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Abstract

Hybrid heat production systems, in which sustainable technologies such as Combined Heat and Power
(CHP) or heat pumps are combined with auxiliary heaters, have the potential to increase energy efficiency
in buildings. In order to exploit this potential, a proper hydronic configuration of the production system is
of uttermost importance. Unfortunately, both scientific literature and design guides have focussed little on
this aspect.

Therefore, this paper proposes a general simulation-based design methodology for selecting the hydronic
configuration of a hybrid production system. To illustrate the methodology, it is applied on different case
studies in which either a CHP or an Electrical ground-coupled Heat Pump (EHP) is assisted by an auxiliary
boiler. The considered apartment building is equipped with a collective heating system for both space
heating and domestic hot water (DHW) production, and four different combinations of the temperature
levels are considered.

Results show that if a CHP is considered, the auxiliary boiler should be implemented in parallel and be
assisted by a modulating valve: this increases the Relative Primary Energy Savings (RPES) with up to 6.2
percentage points. EHPs require a separate circuit in the production system for space heating and DHW,
preferably with preheating of the domestic cold water (an increase in RPES of up to 16.1 percentage points
was reported).

The use of a new type of Load Duration Curve to analyse the simulation results proved to be a compre-
hensible measure for decision making at the level of every stakeholder in the design process. In conclusion,
the proposed methodology can assist these stakeholders in their pursuit of high performance hybrid heat
production systems.

Keywords: Hydronic configurations, Hybrid heat production, Cogeneration, CHP, Ground-coupled heat
pumps, GCHP

1. Introduction

1.1. Problem statement

Energy-efficiency is a strict requirement to reach the 2020 and 2030 climate-related goals in Europe [1].
Not surprisingly, over the past decades the integration of sustainable heat production in buildings has been
increasing [2, 3, 4]. This integration is facilitated by the trend towards collective heating systems!, as the
used technologies are subject to economies of scale [5, 6]. For large buildings, two technologies in particular
are wide-spread: Internal Combustion Engine-based Combined Heat and Power (ICE-CHP, from here also
referred to as just CHP) [7, 8] and Electric ground-coupled Heat Pumps (EHP) [9, 10].

The disadvantage of both technologies is their capital cost, and therefore, if one of them is implemented
in a building it is often combined with an inexpensive auxiliary heater, typically a boiler. This boiler assists

*Corresponding author: freek.vanriet@uantwerpen.be
1n ’collective heating systems’ multiple residences are served by a single production system
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the sustainable producer (from here also referred to as ’principal heat producer’) at peak load conditions,
allowing the size of the latter to be reduced [11, 12, 13].

Such hybrid heat production systems are highly complex to design and require guides for a proper inte-
gration in buildings [14, 15, 16, 17, 18]. While the steps in these guides are described differently, all have a
common structure (also summarized in Figure 1, see black text):

e Quantify the heat load demand of the building and, if a CHP is considered, the electric load demand.
When renovating buildings, these profiles can be obtained by measurements or estimated by data
provided by energy suppliers. For new buildings, profiles based on either ’'standard’ buildings or
simulations can be used.

e With these profiles and after performing a (pre-) feasibility study, the actual design concept is devel-
oped. The following aspects should be covered: technology selection, sizing (including of an auxiliary
heater and thermal storage tank), determining the control strategy and choosing the hydronic config-
uration.

e Finally, the design is translated into a real installation in the realisation phase, and is afterwards
operated and maintained.

Great efforts have been made to develop methodologies for the different aspects of the design of hybrid
heat production systems. Pragmatic approaches exist, which allow simplistic but fast sizing, without the
need for intensive computations: e.g. the maximum rectangle method [19] maximises the thermal production
of a CHP that is not able to operate in part load, and a corresponding thermal storage tank can be sized to
limit the number of ON/OFF cycles in a day [14]. Analogue approaches exists for heat pump sizing (based
on a ’f-curve’) and corresponding tank sizing to limit the number of shut-downs [17, 18]. Also detailed,
more computationally expensive methodologies have been proposed for hybrid heat production systems,
whether or not including electricity or cold production. Indeed, numerous (multi-objective) optimisation
algorithms can be found in literature that are developed for technology selection and sizing of the components
[20, 11, 21, 22, 23, 6, 24, 25, etc.]. Furthermore, various authors have reported methodologies to optimise
operation strategies [26, 27, 28, 29, 23, 30, 31, 32, etc.]

Given the selected technologies, the sizes of all production components and the strategy to control
them, a final question remains: how should all components be connected by pipes, pumps and valves? It
is known that in practice this has an important effect on the performance of the production system [4].
Unfortunately, current guides [14, 15, 16, 17, 18, 33] hardly provide an answer to the question, or lack
consistency and scientific proof. Also in academics, the design of the hydronic configuration of hybrid heat
production systems is only in its infancy. The few scientific references that are available are discussed
hereafter.

Glembin et al. [34] investigated five different configurations of a hybrid system with solar collectors and
a boiler, providing heat for space heating and domestic hot water (DHW) production of a single-family
house. A difference in energy savings of up to 12 percentage points between the different configurations was
found?. The capacity and type (with or without improvement of the stratification) of thermal storage tank
were different between the different hydronic configurations.

Other research [35] compared multiple configurations of solar collectors with either a heat pump or a
boiler, also for a single-family house with both space heating and DHW production. Along with the hydronic
configurations of the production system, the types of emitters were altered (radiators, floor heating or con-
crete core activation), which revealed differences with the same order of magnitude: assuming, respectively,
a heat pump or a boiler as auxiliary heater, up to 12% or 11% less energy was consumed?>.

