b -17.65% -8.89% -19.09% -18.45% -18.62% 

4 1 γ a -16.73% -7.02% -18.91% -17.94% -18.79% 

4 1 γ b -17.23% -7.51% -19.40% -18.44% -19.29% 

4 2 γ a -16.39% -7.49% -18.51% -17.57% -18.44% 

4 2 γ b -16.94% -8.03% -19.05% -18.11% -18.98% 

4 3 γ a -16.35% -7.72% -18.45% -17.52% -18.39% 

4 3 γ b -16.75% -8.12% -18.84% -17.91% -18.79% 

4 4 γ a -15.47% -3.20% -18.64% -17.32% -18.54% 

4 4 γ b -15.99% -3.72% -19.16% -17.84% -19.07% 

4 5 γ a -15.13% -3.67% -18.24% -16.95% -18.19% 

4 5 γ b -15.70% -4.24% -18.81% -17.52% -18.76% 

4 6 γ a -15.09% -3.91% -18.18% -16.90% -18.47% 

4 6 γ b -15.51% -4.33% -18.60% -17.32% -18.90% 

4 7 γ a -16.77% -4.05% -19.24% -18.10% -18.99% 

4 7 γ b -17.03% -4.31% -19.50% -18.36% -19.25% 

4 8 γ a -15.59% -1.70% -18.87% -17.51% -18.68% 

4 8 γ b -15.88% -1.98% -19.16% -17.79% -18.97% 

4 1 γ a -16.68% -6.29% -18.88% -17.85% -18.74% 

4 1 γ b -17.18% -6.79% -19.38% -18.35% -19.23% 

4 2 γ a -16.34% -6.76% -18.49% -17.48% -18.38% 

4 2 γ b -16.89% -7.30% -19.03% -18.02% -18.93% 

4 3 γ a -16.30% -7.00% -18.42% -17.43% -18.34% 

4 3 γ b -16.70% -7.40% -18.82% -17.82% -18.73% 

4 4 γ a -15.42% -2.47% -18.61% -17.23% -18.49% 

4 4 γ b -15.94% -3.00% -19.14% -17.76% -19.01% 

4 5 γ a -15.08% -2.94% -18.22% -16.86% -18.14% 

4 5 γ b -15.65% -3.51% -18.79% -17.43% -18.71% 

4 6 γ a -15.04% -3.18% -18.15% -16.81% -18.09% 

4 6 γ b -15.46% -3.60% -18.58% -17.23% -18.51% 

4 7 γ a -16.72% -3.32% -19.22% -18.01% -18.94% 

4 7 γ b -16.98% -3.59% -19.48% -18.27% -19.20% 

4 8 γ a -15.54% -0.97% -18.85% -17.42% -18.63% 

4 8 γ b -15.83% -1.26% -19.14% -17.70% -18.91% 

5 1 - a -17.01% -13.19% -18.21% -17.93% -18.17% 

5 1 - b -17.57% -13.76% -18.77% -18.50% -18.73% 

5 2 - a -16.56% -13.33% -17.72% -17.46% -17.70% 

5 2 - b -17.18% -13.94% -18.34% -18.08% -18.32% 

5 3 - a -16.50% -13.50% -17.64% -17.39% -17.63% 

5 3 - b -16.95% -13.95% -18.09% -17.85% -18.08% 

5 4 - a -15.65% -9.34% -17.80% -17.19% -17.75% 

5 4 - b -16.25% -9.94% -18.40% -17.79% -18.35% 

5 5 - a -15.20% -9.47% -17.31% -16.72% -17.28% 

5 5 - b -15.85% -10.12% -17.96% -17.37% -17.93% 

5 6 - a -15.14% -9.64% -17.23% -16.65% -17.21% 

5 6 - b -15.62% -10.13% -17.72% -17.13% -17.70% 

5 7 - a -16.97% -10.62% -18.45% -18.01% -18.33% 

5 7 - b -17.28% -10.92% -18.76% -18.31% -18.63% 

5 8 - a -15.91% -8.44% -18.15% -17.50% -18.06% 

5 8 - b -16.24% -8.77% -18.49% -17.83% -18.40% 

Annex 5.11; savings all scenarios with ERI technical decay and Restoration  
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Annex 5.12; Unitary impacts for unit of aluminium from virgin and post-consumer manufacturing 
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