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Abstract

Adaptable buildings are a promising enabler in the transition towards a more circular economy,
with the ambition of using materials as efficiently as possible. To exploit adaptable buildings to their
full potential, HVAC designers should critically rethink how to design technical services and ventilation
systems in particular. This case study illustrates how five ventilation strategies perform from an
environmental point of view in a school building where the configuration of the floorplan changes
every five years, each of the changes reflecting a pedagogical vision. Consequential LCA is used to
assess the environmental impact. A decentralized balanced mechanical ventilation system, which
requires almost no adaptations when the configuration changes, has the lowest environmental impact
while mechanical exhaust ventilation has the highest. However, when the configuration of the
floorplan layout alters more rapidly, the relative environmental impact of the latter decreases
substantially. The main conclusion is that, in a flexible context, the material-related environmental
impact gains importance over the energy-related impact. With respect to this conclusion, a key finding
is that minimizing the material use of ductwork (rather than oversizing ductwork dimensions to
decrease the energy consumption of the fan) is more sustainable from an environmental point of view.
Finally, distributing the ductwork over two shafts offers more flexibility and results in a lower
environmental impact as this allows for the use of smaller dimensions of ductwork.
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1. Introduction

Although ventilation is crucial for ensuring a healthy indoor environment, it is unclear how to
optimally design ventilation systems for buildings which are intended to be used in a flexible manner.
In particular, this is the case for school buildings with a potential for polyvalent usage after school
hours, with a wide heterogeneity in user needs across the different stakeholders.

The building sector is in transition towards the circular economy [1], which aims to overcome the
divergent interests of economic and environmental prosperity by closing material loops through
technological innovation as well as by introducing new business models [2]. In this approach, more
attention is paid to rational material use, which makes sense as buildings have become more energy
efficient in recent years. The material-related environmental impact increased per building [3].
Moreover, to date construction materials are often used rather inefficiently as a great part of our
current building stock ends up obsolete as their rigid design cannot facilitate the evolving needs of
building users [4,5]. As a result, buildings are often demolished prematurely leading to high costs and
substantial amounts of construction and demolishing waste. Integrating a certain degree of
adaptability in the design of buildings can be a promising strategy to avoid this inefficient use of
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resources. Adaptable buildings yield the potential to evolve with the needs of building owners and
users, thus extending the service life of buildings [6—8]. Moreover, buildings that allow for a flexible
usage can in turn be used more extensively which increases its economic value [9].

A great body of research has been conducted in the field of adaptable buildings because of their
substantial environmental and economic potential, see for example the work of Askar et al. [5] and
Heidrich et al. [10] who summarized the current state-of-the-art concerning adaptable buildings. This
has led to conceptual guidelines to increase the adaptability of buildings, such as an opting for smart
spatial configuration [11-13] and an oversizing of structural building components to avoid future lock-
in effects [8,14].

However, a flexible building usage can also imply fluctuating requirements from technical services.
Seuntjens et al. [15] categorize flexible building usage into short- and long-term flexibility, both with
distinct building requirements. The latter concerns large refurbishments which take place after several
decennia. In this case, the adaptability of technical services is often neglected, given their short
technical life span which is often estimated between 7 and 25 years [7,16,17]. It is therefore presumed
that when a large refurbishment occurs, the technical services are already outdated and should be
replaced. Nonetheless, flexible building usage can also occur in the short term. For example, a building
can serve multiple functions within the timespan of a day. Technical services must be able to respond
to these varying occupancy rates and activity levels. Also, in buildings that are intended to be used in
a flexible way in the mid to long-term, there will be consequences that affect the requirements of
technical services. For example, a building's floorplan may change after a few years to meet changing
needs [18-20]. Flexible partitions or demountable and reusable walls can be used to achieve this.
HVAC designers should take this into account since a new floorplan may impact the design of technical
services. A new layout of spaces may, for example, result in the need to relocate the supply and
exhaust ventilation terminals. Or a new floorplan layout can also lead to new occupancy rates in
several zones which were not considered in the original design of technical services.

These types of short-term flexible usages of buildings are particularly relevant in the context of
school buildings. With school-community partnerships becoming more common, schools share their
infrastructure with the local community [21]. This requires infrastructure which allows for an intensive
multifunctional usage. Secondly, new educational methods are often accompanied with changing
infrastructural needs [22]. Demountable and removable walls can be a suitable solution to facilitate
these changing needs. However, technical services must be reconciled with a short-term flexible
building usage to ensure a healthy environment at all times. Therefore, it has been stated by Geraedts
[12] and Kronenburg [23] that technical services are found to be a key factor with respect to using
buildings in a flexible manner.

However, in many cases the technical services have proven to be unsuitable to cope with
fluctuating requirements [14,24,25]. Out of all technical services, ventilation systems are the most
difficult to match with a flexible building usage from a constructional point of view. Besides ensuring
an adequate indoor air environment, they are also rather voluminous which can cause practical issues.
An overview on the current literature to increase the adaptability of ventilation systems has been
developed by Seuntjens et al. [15], where guidelines were categorized into five categories:
accessibility, oversizing, distribution, controlling strategy and technical circularity.