Bonabe de Rougé et al. [36] investigated three different hydronic configurations for a hybrid heating
system consisting of a Stirling engine-based CHP and a boiler: a difference in relative energy savings of up
to 6 percentage points* was found for a single-family house with both space heating and DHW. All three

2Estimated based on Fig. 2 of reference [34] and considering the case with a collector area of 30m?2

3Estimated based on, respectively, Fig. 2 and 3 of reference [35], and considering a collector area of 60m? and the cases
with radiators as emitters.

4Estimated based on Fig. 7 of reference [36] for ”Low” occupancy profiles of concepts ”C1 160” and ”C2 750”.
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hydronic configurations were, beside the difference in configuration itself, characterised by other storage
tank capacities and insulation levels.

For a hybrid production system with an ICE-CHP, different hydronic concepts were compared (’serial’,
‘parallel’ and ’shunt’ connections between CHP and boiler) and showed a difference of up to 10 percentage
points of relative energy savings [37, 38]. These differences were found to be even more expressed for hybrid
production systems with an EHP and a boiler (up to 20 percentage points [39]). The latter three papers
considered an apartment building with a collective system for space heating only; domestic hot water (DHW)
was not considered.

Within the limited literature available on hydronic configurations of hybrid heat production systems,
three main problems can be identified:

1. None of the literature describes a methodology that provides a comprehensible output which can
be used for decision making of a design process by all stakeholders: installers, engineering offices
and manufacturers. The susceptibility of the performance of hybrid heat production systems to the
hydronic configuration, and its complexity that installers, engineering offices and manufacturers have
to deal with, highlight the need for a methodology which is more comprehensible for its users.

2. Most research fails to distinguish between the effect of the actual hydronic configuration and other
design choices, such as tank characteristics (type, number, size or insulation level) or type of emitter
systems. In other words, the results allow to observe mixed effects only, which complicate the design
process if some boundary conditions of the hydronic configuration selection are determined in advance.
This is especially true when different stakeholders are responsible for different aspects of the design.

3. Not a single case is covered in which a hybrid heat production system with either one of the two
most common sustainable technologies for large buildings (an EHP or an ICE-CHP) serves a collective
heating system for both space heating and domestic hot water. Such a common combination requires
a thorough analysis.

1.2. Scope and outline of the paper

This paper proposes a general methodology to design the hydronic configuration of a hybrid heat pro-
duction system, consisting of a ’principal’ and an ’auxiliary’ heat producer, and applies it on different
case studies to formulate generalised guidelines. The paper thereby provides a significant contribution to
the research field of hybrid heat production systems at three levels, covering the main problems identified
above.

First of all, a design methodology is proposed consisting of three steps (Section II): the development of
a morphological chart, simulation-based evaluation and the actual selection of an hydronic configuration.
Also a new type of ’extended Load Duration Curve’ is suggested which enables a comprehensible analysis
for decision making (solution to problem 1).

While the different steps of the proposed design methodology, including the developed simulation envi-
ronment and type of Load Duration Curve, can be used for different types of heating systems, here (Section
III) it is applied to the most common hybrid production systems for collective housing. More specific, eight
representative case studies are considered, all consisting of an apartment building with a collective system
for both space heating and DHW production. Four cases are equipped with an ICE-CHP and the other
four with a ground-coupled heat pump. For both groups, the four cases are characterised by different design
temperature levels of the space heating and DHW circuit. In combination with an in-depth analysis of
the dynamic behaviour of all configurations, this sensitivity analysis allows to formulate generalised guide-
lines that can be consulted by designers (solution to problem 2). Within the analysis of each case study, the
boundary conditions are kept the same for each hydronic configurations to prevent the results from reflecting
mixed effects (solution to problem 3).

The formulated guidelines are not only useful for the stakeholders of design processes, they also allow
academic researchers to select only a single hydronic configuration so that other aspects, such as technology
selection, sizing or control strategy, can be investigated.
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Figure 1: Schematic representation of the design methodology proposed in this research (in green), given in the context of
existing methodologies (black).

2. Design methodology

2.1. General description

Figure 1 shows both the existing methodologies, as discussed in the introduction, and the proposed
improvement. Existing methodologies result, in general, in the following outputs that are required for
designing the hydronic configuration of an hybrid production system:

e Demand side®-specific boundary conditions: the type of heat distribution system, characteristics of
emitter system, inhabitant behaviour and thermo-physical properties of the building itself. All these
characteristics are determined in an earlier stage of the design process and are translated into repre-
sentative load profiles of the demand side, referred to as Demand Load Profiles (DLPs).

e Production-specific boundary conditions: selected heat production technologies, their respective sizes
and control strategies. These decisions are based on existing optimisation strategies that take the
Demand Load Profiles (DLPs) as input. Ideally, these DLPs contain not only the thermal load of the
building in time, but also at which temperature this load is required. This allows to take the limited
temperature range of e.g. heat pumps into account. The outputs of the optimisation consist typically
of, beside the decisions themselves, the heat loads of each component in the production system at each
time step. These 'Production Load Profiles’ (PLPs) reflect the expected behaviour of the production
system for the given production-specific boundary conditions, while making abstraction of the hydronic
configuration. Indeed, the optimisation is typically based on loads only, not on detailed simulations of
the hydronics.

Given the load profiles (both DLP and PLP) and the boundary conditions as starting point (see two
green arrows towards 'Hydronics’ in Figure 1), the methodology follows three steps in order to arrive at an
hydronic configuration.

First, a structured representation of existing and/or novel hydronic configurations is given by means of a
morphological chart and corresponding guidelines. In the next subsection, this is given for hybrid production
system with either a CHP or an EHP that serve a collective heating system for both space heating and
domestic hot water (DHW) production. After that, each hydronic configuration is simulated based on
dynamic building system simulations (Subsection 2.3). Then, based on the results of these simulations,
the new type of Load Duration Curves (LDCs) are generated for all the hydronic configurations, thereby

5In this paper, the term ’demand side’ refers to the heat distribution system, emitters and the building itself, i.e everything
that is not included in the ’heat production system’
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providing a graphical tool for analysis and selection (Subsection 2.4). After these three steps, insights for
other novel configurations or the formulation of new guidelines can provide feedback for future projects or
for the current project (reversed arrow in Figure 1).

2.2. Morphological chart and guidelines

As already discussed in the introduction, literature -scientific literature in particular- lacks information
on hydronic designs of heat production systems. Therefore, this subsection is based on input from different
parties in the private sector involved in the design of hybrid heat production systems. Based on this input,
the current practice of hybrid heat production systems applied to collective systems for space heating and
domestic hot water production was defined, with a focus on either ICE-CHPs or EHPs.

To set up a morphological chart, the functionality of each component should be specified:

e the 'principal heat producer’, i.e. the CHP or EHP, serves as sustainable heat source.

e a storage tank (from here referred to as just ’tank’) balances the heat produced by the principal
heat producer and the building’s thermal demand. Depending on its state of charge, as quantified by
temperature measurements, and assuming a heat-lead control it generates an ON/OFF signal for the
principal heat producer.

e the ’auxiliary heat producer’, i.e. the boiler, serves as a peak load heat producer. It controls the
supply water temperature if it does not reach its set point.

e the distribution system transfers heat from the production system to the end use. This distribution
system contains a tank with DHW to reduce peak loads of DHW production (from here referred to as
just 'DHW tank’).

e The end use consists of heat emitters and tapping units to transfer heat for space heating or to provide
DHW.

Each of these required functionalities can have multiple solutions (i.e. hydronic configurations), which
are presented in a morphological chart for configurations with either CHP or EHP in Figure 2. The dif-
ferent solutions are represented by a set of five Base Clircuits (BCs), a concept which was introduced by
Vandenbulcke [40] for the evaluation of thermal distribution systems. In total, seven hydronic configurations
(HC) are considered: from "HC T’ to "HC VI’ with two variations regarding control strategy for "HC II.
Not all configurations are applicable for both CHP and EHP, and for those that are, a small difference in
design exists: the presence of a three-way valve in the CHP BC and Tank BC. Before all configurations are
discussed, these two differences will be explained.

First, ICE-CHPs are equipped with an internal cooling circuit to recuperate heat and in order to obtain
proper operation (high electrical efficiency). For this latter reason, the temperature of the internal cooling
circuit fluid going in the engine block is restricted to a minimum of typically 60°C. While other methods
exist, the most conventional way to achieve this restriction is by control of the inlet water temperature [38].
Therefore, the considered CHP devices are equipped with a modulating three-way valve (see PHP BCs in
Figure 2 for configurations with a CHP).

Second, heat pumps are even more sensitive to the temperature they operate and shut down if an upper
limit is exceeded. To avoid this, an open-closed three-way valve (see Tank BCs in Figure 2 for configurations
with an EHP) prevents return water at a too high temperature to flow towards the heat pump or to flow
into the tank.

From here, all hydronic configurations (HC) of the production system will be discussed all serving the
same building. The exact demand- and production-specific boundary conditions are discussed further in
Subsection 3.1 . Note that the principle of HC I and the two variations of HC II have been discussed before
[39, 38].

e HC I. The boiler is integrated in series with the supply water. If it is OFF, water is bypassed by
a three-way valve. Note that the boiler inlet water is heated by the principal heat producer, which
decreases the boiler’s efficiency.



PHP Tank Boiler Distribution End use

HC

ICE-CHP

EHP

Storage tank (technical water )

Storage tank (DHW)
with coil heat exchanger

Auxiliary boiler

Apartment unit with end use:

space heating and DHWW

Pump

Connectton to public water

supply grid

Plate heat exchanger

Open-closed three-way valve

Modulating three-way valve

Open-closed two-way valve

II

CHP

v

Modulating two-way valve

Supply pipe (technical water)

Return pipe (technical water)

DHW pipe

DCW pipe

Boundaries of Base Circuits

Nodes, resp.: technical pipes,

DHW pipes, Base Circuits

II

EHP

v
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Figure 2: Morphological chart of the production system for two different Principal Heat Producers (PHP). It is intended to
show the basics of the hydronic configurations, not as a P&ID. Indeed, non-return valves and balancing valves are not shown.
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e HC II. A lower inlet temperature can be achieved if the boiler is implemented in parallel with the
principal heat producer. Again, if the boiler is ON, the amount of water that flows through it depends
on the control strategy of the two-way valve:

— Open-closed control valve (referred to as "HC Ilo/c’): if the valve opens, it always opens com-
pletely and a fixed share of the return water flows directly through the boiler; the other share
flows towards the tank. The ratio between these two shares is ensured by balancing valves which
settings depend on the ratio of the nominal boiler and PHP heat load. The disadvantage of this
control is that it decreases the flow towards the tank which is then discharged at a lower rate.
In turn, this might decrease the operation of the principal heat producer since the latter is shut
down if the tank is charged completely.

— By using a modulating valve (referred to as 'HC IImod’), the decreased discharging rate can
be minimised while taking overheating of the boiler into account at low flow rates [39, 38]. This
modulating valve also prevents flow through the tank if the tank is not able to provide net heat.
This might temporarily occur if the temperature of return water is higher than that of the water
in the tank.

e HC III. Analogue to HC II with modulating valve control, also this configuration aims to combine a
low boiler inlet temperature, while preventing the tank from being discharged at a low rate. This is
possible by integrating the boiler above the tank, so that the flow through the tank is not affected by
the operational state of the boiler. Note that this configuration is only able to increase temperature
of the supply water if water flows through the tank from bottom to top. For cases with a CHP with
inlet temperature control, this is acceptable since also the outlet temperature is high (typically 80 °C).
For cases with heat pumps this might result in malfunctioning since the supply temperature cannot
be guaranteed if the water in the tank flows from top to bottom. As a result, this configuration is not
considered for cases with an EHP.