Although these guidelines are important to understand how ventilation systems can reconcile
with a flexible context, the final goal is to translate these guidelines into practice [26], and to design
the most sustainable ventilation systems in the long run. HVAC systems can consume up to 40% of the
total energy consumption in office buildings in the EU [27]. In the commercial sector in Hong Kong,
ventilation alone can even account for 30% of the total electricity usage [28]. A method to critically
assess and quantify the environmental impact, is a life cycle assessment (LCA). LCA is a method to
analyze environmental burdens and benefits of a product, process or service, considering their whole



life cycle, from cradle to grave [29]. Such a critical evaluation of the environmental impact is especially
important in a flexible context since adaptable solutions are often oversized. This, in turn, leads to a
greater impact related to the production and extraction of materials.

However, only few LCA studies are carried out on ventilation systems despite their substantial
environmental impact. To assess which ventilation strategy is the most sustainable, Fong et al. [28]
carried out an LCA on three ventilation methods, i.e. mixing, displacement and stratum ventilation,
and compared their environmental impacts using a school as a case study. Stratum ventilation turned
out to have the lowest environmental impact due to the lowest material and energy consumption.
However, this study is caried out in a static context. To understand which strategies are the most
sustainable in a flexible context, case studies are required in which flexible building usages are
included. One exploratory case study researches the environmental impact of a centralized balanced
mechanical ventilation system and a ductless mechanical exhaust ventilation system in a school
building where the configuration of the floorplan changes over time [30]. Another example where a
flexible building usage is considered is a study carried out by Buyle et al. [31] where the replacement
of several types of walls, both conventional and reusable wall designs, are compared on the basis of a
consequential LCA. It was found that when a high frequency of change is required, the demountable
and reusable walls performed better in comparison with the conventional ones. On the other hand,
when a limited amount of modifications are required over time, conventional walls had a lower
environmental impact. Quite apart from the fact that ventilation has not been included in this
research, it is also important to note that this study was conducted in isolation from any case specific
context. When comparing several solutions in a flexible context, it is critical that the usage scenarios
are effectively based on the needs of stakeholders in order to reach robust conclusions [32].

To sum up, to date it is unclear how to sustainably include ventilation in an adaptable building
while accounting for the needs of stakeholders. To tackle this knowledge gap, this research aims at
analyzing how ventilation can be reconciled with a school building that is used in a flexible manner
from an environmental point of view. This general objective is achieved by answering the following
research questions: (1) how do traditional and alternative ventilation strategies compare to each other
in a flexible context, based on their environmental impact, (2) how do several design strategies
influence the environmental impact and (3) how does the material-related compare to the energy-
related environmental impact in a flexible context?

The innovativeness of this paper relates to how ventilation can be included in adaptable buildings
while accounting for the needs of stakeholders and contributes to the growing domain of quantitative
evaluation of circular strategies. To the author’s knowledge, this is the first case study where the
environmental impact of several ventilation strategies is compared in a flexible context by means of
an LCA study. In addition, going beyond the often engineering-oriented scenarios in many LCAs, the
flexible use scenarios are based on the needs of educational stakeholders, bridging technology
oriented research with social sciences. The needs were identified in focus group discussions, which
distinguishes this paper from other studies where flexible use scenarios are neglected or arbitrarily
chosen.

2. Materials and methods

To answer the research questions, a case study is evaluated based on the floor plans of an existing
school building in Belgium. The flexibility scenarios build on previous research where focus group
discussions were organized in which educational stakeholders discussed how educational and societal
needs would develop in the future and how school buildings should anticipate on these expected
changes [33]. Based on the results of this study, a case is developed where four different



configurations of the floorplan layout are selected, each of them reflecting a specific teaching method.
The configuration changes every five years.

In this context, an LCA is carried out on five different ventilation strategies, ranging from
traditional to more alternative ones, over a period of 20 years. To analyze the trade-off between
materials and energy, the design of the ductwork is optimized in three different ways. Finally, to assess
the robustness of the results, five sensitivity analyses are included.

2.1. Case study

The selected case concerns a school building which is located in Mechelen (Belgium) and has the
following properties:

e Net surface area of 1877 m?, distributed over two equal floors

e The insulation level of the school building complies with the Flemish energy regulations of
2022 [34]

e A heat pump with an average COP of 2.5 is used to heat and cool the school building

e Heating setpoint: minimum 21°C during school hours and 15.6°C after school hours

e Cooling setpoint: maximum 26°C during school hours and 30°C after school hours

The flexible use scenario includes changing the configuration of the school's floor plan every five
years. Four configurations are derived from earlier work by Seuntjens et al. [33], in which educational
stakeholders discussed how educational needs would develop and how the infrastructure should
evolve with these changing needs. An overview of the selected configurations and their characteristics
is shown in Table 1. The first two configurations, where several classrooms are connected by a
corridor, facilitate more traditional teaching methods. The difference between these two, is that in
the second configuration some larger classrooms are formed by removing interior walls. The last two
configurations, based on an open space plan, are characterized by multiple types and sizes of spaces
with specific applications, e.g. a media room, a low-stimuli room, a multifunctional space etc. In the
final configuration, an atrium interconnects the entire building. These type of configurations can be
used for more modern teaching methods, like team teaching. More detailed information about the
case can be found in the Supplementary material.