e HC IV. To exploit a potential difference in temperature requirements between space heating and
DHW, both types of end uses are heated with a separate circuit. While especially for heat pumps this
configuration is expected to be beneficial, it is also considered for cases with a CHP. The disadvantage
is that all heat for DHW production has to be provided by the boiler.

e HC V. In order to avoid the disadvantage of the previous configuration, the cold domestic water is
preheated by the principal heat producer using a heat exchanger. Given the high supply temperature
of the CHP and its implications for the DHW tank (possibility of reversed heat transfer in the helical
coil heat exchanger and destruction of stratification), this configuration is only considered for EHPs.

e HC VI. Rather than preheating the DHW tank’s supply water with an extra heat exchanger, the
coil heat exchanger can also be supplied by the principal heat producer directly. This concept is also
applicable to cases with a CHP.

2.3. Simulations

All simulations can be performed with a simulation environment created in Matlab, partially developed
in the context of the project ’Instal 2020’ [41] which is, with exception of the DHW tank’s internal heat
exchanger, discribed previously [39, 42, 38]. The environment verifies energy balances at component level
and at system level at all time steps, thereby ensuring correct programming of the simulation scripts. Only
some aspects of the models that are required to interpret the results of the case studies are given. For
detailed descriptions regarding the considered component models, the reader is referred to the latter cited
work.

First of all, the behaviour of the inhabitants, i.e. settings of the set-point temperatures of the zones
and usage of domestic hot water (DHW) was emulated by a ’statistical profile generator’, which has been
developed in previous projects [43, 41].

The models of the distribution system and building were implemented as following:

7
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e Each individual apartment is represented as a single zone and described by a 2R2C model [38]. The
outdoor temperature and the solar heat gains throughout the year are defined by a Test Reference
Year of Meteonorm based on meteorological data from Uccle, Belgium [44].

e The thermal behaviour of the emitters are represented by a dynamic radiator model with three uniform
segments [45, 46]. The outgoing temperature at steady state is estimated maximum 2.9°C too high
[38], compared to an LMTD (Logarithmic Mean Temperature Difference [47]) model.

e A plug-flow pipe model analogue to type 31 in TRNSYS Library[48] was implemented [49].

o A stratified thermal storage tank model analogue to type 4 in TRNSYS Library [48] is considered. For
the DHW tank, a term to take heating from the internal heat exchanger is included. The corresponding
equations are given in the appendix, in which also the protocol is given to enable fast calculations of
this heat exchange: vectorised instead of sequential calculations for the different segments.

The thermal model of all three heat production components (CHP, EHP and boiler), is given by the
following equation:

dTou . .
Cprod Tt = ch - UAloss,skin (Tout - Tenv) - thd (1)

with: Tt (K) the temperature of the thermal mass of the producer, Cproq (J K1) the overall thermal
capacity of the producer, ch (W) the heat transfer between the heat source and the thermal mass, Tey,
(K) the temperature of the surroundings of the envelope and UA;pss skin (W K1) the overall heat transfer
coefficient of the envelope. UAjoss skin Was fitted on catalogue data based on the skin losses at nominal
conditions. thd (W) is the heat transfer towards the hydronic system, equal to thd =cm (Tour — Tin),
with ¢ (J kg=* K1) the specific heat capacity of water, T;, (K) the inlet water temperature and m (kg/s)
the mass flow rate of the water.

In the context of building system simulations, Equation 1 is a typical one to describe the dynamics of
boilers [50, 51, 52, 53] and it was also applied on ICE-CHPs [54]. To obtain consistency in model structure
for all three heat producers, a minor adjustment of the heat pump model used by others [55, 56, 57] was
made. Indeed, instead of applying a first order delay on the heat transfer within the condenser to include
dynamic behaviour, here this delay is applied on the temperature of the condenser.

For the CHP and boiler, Qy, is assumed to be controlled directly by internal control logics, while for
the EHP it is considered to be the result of its source and sink temperatures (quantified by a second order
polynomial [39]). For the CHP, Qy is at its nominal value if the inlet temperature is below 70°C and
decreases linearly to 50% between 70°C and 75°C. The CHP shuts down at an inlet or outlet temperature
higher than 75°C and 90°C; the EHP at an inlet or outlet temperature above 55°C and 60°C, respectively.

The relation between thermal behaviour and the consumed energy (gas for the boiler or CHP and
electricity for the EHP) is given by a so called performance map. The boiler’s performance map is given
by an instantaneous thermal efficiency as a generalised function of inlet temperature, outlet temperature
and part load ratio [58, 59]. It includes the non-linear effect of temperature levels on condensation gains
and the effectiveness of the combustion heat exchanger. The performance map of the heat pump is, again,
given by a second order polynomial in function of its source and sink temperatures [39]. Finally, the CHP’s
performance map takes a linear effect of the inlet temperature and part load into account. Also its electrical
efficiency is approximated by a linear function, but only in function of the part load ratio [38].

The hydraulic models of control valves and pumps are simplified in order to reduce model complexity
and decrease computation time. This means that control signals are considered to affect flow rates directly,
without relying on models based on fluid mechanics. The assumptions and implications of this simplification
has been discussed in previous work [38].

In what follows, the simulations performed in this step are referred to as the 'main simulations’. This
allows to distinguish them from the reference simulations that are used to generate the Demand Load Profile
and Production Load Profile.
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2.4. Analysis and selection

In this paper, ’extended Load Duration Curves’ are proposed as a comprehensible measure for evaluating
hydronic configurations. They allow to evaluate a configuration on a single graph, while still providing some
explanation of its behaviour. It should give the designer an idea about the overall performance, and allow
to detect faults and benefits without necessarily looking into the large amount of simulation data from the
previous step.