Table 1. Overview different configurations

Configuration Level 1 Level 2 Characteristics
e Traditional floorplan
e Small classrooms
e 480 students

1
| 1 w | | 1 l 1
e Traditional floorplan
e Smaller and larger classrooms
1 t : ‘ e 480 students
. t l 1
2
1 x w \ w 1 | |
e Open space plan
e Wide variety of spaces and
rooms
3 e : o e 320 students
e Open space plan
e Wide variety of spaces and
[ _ _ ; rooms
4 I A N : e Atrium (marked in red)

v, Yl : ! , . e 300 students




2.1.1. Ventilation scenarios

To ensure a healthy indoor environment for all building occupants, the Flemish regulations
prescribe an air flow rate of 22 m3/(h*person) for every space that is intended for human occupation
[34]. Compared to the AHSRAE standard [35], which prescribes a minimum required air flow rate of
17 m3/(h*person) in classrooms, the Flemish regulations are stricter. To meet this requirement,
several ventilation strategies can be applied. In total, five different ventilation strategies are selected
and implemented in this case study. An overview of all these strategies can be found in Table 2.

Three strategies are centralized balanced mechanical ventilation systems which are equipped with
a rotary heat exchanger. While the first is the most commonly applied system in new schools, the
other two are low-pressure systems, which are known for their lower fan energy consumption, i.e.
diffuse ceiling ventilation and under floor air distribution [36,37]. The fourth strategy is a mechanical
exhaust ventilation system where the air is supplied naturally through vents. The final strategy is a
decentralized balanced mechanical ventilation systems where 24 smaller air handling units, equipped
with a counterflow heat exchanger, are placed in the building.

Regarding the design of the ductwork, i.e. the trace and the dimensions, a design optimization
method developed by Kabbara et al. [38], which elaborates on the work from Jorens et al. [39], is
applied. This method optimizes the design of the ductwork based on a variety of cost optimization
objectives, including material costs, fan energy costs or the life cycle cost which includes both material
and energy costs. Considering these objectives, three different scenarios are selected to optimize the
design of the ductwork. The first scenario aims at minimizing the fan energy cost of the system by
minimizing pressure drops throughout the ductwork system. By reducing pressure drops as much as
possible, the system can operate more energy-efficiently, resulting in lower fan energy consumption.
The second scenario focuses on using as few materials as possible in the design configuration to
minimize the material costs. Contrary to the other scenarios, where multiple trace choices are
considered, this scenario involves imposing a specific trace that requires minimal adaptations when
the configuration of the floorplan changes. By constraining the design to a predetermined trace, the
need for new ductwork is minimized. While the first two scenarios might be conflicting, the final
scenario considers the trade-off between the ductwork material and fan energy usage by minimizing
the life cycle cost. The design optimization attempts to achieve a balance between increasing energy
efficiency and reducing material use by taking this trade-off into account. Herewith, the aimed design
looks for an ideal solution that balances maximizing energy efficiency while minimizing material usage.
While these three scenarios are included in the first ventilation strategy, only the third scenario is
included for the other ventilation strategies. Finally, it is important to stress that despite the design
optimization objectives, all the resulting design solutions adhere to design feasibility constraints, i.e.
maximum dimensions of the ductwork and air velocities.

Finally, it must be stipulated that not every ventilation strategy can facilitate each configuration.
First, the diffuse ceiling ventilation system can only be used for configuration 1 and 2 since the corridor
can be used for the extraction. However, when switching towards configuration 3 and 4, there is no
corridor anymore and the entire space should be ventilated. This means that a lowered ceiling should
be placed over the entire level, which leaves no space to extract the air in a decent manner. Second,
there is an important boundary condition in configuration 4. In this configuration, a part of the floor
slab of the second floor is removed, creating an atrium which is highlighted in red in Table 1. As a
constraint, no ductwork is allowed in this area. To deal with this constraint, two shafts, positioned at
opposite ends of the school building, and two air handling units are required. Therefore, each
ventilation strategy is divided into two scenarios where first uses one shaft while the second uses two
shafts to distribute the ductwork over the building.



Table 2. Overview selected scenarios and their properties. Legend: x = applicable; Blank = not applicable; LC = Lowered
Ceiling; RF = Raised Floor

Design choices Appl!cable.for
configuration
Ventilation strategy Scenario name Design ductwork Number Additional
of shafts measures 1 2 3 4
Energetically  Material Combination | 1 2 Lc RF
optlmlzed minimization
Cen_mv[L1_S1] X X X X X
1. Centralized Cen_mv[L1_S2] X X X X X X
balanced Cen_mv[L2_S1] X X X X X
mechanical Cen_mv[L2_S2] X X X X X X
ventilation Cen_mv[L3_S1] X X X X X
Cen_mv[L3_S2] X X X X X X
2. Diffuse ceiling Dcv[L3_S1] X X X X X
ventilation Dcv[L3_S2] X X X X X
3. Under floor air Ufad[L3_S1] X X X X X X
distribution Ufad[L3_S2] X X X X X X X
4. Mechanical Mev([L3_S1] X X X X X
exhaust ventilation Mev[L3_S2] X X X X X X
5. Decentralized
balanced
. Dec_mv X X X X
mechanical -
ventilation

To include ventilation strategies which cannot facilitate all four configurations, three building
usage scenarios are included and analyzed. They entail different consecutive orders in which the
configuration of the floorplan changes. The time gap between each switch is still five years for each
building usage scenario:

e Building usage scenario 1: Con. 1 - Con. 2 - Con. 3 2 Con. 4

e Building usage scenario 2: Con. 1 - Con.2 - Con.3 > Con. 1

e Building usage scenario 3: Con. 1 - Con. 2 = Con. 1 > Con. 2
2.2. Life cycle assessment

To assess the environmental impact of all the discussed ventilation strategies, an LCA is carried
out based on the ISO 14040 and 14044 standards [29,40]. The three steps described in the standard
are outlined here.

2.2.1. Goal & scope definition

A consequential LCA (CLCA) is carried out following the theoretical framework of Weidema et al.
[41] to compare and assess the environmental impact of different ventilation strategies. CLCA aims to
describe how environmentally relevant flows will change in response to possible decisions [42]. Within
this methodological framework, all ventilation strategies are compared with respect to the following
functional unit (FU):

“The hygienic ventilation of a school building, for which the properties are described in 2.1, for a
period of 20 years during school hours where the configuration of the floorplan layout changes every
five years and includes the following set of configurations: {X}.”

Where X corresponds to the three predefined building usage scenarios, described in section 2.1.1,
resulting in respectively FU 1, FU 2 and FU 3. It is important to note that an under floor air distribution
system differs from other ventilation strategies since the raised floor is placed directly on the floor

slab while this is not the case for other ventilation strategies where a screed and ceramic tiles are also
a part of the floor construction. Therefore, an additional FU is included where the additional non-
structural floor layers are taken into account as well for ventilation strategies other than the under
floor air distribution. This FU is called FU 1’ since it follows the same building usage scenario as FU 1.
The choice of a 20-year time frame is based on the average life span of technical services [17].



Aesthetic functional requirements, such as a lowered ceiling or visible air handling units in
classrooms, are not taken into account as these are highly user dependent.

2.2.2. Inventory analysis

The life cycle inventory is based on how flows and activities are affected by a change in demand
fora product or a process. Therefore, it isimportant to identify the marginal suppliers, i.e. the activities
that are affected by a change in demand. The four steps described in the framework from Weidema
et al. [41] are followed to determine the marginal suppliers. In the first step, the time horizon is
determined. This study focusses on the long term and presumes small changes, and it is therefore
assumed that markets are fully elastic. The second step, where the geographical market boundaries
are delimitated, is one of the most important ones. The two most key materials are steel and
aluminum. Based on reports from the sector federations Worldsteel Association [43] and International
Aluminium [44], it can be concluded that both materials are global commodities. As a default in this
CLCA, other, less frequently used materials are treated as global commaodities unless the existence of
dominant local markets can be justified [45]. For example, energy consumption during the use phase
and waste treatment are modelled as local processes, at a national level for Belgium [46]. The third
step entails examining market trends. Trade and production data from sector federations clearly show
that steel and aluminum are growing markets, meaning that the competitive suppliers are the most
likely to respond to a change in market demand [43,44]. Finally, the suppliers which are most sensitive
to a change in demand must be identified. For this task, marginal suppliers are selected that are
included in the consequential database from Ecoinvent. It is important to note that constrained
suppliers can never respond to a change in demand, e.g. by-products follow the market trends of the
determining (main) product or secondary raw material use is supply instead of demand driven. So as
a consequence, input materials are assumed to be primary ones and the environmental benefits of
recycling are quantified as a recycling potential, i.e. reclaimed products replace their primary (and
marginal) counterparts at some point in the future.

With respect to this consequential framework, the required data for the ventilation systems is
collected. Existing records from the Ecoinvent v3.9 database were used. However, these records are
manually adjusted based on information from technical datasheets to obtain more accurate and up
to date results. Moreover, for the technical life span of all components, the report from CIBSE [47] is
used. The transport and end-of-life phase of the used materials are based on the data from a Belgian
governmental report on the environmental profile on building components [46]. Regarding the
replacement losses that occur when the configuration changes, it is assumed that 5% of the ductwork,
diffusers, lowered ceiling and raised floor cannot be reused and are assumed to be treated according
to the current practice in Belgium. All other components can be fully reused. Maintenance is excluded
since this merely includes dry cleaning of components, which has a neglectable environmental impact.

2.2.3. Impact assessment

To calculate the environmental impact, the software Brightway2 and Activity Browser is used. Two
approaches can be used to quantify environmental impacts, i.e. problem-oriented (midpoints) and
damage-oriented (endpoints) impact assessment methods [48]. The results from the latter tend to be
less transparent and more subjective [49]. Therefore, the former approach is selected to quantify the
environmental impact which is in line with the EN 15804 standard [50]. To present the results in a
concise manner, one midpoint category is selected to express the environmental impact, i.e. global
warming potential (GWP) from the hierarchist ReCiPe 2016 v1.03 method. Results from other
midpoint categories show similar trends compared to GWP and are included in the Supplementary
material.