To explain the basic idea behind the extended LDCs, an example is given in Figure 3. The three colors
represent three components of the production system: boiler (red), principal heat producer (green) and
tank (blue). As is the case for conventional LDCs, the figure shows the total heat load in descending order.
The extended LDC, however, adds information by providing insight in how this heat is delivered by the
production system:

100 :
I boiler
php
I tank
- LDC DLP
X, | Pe — — —LDC phyp
- load
30 B _ Part |
3
A 1 Z\/\ load
0 |
-30 ‘
0 5597 8760

Duration [h]

Figure 3: An example of an extended Load Duration Curve (LDC), with the three differently coloured areas referring to
different components of the production system (php stands for principal heat producer). Also the LDC of the principal heat
producer is shown and reveals the yearly operational hours.

e The LDC of the principal heat producer itself is shown as a dotted line. It shows its total operating
hours (were the line collides with the x-axis, for this example equal to 5597h) and its total amount
of produced heat (area under the line). Note that the tank enables the principal heat producer to
operate also at low loads, thereby extending the total operation time.

e The upper area, denoted by the term 'Peak load’, represents the heat delivered at loads higher than
what the principal heat producer can generate, typically a situation in which the boiler provides
back-up heat.

e The principal heat producer covers the 'Base load’, which is shown as an area that is limited by the
producer’s nominal thermal load. This nominal load is shown on the y-axis and is in this example
equal to 30% of the building full load.

e From the principal heat producer’s point of view, the building is in ’Part load’ if the demand is lower
than the formers nominal load. As a result, this area represents two typical situations: the principal
heat producer is ON and the excess heat is stored in the tank (blue area’s below x-axis) or it is OFF
and the heat is delivered by the tank (blue area’s above x-axis).

e The solid black line shows the LDC of the Demand Load Profile (DLP). In this example, the demand
load matches the production load exactly.
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According to the present methodology, these extended load duration curves are generated for both the
Production Load Profile (PLP). The LDC of the PLP is intended to show the designer the behaviour of
the production system, as expected based on thermal loads only. The LDCs based on the main simulations
reflect the behaviour of the production system including the effect of the hydronic configuration. Showing
both allows the user to distinguish the effect of the production-specific boundary conditions from the actual
effect of the hydronic configuration. Given the common use of conventional LDCs, it is expected that the
proposed extended LDCs are easily accessible for all stakeholders in design processes.

Besides this qualitative analysis, also a quantitative evaluation is possible for all the hydronic config-
urations. First, to describe the effect of an hydronic configuration on the demand side performance, the
following Key Performance Indicators (KPI’s) are used:

pTQegh: the extra building’s thermal energy consumption that is used to heat the building, relative to

the value corresponding to the DLP (in %). The building’s thermal energy consumption is defined as
the total thermal energy transferred from the production system to the end use by the distribution
system.

pgfhw: the extra building’s thermal energy consumption that is used to deliver DHW to the end users,

relative to the value corresponding to the DLP (in %).

The Room Temperature Lack (RTL) and Sanitary Temperature Lack (STL) quantify the discomfort
of the space heating and domestic hot water as experienced by the end users, respectively. These
variables are expressed in number of degree hours per day, and a Temperature Lack (T'L) within a
period t2 — t; is, in general, calculated as follows [52]:

ta
TL = / (Tap — Tpo) dt if Tpy < Ty (2)

t1

With T, the set point temperature and T}, the process value. r:telf and r:flf are, respectively, defined
as the ratio of RTL and STL of a particular hydronic configuration to the RTL and STL of the
corresponding the DLP.

The effect of the hydronic configuration on the performance of the production system and its components,
is given by the following KPIs:

Nyea: the CHP is evaluated by its yearly electrical (772% co) and thermal (ntcgz o) efficiency, and the

boi

boiler by its yearly thermal efficiency (1,2;). For consistency of notation, the yearly Seasonal Per-

formance Factor of the EHP is referred to as 1752}1’. These yearly thermal efficiencies are defined as
the total heat transferred from a producer to the heating system, over the total energy usage (gas for
boiler and CHP, electricity for the heat pump), and analogue for the yearly electrical efficiency of the

CHP.

tcye: the mean continuous operation time in hours between a start-up and shut-down of the principal
heat producer (t&h% and t£17) and boiler (£%%). It quantifies the stability of operation: the higher the
value the less maintenance costs can be expected. The advantage of this variable over e.g. the total

number of start-ups is that it takes into account the total operation time.

it the share of heat produced by the principal heater. 100 — ¢/%, is, obviously, produced by the

P
boiler.

RPES: the relative primary energy savings are calculated with a reference electrical and thermal effi-
ciency of 37% and 90% (based on higher heating value), respectively, that represent the best available
conventional heat and electricity production alternative, as discussed by Verhaert et al. [60]. This
variable takes both the principal heat producer’s and boiler’s performance into account.

10
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Figure 4: The heat distribution system for space heating and DHW. Connections to the central pipes of only a single apartment
unit are shown; the other connections are represented by the ellipses. See Figure 2 for a legend of the symbols.

3. Case studies: applying the design methodology

This section illustrates the present design methodology for a variety of case studies and, based on that,
formulates general guidelines that can assist future design processes. As already mentioned, it should be
noted that this paper does not aim to compare the different boundary conditions as such.

In the first subsection, the considered demand- and production-specific boundary conditions of all case
studies are discussed. To facilitate the illustration of the methodology, it is decoupled from the overall design
process of a building by generating the DLP (Demand Load Profile) and PLP (Production Load Profile) by
reference simulations, rather than obtaining them by a real design process.

The results of the case studies are addressed in the subsection thereafter. Finally, this section concludes
with a general discussion regarding the proposed methodology and guidelines for future projects.

3.1. Case descriptions

3.1.1. Demand-specific boundary conditions

All case studies are based on an apartment building consisting of 24 identical apartment units, with
exception of their solar orientation. The behaviour of inhabitants is represented by both comfort demands
and DHW usage. More specifically, the types of the different families living in the 24 apartment units match
a typical distribution of Flemish families [61], as was determined in previous projects [43, 41]. A separate
distribution circuit is considered for space heating and DHW, as can be seen in the Distribution BCs of
Figure 2 and, in more detail, in Figure 4.

The water in the common DHW pipe is not allowed to cool down below 60 °C during periods of inactivity,
in order to prevent long waiting times for DHW users and to avoid risk of Legionella growth [62]. Therefore,
a control valve allows circulation if the water temperature drops below the limit (Figure 4). The DHW is
stored in the DHW tank, which is kept at 70 °C by an internal helical coil heat exchanger. The corresponding
pump goes ON if the temperature decreases below its set-point. To prevent reversed heat transfer across the

coil, i.e. when the outlet temperature T9"* becomes higher than the inlet temperature Tﬁf‘;”, a three-way

valve bypasses the supply water if its temperature, Tsdfpw, is too low to heat the DHW tank.

Two different sizes of helical coil heat exchanger of the DHW tank are considered: one corresponding to,
respectively, an inlet (T4, ) and outlet (T4, ) design temperature of 75°C and 65°C, and one of 75°C
and 35°C (see Figure 4).

The size of the DHW tank is based on a methodology developed by Verhaert et al. [63] which limits
the required peak demand of the production system. The sizing, that takes heat losses and temperature
sensor positions into account, resulted in a total tank volume of 114/. Regarding the sensors, it should be
mentioned that the upper sensor is positioned at 50% of the tank height. This ensures that the upper half

of the tank is able to cover for peak demands in DHW.

11
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The design heat loss of each apartment unit is 5 kW at 22 °C indoor and -8 °C outdoor temperatures.
Two different types of heat emitter are considered: radiators and underfloor heating. Radiators are sized
with inlet (T} ,..) and outlet (T3 ,..) design temperatures of 75°C and 65°C and underfloor heating
systems with 45°C and 35°C, respectively. Weather compensation is applied on the supply temperature
set-point for space heating.

The room temperature set-point during non-sleeping occupancy of an apartment unit is 22 °C. During
sleeping or absence, a lower set-point is considered, equal to 15 °C for cases with radiators and to 20 °C
for cases with underfloor heating. The higher value for cases with underfloor heating take into account
slower thermal response. All these considered temperature levels, as well as these of the DHW system are
summarised in Table 1.

Table 1: Summary of the considered demand-side variations. Different temperature levels for both space heating and DHW
production are considered. For the lower and higher temperature regime for space heating, underfloor heating and radiators
are considered as emitter, respectively.

Case Tss'tll:tp,des/Tﬁcf%}des Tfi?ﬁdes rde}?:l:ies QSh thw RTL STL
°C °C [1012J] [101YJ] [Kh/day] [1073Kh/day]
A 75/60 75/60 1.03 1.6 14.38 0.79
B 45/35 75/60 1.35 1.6 10 0.95
C 75/60 75/35 1.03 1.6 14.4 1.1
D 45/35 75/35 1.35 1.6 10 1.2

The DLP is generated by the same simulations as used for the evaluation of the hydronic configurations,
but with the hybrid heat production system replaced by an idealised boiler. This allows to quantify the
behaviour inherent to the demand-side specific boundary conditions, which is used as a reference in the
analysis and selection step of the design. Besides generating the DLP, the reference simulation reveals the
total consumed heat for space heating and DHW production for case A, B, C and D, and corresponding
RTL and STL (given in Table 1).

While a detailed comparison between the cases themselves is outside the scope of this paper, the results
are explained briefly. The higher consumption for space heating of case B and D are explained by the
higher set-point temperatures during absence or inactivity if underfloor heating is considered as boundary
condition. This can also explain the slightly lower RT'L for these cases, as a lower temperature increase is
required if the set point changes from its lower to its upper value. For case A and C, DHW is responsible
for 13% of the final thermal energy consumption, and 11% for case C and D. The space heating-related
discomfort (expressed in Room Temperature Lack) can be interpreted as follows: for all cases, spoken in
terms of mean values, the temperature is between 10 and 15 hours one degree Celsius below its set-point
in a day. The Sanitary Temperature Lack is negligible; in other words, a high enough supply temperature,

T;ﬁlp, is provided by the distribution system for all cases.

3.1.2. Production-specific boundary conditions

To make abstraction of the numerous existing optimisation algorithm for technology selection, sizing
and control strategy, choices are made based on rules of thumb, as often used by design engineers. It
is therefore assumed that the design process preceding the present methodology results in the following
boundary conditions:

e Technology selection. For all cases (A to D), a boiler is selected as auxiliary heater. As principal
heat producer, either a CHP or an EHP is selected. In what follows, these different boundary conditions
are treated as different cases: cases '"CHP-A’ to ’'CHP-D’ and cases 'EHP-A’ to '"EHP-D’.

e Sizing. The principal heat producer is sized to cover 30% of the total load required at design conditions
(120kW), hence a 36kW nominal thermal load is considered.
The boiler is sized to match the full 120 kW; this ensures comfort at OFF-time of the principal heat
producer. For an EHP shut-downs are likely to occur when operated at too high temperatures and for

12



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

Table 2: Overview of the considered case studies and hydronic configurations. ’A’, ’B’, ’C’ and ’D’ refer to demand-specific
boundary conditions as given in Table 1

Producer Case Configurations
CHP CHP-A HC, Ilo/c, IImod, I1I, IV, VI
CHP-B HC I, Ilo/c, ITmod, III, IV, VI
CHP-C HCI, Ilo/c, lImod, III, IV, VI
CHP-D HC I, ITo/c, IImod, III, IV, VI
EHP EHP-A  HC I, Ilo/c, llmod, IV, V, VI
EHP-B  HCI, Ilo/c, ITmod, IV, V, VI
EHP-C HCI, Ilo/c, IImod, IV, V, VI
EHP-D HC I, Ilo/c, Ilmod, IV, V, VI

a CHP a maximum number of ON/OFF cycles may also disable its operation temporarily. Besides,
for both types of heat producers, maintenance can restrict operation.