2.3. Energy simulations

The energy-related environmental impact which is taken into account consists of two
components. The first is the energy use of the ventilation system itself, i.e. the auxiliary energy of the
fans and the energy used by the rotary heat exchanger. This is calculated manually, assuming a
constant fan efficiency of 75% and a motor efficiency of 80% [51]. The pressure drops that occur in
the ductwork are generated by the design algorithm. The pressure drops for the components, the
filters, heat exchangers and diffusers, are retrieved from technical reports. The energy consumption
of the rotary heat exchangers is calculated assuming they have a power of 180 and 90 Watt, for the
larger and the smaller air handling unit respectively.

The second component is the energy use for space conditioning. This is related to the influence of
the selected ventilation strategy on the heating and cooling demand of the building. Since this is an
indirect effect of the choice of ventilation system, the LCA study includes the absolute difference in
energy use between the ventilation strategies. The first three strategies, i.e. the centralized balanced
mechanical ventilation system, the diffuse ceiling ventilation and under floor air distribution are all
equipped with a rotary heat exchanger with an average efficiency of 80%. Consequently, they have
the same energy demand for heating and cooling. The mechanical exhaust ventilation system is not
equipped with a heat exchanger and thus will require more energy to heat and cool the building.
Finally, the decentralized balanced mechanical ventilation system also has a different energy demand
for heating and cooling. Although the heat exchangers in this system have the same average efficiency
of 80%, they are not centralized like the first three, but distributed among the decentralized air
handling units.

To calculate the energy demand for heating and cooling, dynamic simulations are performed using
the Software EnergyPlus. All four configurations are implemented in this software and simulated
separately. According to the Flemish standard, the U-value of the roof, floor and exterior wall cannot
exceed 0.24 W/(m?*K) while the maximum U-value of the exterior windows is set at 1.1 W/(m?*K).
The internal heat gains come from the students, each accounting for 100 Watts. The used climate
model for the energy simulation is a weather file which is based on measured weather data in Antwerp
(Belgium) between 2004 and 2018. The calculated total energy demand for heating and cooling is
divided by the efficiency of the generating system, viz. a heat pump with an average COP for heating
and cooling of 2,5. In the Supplementary material, a model of the energy simulation is included with
more detailed information.

2.4. Sensitivity analysis

Several assumptions were made in this study. As the study covers a time span of 20 years, it cannot
be ruled out that other pathways may occur. Therefore, sensitivity analyses (SA) are carried out to
check the robustness of the results. In total, five sensitivity analyses are performed:

e SA 1:In the energy simulations, a weather file which represents the current climate is used.
However, to determine whether global warming has an impact on the results, the energy
simulations in EnergyPlus are carried out once more while using a weather file which
represents a worst case futuristic climate. In concrete, a weather file is used which is
developed by Ramon et al. [52]. The used climate model entails a typical downscaled year,
based on the methodology of Nik [53], where the RCP 8.5 projection of the ICCP is applied on
the period of 2070-2098 in Uccle (Belgium).

e SA 2.1:Inthe original study, it is assumed that the configuration of the floorplan layout alters
every five years. Two additional scenarios are included where the configurations change more
rapidly. In the first, it is assumed that the configuration changes every two and a half years.
This means that the configuration changes seven times in total.



e SA 2.2:Inthe second additional scenario, it is assumed that the configuration of the floorplan
changes each year. This means that the configuration changes nineteen times in total.

e SA 3: The environmental impact related to the energy consumption is based on the Belgian
electricity mix, which in turn is derived from the EU reference scenario [54]. Based on the EU
reference scenario, four different electricity mixes are developed which can be used for a
period of five years, starting from 2020. In this sensitivity analysis, four alternative electricity
mixes are used which are based on a more optimistic scenario, i.e. SSP2-NDC based on the
REMIND framework [55]. This will reduce the energy-related environmental impact.

e SA 4: For the final sensitivity analysis, it is assumed that the replacement losses are 100%
instead of 5%. This means that no materials are being reused when the configuration changes.
Instead, all materials will enter their end-of-life phase which is described in [46]. The aim of
this sensitivity analysis is to highlight the environmental gains that can be made by reusing
materials as much as possible.

3. Results

In presenting the results, a distinction is made between the material- and energy-related
environmental impact. The first subsection describes which components of the ventilation strategies
cause the material-related environmental impact. Hereafter, the aggregated results are shown for all
FUs and the sensitivity analysis. More detailed information can be found in the Supplementary
material.

3.1. Impact materials

All selected ventilation strategies exist of several components. To identify which components have
an environmental impact and to what extent, an overview is given in Figure 1 on the material-related
environmental impact for configuration 1 for each ventilation strategy. Under floor air distribution is
not taken into account, since this also affects the design of the floor.