A thermal storage tank is sized to guarantee a minimal operating time of one hour for the principal
producer.

e Control strategy. The principal heat producer is controlled based on the thermal demand, which
is reflected in the state of charge of the tank. The auxiliary heater provides back-up if the produced
heat by the principal heater is not sufficient.

Based on these boundary-conditions, the Production Load Profile (PLP) is generated by a reference
simulation, based on only heat flows (as typical optimisation algorithms do):

e The Demand Load Profile (DLP) is taken as input and at all time, the total thermal demand load is
covered by the production system.

e If a CHP is considered as principal heat producer, it is characterised by a constant thermal energy
production if it is ON.

e Also for the EHPs a constant thermal output is considered, but it is limited depending on the tem-
peratures defined by the DLP.

e A storage tank is described by a maximum energy content only, i.e. regardless of the temperature of
the water it contains.

e The boiler provides the extra heat that is required to fulfil the thermal demand load defined by the
DLP.

The resulting PLP sets a reference regarding the behaviour of the production system, regardless of the
hydronic configuration.

All the case studies that are considered are summarised in Table 2; in total, 48 full year simulations were
performed.

3.2. Results and discussion

In this subsection, first the effect of the hydronic configurations on the demand-side performance is
discussed for all cases. Then, the production-side performance is analysed for all cases with a CHP as
principal heat producer and after that, for those with an EHP.

13
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3.2.1. Demand-side performance

For all cases, all hydronic configurations result in thermal energy consumption of the building and
discomfort experienced by its inhabitants (in terms of Room Temperature Lack and Sanitary Temperature
Lack) close to the DLP simulation. The total thermal energy consumption differs less than +1% for both
space heating (pgegfh) and DHW production (pTQe({hw). The RTL is always less than 1.1 times the reference

(r:flf ) and the discomfort experienced by DHW consumers is always less than the double of the reference

(rgflf). Given the low values of STL of the DLP (10~ 3Kh/day, see Table 1, even values twice as high are
acceptable. In conclusion, all hydronic configurations result in a demand-side performance close to what is
inherent to the demand-specific boundary condition. Therefore, the rest of the discussion focusses on the
production-side performance.

3.2.2. Production-side performance for cases with Combined Heat and Power (CHP)

In what follows, first the extended Load Duration Curves (LDCs) are discussed in order to illustrate
their usability, and after that the performance of all configurations is examined.

Figure 5 shows the extended LDCs of both the Production Load Profile (PLP) and all six hydronic
configurations for cases CHP-A to CHP-D. While the behaviour of the production system shows clear
similarities between the expected behaviour (PLP) and the different configurations (main simulations) for
all four cases, none behaves exactly as expected. Two major types of deviation and their interpretation are
explained hereafter.

First, the CHP LDCs show that the CHP operates more hours than expected: depending on the con-
figuration between 5983 and 6368 hours instead of 5619 hours. This is because if a net flow from bottom
to top occurs in the tank it can -temporarily- cover net extra load on top of what the CHP is producing.
For all six configurations, this can be seen in Figure 5: a part of the 'base load’ (and even ’peak load’) is
covered by the tank (blue), for which a part of the 'peak load’ can be covered by the CHP.

Second, the tank is not only charged by the excess heat of the CHP under ’part load’ conditions but also
at higher thermal demand. This is especially true for HC I, HC IIT and HC VI. It makes no sense to store
heat from the CHP if the heat demand of the building is higher than what the CHP can produce. Two
causes of this unexpected behaviour are discussed.

The first cause is a high return temperature that can charge the tank, as shown for configurations HC I,
HC IIo/c and HC IImod in Figure 6. The first row of plots shows the temperature in the DHW tank, and
the second the return temperature (blue) and the temperature in the tank. The third displays the mass flow
rate at the sink (black) and source (green) side of the tank, and the difference between the two (net through
tank, negative if flow from bottom to top). The charging of the DHW tank starts at 55.1 h and, accordingly,
the temperature of the DHW tank increases. A similar charging of this DHW tank can be observed for
the three hydronic configurations. With increasing DHW tank temperature, also the return temperature
increases for all configurations, during the shown example from more or less 35 °C up to 65 °C (second row
of plots). For HC I, all the return water flows towards the tank, while for the two HC II concepts, a part
of it flows towards the boiler (see Figure 2). For HC I this results in a high net flow rate from bottom to
top (blue), as the source side flow rate (green) is considerably lower than sink side (black). As a result, the
tank is being charged by the return water. While the HC IIo/c can partially solve this problem, HC IImod
is almost able to eliminate it, i.e. to reduce the net tank flow to close to zero. While HC III and HC VI
are characterised by the same flow towards the tank as HC I, HC IV is not affected by the charging of the
DHW tank.

The second cause is a typical disadvantage of HC Ilo/c as already before in detail examined [37, 38]. The
parallel flow towards the boiler results in a net flow in the tank from top to bottom. As a consequence, the
CHP charges the tank until a shut-down, even if the building requires more heat than the CHP is producing.
This is an extra aspect that explains the improved tank flow balance of HC IImod compared to HC IIo/c.

Hereafter, the Key Performance Indicators are discussed in order to evaluate the hydronic configurations
quantitatively.