The materials of the centralized balanced mechanical ventilation system and diffuse ceiling
ventilation have the largest environmental impact. The only difference between both, is that the latter
also uses a lowered ceiling, resulting in a 36% higher impact. The decentralized balanced mechanical
ventilation and mechanical exhaust ventilation have the lowest impact, respectively 30% and 70%
lower than the centralized balanced mechanical ventilation system. This is due to the fact that the
former uses no ductwork and the latter no air handling unit and only half of the ductwork since the
supply happens naturally.

When looking at the relation between the different types of components, it is found that the
difference between the impact of the ductwork and the central air handling unit is relatively small. For
the centralized balanced mechanical ventilation system, 60% of the total environmental impact is
caused by the ductwork, while 40% is caused by the central air handling unit. Concerning the latter,
76% is caused by the components, mainly the heat exchanger and the fans, while 24% is caused by
the casing. The opposite holds true for decentral air handling units, where the casing is responsible
for 68% of the environmental impact while only 32% is caused by the components.

To summarize, the magnitude of the material-related environmental impact varies considerably
per ventilation strategy. In addition, the difference in impact between the ductwork and the central
air handling unit is limited for the initial configuration.
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Figure 1. Environmental impact caused by materials used for configuration. EOL : End-of-life

3.2. Main scenarios

In Figure 2, the results of the LCA are shown for all FUs. Since some ventilation strategies are
designed in multiple ways, as shown in Table 2, a range has been indicated for these strategies in
which the environmental impact can occur.

This shows that for FU 1, decentralized balanced mechanical ventilation has the lowest
environmental impact. The impact of the centralized balanced mechanical ventilation is higher within
a range of 13 and 34%. The mechanical exhaust ventilation has the highest impact, emitting
approximately 42 tonnes CO2-equivalent. The same pattern occurs for FU 2, although the best version
of the mechanical exhaust ventilation can perform better than the worst version of the centralized
mechanical ventilation system in contrast to FU 1. When looking at the results from FU 3, the best
design version of the centralized mechanical system has a 3% lower environmental impact than the
decentralized ventilation system. The mechanical exhaust ventilation has the highest impact while the
diffuse ceiling ventilation has an impact which is 26 to 30% higher than the best version of the
centralized mechanical ventilation. Finally, the decentralized ventilation has the lowest impact for FU
1’. Its impact is 9% lower than the environmental impact of the mechanical exhaust ventilation and
the under floor air distribution. The best version of the centralized ventilation has an impact which is
only 3% higher compared to the decentralized ventilation while the worst version also has a 9% higher
environmental impact. The reason that emission of CO2-equivalents is up to three times as high
compared to the other FUs, is that the floor layers, i.e. the screed and ceramic tiles, are taken into
account as well for FU 1’ as discussed earlier.



Cen_mv

Mev

FU1

Dec_mv

Cen_mv

Mev

FU2

Dec_mv

Cen_mv

Mev

FU3

Dev

Dec_mv

Cen_mv

Ufad

FU1

Mev

Dec_mv

0,0 20,0 40,0 60,0 80,0 100,0 120,0 140,0
Tonnes CO2-eq

Min impact Max impact

Figure 2. Environmental impact ventilation strategies for all functional units

In Figure 3, more detailed information is shown concerning the environmental impact of the
different ventilation strategies. It turns out, from an environmental point of view, that there is a
substantial difference regarding the design of the ductwork for the centralized balanced mechanical
ventilation system. For all FUs, the energetically optimized design has the highest impact while
minimizing the material usage of the ductwork results in the lowest environmental impact. For
example, when looking at FU 1, the energetically optimized system has a 19% higher impact compared
to the system minimizing its material usage. Despite the fact that the former consumes 8748 kWh less,
it uses 5562 kg ductwork, almost twice as much as the latter. Only for FU 3, the combined optimization
method results in the lowest environmental impact. For this FU, the necessary replacements are
smaller as both configurations are very similar.

Secondly, it can be seen from the results that dividing the ductwork over two shafts has a smaller
environmental impact, up to 12%, than using only one shaft. Although using one shaft requires fewer
meters of ductwork, its total weight of ductwork is higher as it requires more voluminous ductwork
compared to using two shafts where smaller ductwork can be used. Moreover, using two shafts also
result in a slightly lower energy consumption of the fans as the total distance of the ductwork becomes
shorter. This means that dividing ducts over two shafts has a double advantage. On the one hand, it
has a smaller environmental impact and, on the other, it offers more freedom to use a building in a
flexible manner.

Regarding the low-pressure systems, i.e. diffuse ceiling ventilation and under floor air distribution,
their higher environmental impact is largely explained by the impact that is caused by the lowered
ceiling and raised floor respectively as they use less ductwork compared to the centralized balanced
mechanical ventilation.

The largest environmental impact is often caused by the mechanical exhaust ventilation.
Notwithstanding the fact that it uses 1904 kg ductwork less than the centralized mechanical
ventilation system, its energy-related impact is much higher. The energy that is required for heating
and cooling emits more than 25 tonnes of CO2-equivalent than the energy that is required when using
a centralized balanced mechanical ventilation system. It is however important to note that the energy



level consumed by the fans is twice as low, as only one fan is required to exhaust the air mechanically.
Still, this does not outweigh the indirect energy consumption related to the ventilation system.

Finally, the decentralized balanced mechanical ventilation system has the lowest environmental
impact on the whole. From the results, it can be seen that this is mainly explained by the fact that
almost no replacements of the ventilation systems are required when the configuration of the
floorplan changes. In addition, it also has a relatively low initial environmental impact as shown in
Figure 1.

3.3. Results sensitivity analysis

To assess the robustness of the results, a set of sensitivity analyses is carried out. All these
sensitivity analysis are based on FU 1. The results can be found in Figure 4. In SA 1, the energy
simulations are performed again while using a climate model which is based on the ECP 8.5 high end
climate change scenario for Belgium for the period 2070-2098. It can be concluded that, although
small changes occur in the energy consumption for heating and cooling, the main conclusions remain
the same compared to when a climate model is used that represents the current climate situation.

In SA 2.1 and SA 2.2, the frequency with which the configuration of the floor plans changes is
increased, respectively to two and a half and one year. This higher frequency implies a higher
environmental impact for all ventilation strategies because more replacements are required. The only
ventilation strategy where the environmental impact barely increases, respectively 5 and 17%, is the
decentralized ventilation system since this strategy requires almost no replacements when the
configuration changes. On the other hand, the impact of the centralized ventilation system can
increase up to 37% when the configuration changes every 2,5 years or even up to 155% when it
changes every year. With respect to the mechanical exhaust ventilation, the impact increases 14 and
65% respectively.

However, the magnitude of this increase depends on how the design of the ductwork is optimized.
As the impact related to the replacements becomes greater, minimizing the material usage of the
ductwork performs relatively better. Its environmental impact is 29% lower compared to a centralized
ventilation system where the design of the ductwork is energetically optimized when the
configuration changes every two and a half years and even 43% lower when the configuration changes
every year.

Regarding SA 3, where a more optimistic electricity mix is used, is beneficial for ventilation
strategies where a larger relative share from the total environmental impact is caused by energy
consumption. This is mainly the case for the mechanical exhaust ventilation. Its total impact is almost
halved by using this more optimistic energy mix making it the best ventilation strategy while it is the
worst when the EU reference electricity mix is used. Moreover, the centralized ventilation system
where the design of the ductwork is energetically optimized loses its energetical advantage and
manifestly becomes the worst design optimization method from an environmental point of view.

SA 4 highlights the importance of a proper facility management to maximize the reuse potential
and avoid unnecessary losses. For the centralized mechanical ventilation system this can lead to an
environmental impact which is almost five times higher than in the scenario where all the ductwork is
reused as much as possible. Regarding the mechanical exhaust ventilation, the total environmental
impact more than doubles while the impact of the decentralized ventilation only increases with 17%
as this strategy requires almost no replacements.
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Figure 3. Disaggregated environmental impact ventilation strategies for all functional units. Initial construction = Environmental impact caused by all the materials used for configuration 1;
Replacements = Environmental impact caused by all materials which are not initially included in configuration 1.
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4. Discussion

The present case study contributes to the field of adaptable buildings by comparing the
environmental impact of several ventilation strategies in a flexible context. The results show that in
this context, material efficient strategies are most likely to have the lowest environmental impact.
However, considering the results from the sensitivity analyses, a large range of outcomes is possible.
This illustrates the importance of assessing the environmental impact quantitatively to assure well-
informed design choices.

To date, almost no case studies exist where the environmental impact of ventilation systems are
guantitatively compared to each other in a flexible context. Only one exploratory case study carried
out an LCA on a centralized balanced mechanical ventilation system and a ductless mechanical exhaust
ventilation system in a school building where the configuration of the floorplan changes every five
years [30]. The results from this study show that the impact of centralized mechanical ventilation is
40% higher despite it being more energy efficient. The present case study in this paper distinguishes
itself from the exploratory case study in two ways.

First, the design of the ventilation strategies and the LCA are carried out more in depth, using
design algorithms and datasets and data collections that are more up to date and data collection to
assess the environmental impact. Secondly, the flexible use scenarios are not chosen randomly in this
study, but are based on the input by educational stakeholders. The latter is important, given that
future building use depends on the needs of relevant stakeholders.

Bearing the innovative character of this study in mind, some novel insights are obtained. While
most studies assessing the sustainability of ventilation systems only take the energy consumption into
account, e.g. studies from Ben-David and Waring [56] and Amanowicz et al. [57], it turns out that the
material-related environmental impact becomes greater, both in absolute and relative terms, in a
flexible context. Considering the results from FU 1, it can be deduced that material-related
environmental impact accounts for 50 to 63% of the total impact. Only for the mechanical exhaust
ventilation the greatest impact, 81%, is caused by energy consumption.

As shown in Figure 1, the material-related environmental impact of the initial construction is
approximately equally divided between the ductwork and the air handling unit for the centralized
ventilation systems. However, when the configuration changes, only the ductwork requires
replacements. This means that ventilation strategies that minimize ductwork usage perform better
when a certain degree of adaptability is required.

The only exception is the mechanical exhaust ventilation strategy. Despite its use of few materials,
it has the highest environmental impact because this ventilation strategy requires a higher energy
demand for heating and cooling compared to other ventilation strategies. In this case, an additional
65,5 MWh is required over a period of 20 years when the school building is equipped with a
mechanical exhaust ventilation compared to when a centralized balanced mechanical ventilation
system is used. However, the sensitivity analyses show that a mechanical exhaust ventilation system
does not have the largest environmental impact per definition. When the configuration of the
floorplan layout changes more rapidly, and the material-related impact thus becomes more
important, its relative environmental impact decreases. Following the same logic, when the electricity
mix has a lower environmental impact, its relative environmental impact decreases as well. On the
other hand, using a less energy efficient system than a heat pump will have the opposite effect,
resulting in an even higher environmental impact that is related to heating and cooling.

Another observation is that low pressure systems, i.e. diffuse ceiling ventilation and under floor
air distribution, are not the most environment friendly solutions despite often being praised for their
adaptability [58]. Moreover, diffuse ceiling ventilation is only able to facilitate the first two
configurations, strongly limiting its adaptability. However, despite their higher environmental impact,



these systems can be more user-friendly as it is easier to remove a floor diffuser than to remove and
replace the entire network of ducting. In addition, a raised floor is multifunctional as it can also be
used to cover ICT cables for example.

However, it is important to discuss some limitations of this study as well. First, although all
ventilation strategies meet the required ventilation standards, they will not lead to the exact same
indoor environment. For example, a mechanical exhaust ventilation system leads to more draughts
when the wind is strong since air is supplied naturally [59]. Diffuse ceiling ventilation, on the other
hand, is able to achieve high levels of thermal comfort [60]. Since it is impossible to take all these
differences into account, the ventilation strategies are compared to each other at a conceptual level.

Secondly, it should be stressed that sustainability is more than environmental impact. It also
includes economic and social impacts. It is important to emphasize this, since adaptable building
solutions often have a higher initial cost, although they might have a lower total cost of ownership
[61]. To assess this properly, a life cycle cost analysis (LCCA) can be carried out. An example of such a
study carried out by Milwicz and Pastawski [62], where the life cycle cost for several heating systems
are compared in a flexible context for a single family building, shows that more sustainable solutions
indeed have a higher initial cost, but that their total life cycle cost is lower compared to more polluting
heating systems. Besides the environmental and economic impact, it is also important to consider the
end-users when designing ventilation systems. When building owners do not know how to optimally
manage the ventilation system in a flexible context, potential gains risk being lost.

Future research effort should take these other dimensions of sustainability into account as well,
e.g. by conducting an LCCA and a social life cycle assessment (S-LCA) as well as an LCA. In addition, the
effect of other types of flexible building usage should be studied. It would, for example, be interesting
to look more in-depth into more short-term flexible building usage. In a school context, this can
manifest itself in the community being more closely involved in the school building after school hours.
This might require other solutions, such as smart controlled ventilation [63]. In this case, it can be
expected that the energy-related environmental impact might increase, since more hours of heating,
cooling and ventilation would be required. Besides school buildings, other types of buildings, such as
office buildings, might also be considered for a flexible building usage. These other building types
might also require other ventilation solutions. Finally, studying the role of other technical services in
adaptable buildings is also encouraged.

5. Conclusion

To conclude, ventilation must be taken into account when designing a building that is intended
for a flexible usage. In this case study, the environmental impact of five ventilation strategies is
compared to each other in a school building where configuration of the floorplan changes every five
years. Consequential LCA is used to assess the environmental impact. Generally, it can be concluded
that the material-related environmental impact increases in a flexible context.

It is found that a decentralized balanced mechanical ventilation systems often has the lowest
environmental impact, mainly because few adaptations are required when the configuration of the
floorplan changes. This leads to an environmental impact which is 13% lower than the impact of a
centralized balanced mechanical ventilation. A mechanical exhaust ventilation system has the highest
environmental impact despite its low material usage. This is explained by the large energy demand for
heating and cooling that accompanies this ventilation strategy, resulting in an environmental impact
which is 38% higher than the impact of decentralized balanced mechanical ventilation system.
However, when the configuration of the floorplan changes more rapidly or a cleaner electricity mix is
used, its relative environmental impact decreases. This shows the necessity of making informed



prognoses about possible future use when designing the ventilation system. Regarding the ductwork
for the centralized balanced mechanical ventilation system, it is recommended in a flexible context to
use as few materials as possible instead of oversizing the dimensions to increase the energy efficiency
as this can reduce the environmental impact by 16%. Moreover, it is found that distributing the
ductwork over two shafts increases the potential to use a building flexibly while at the same time
reducing the environmental impact by 14% since smaller dimensions of ductwork can be used. The
low-pressure ventilation systems, i.e. diffuse ceiling ventilation systems and under floor air
distribution, have been shown to have a larger environmental impact, respectively 26% and 6%, than
a standard centralized balanced mechanical ventilation system.

Bearing these insights in mind, further research should also look into other types of flexible
building usage and account for life cycle costing as well.

6. Supplementary material

Supplementary data to this article can be found online:
https://data.mendeley.com/datasets/3rsxdxvy8k/1
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