First of all, it is mentioned that, regardless of the demand-specific boundary conditions, the hydronic
configuration hardly affects CHP thermal eﬁiciency,ntc,}ﬁ;w and electrical efficiency ni%w they vary for all

14



‘A-dHD Pue D-dHD ‘d-dHD ‘V-dHD $0sed I0j SeAIny) uoljein(] peor] Papusixy :G aInSig

dHO 0QT-—— d1a 0aT—— ue) I JHO [ -311oq
[y] uoneing

8129 0 161G 0 &8l9 0 1899

0 €099 0 €919 0 9G€S

[AXA 0 961G 0 ¢ieo 0 19g9 0 Gle9 0 909G

0565 0 165 0 9€6S 0 €899 0 v6¥9 0 8265 0 8.€5

009 0 964§ 0 1665 0 89¢e9 0 00€9 0 €865 0 6195

INOH Al OH

_|
o
0 2
9 =
=2
9¢
-l
ase)
0zl
0
9¢-
9¢
< V-dHO
ase)

ocl

1l OH pouw || OH 2/0 11 OH I OH dd

15



515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

HCI HC Il o/c HC II mod

VV— .
— Segments
= bottom
) — tOp
S .50 — segments
&~ — return
30
Sl
2 source
—
§ O 1 — tank
= — sink
': \|~\r\/\—‘
-3

55.155.455.7 55.155.455.7 55.155.4557
time [h] time [h] time [h]

Figure 6: Dynamic data of one hour for case CHP-A to show the charging of the tank caused by a high return temperature.
Meaning of the legend items: top’ = the upper finite volume of tank or DHW tank, 'segments’ = the different finite volumes,
’bottom’ = the lower finite volume of tank or DHW tank, ’return’ = return water, ’source’ = at source side of tank, tank’ =
flow rate in tank itself (negative if flow from bottom to top) and ’sink’ = at sink side of tank. Time is given in hours since
January the first at midnight.

cases and hydronic configurations only between 62.1% and 62.9%, and 25.6% and 26.0%, respectively. Also
the boiler performance shows only little variation, both in terms of efficiency, 772‘;2 (less than two percentage
point difference) and mean continuous operating time, tigic (less than 0.7h difference).

The stability of operation of the CHP is substantially affected by the hydronic configuration, though:
tﬁg‘g is for HC IV more than three times higher than the other configurations (see Table 3). This can be
explained by the absence of high return temperatures during DHW tank, as discussed above.

Table 3 reveals that also the performance at system level is affected by the hydronic configuration.
Indeed, the share of heat produced by the CHP, q;}c}g , is systematically the highest for HC IImod, followed
by HC Ilo/c.

Given the negligible differences in nfﬁf;ea, r]glh’zm and 7%, ¢¢"? can be seen as the principal influence
on the Relative Primary Energy Savings, RPES and, as a consequence, HC IImod yields the best results.
Besides RPES itself, also the relative difference with HC I, ARPFES, is given by Table 3. The results reveal
that, depending on the case, HC IImod achieves between 10.9% and 43.7% higher RPES than HC 1.

In conclusion, HC IImod should be selected, regardless of the emitter or heating coil temperature design

levels.

3.2.8. Production-side performance for cases with an Electrical ground-coupled Heat Pump (EHP)

Also EHPs charge the tank at high demands, and not only at 'part load’ condition, as shown by the
extended LDCs (Figure 7). However, in contrast to CHPs, this behaviour is expected because at a supply
temperature set point higher than what the EHP can provide, boiler operation is required. This can result in
excess heat of the EHP, even at high thermal demand: it is inherent to the boundary conditions of the design
and cannot be solved completely by optimising the hydronic configuration, as evidenced by the extended
LDC of the Production Load Profile (PLP).

Nonetheless, if a separate circuit for the heating of the DHW tank is considered, this behaviour can be
limited. Indeed, HC IV and HC V show substantially less tank charging at high demands. Since a fully
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Table 3: Key Performance Indicators for all hydronic configurations and all case studies.

Case KPI Hydronic Configuration
I llo/c Hmod WI IV ~V VI
CHP-A  t&'? [h] 7.0 6.3 6.3 65 231 7.0
a5 (%) 56.8  59.8  60.6 56.8 56.4 57.1
RPES [%) 16.1 193 198 163 16.2 16.4
ARPES [%] 0 (ref) 193 229 1.3 0.6 1.6
CHP-B  t&® [h] 7.9 5.9 6.3 7.8 290 8.0
a5er (%) 44.2 484 499 442 447 44.4
RPES [%) 141 185 203 144 157 14.4
ARPES [%] 0 (ref) 312 437 1.6 108 1.6
CHP-C  t&® [h] 114 118 124 11.6 23.1 11.6
as5er (%) 60.3 619 625 60.3 56.4 60.5
RPES %) 198 21.6 219 202 16.3 20.0
ARPES [%] 0 (ref) 9.0 109 23 -17.7 1.2
CHP-D  t&® [h] 1.7 128 121 114 288 11.8
a5er %) 471 505 511 473 447 48.0
RPES [%) 178 214 220 184 158 19.0
ARPES [%] 0 (ref) 202 234 32 -11.2 6.3
EHP-A  t¢"? [h] 1.1 0.4 1.2 21 23 1.0
qﬁ}g [%] 388  27.2 412 524 552 375
RPES [%) 165 11.3  17.2 23.5 256 158
ARPES [%] 0 (ref) -31.6 4.2 42.1  54.8 -4.2
EHP-B  tch [h] 2.3 1.4 4.0 102 94 27
a5 (%] 242 191 30.6 42,3 43.7 22.7
RPES [%) 155 12.8  19.3 27.8 289 14.6
ARPES [%] 0 (vef) -17.3  24.3 79.1 86.8 -5.6
EHP-C  tche [h] 1.1 0.4 1.2 21 23 13
450 (%] 42.7 282 426 52.4 553 43.9
RPES [%) 184 118 178 23.6 25.6 18.9
ARPES [%] 0 (vef) -35.7 -3.0 284 397 27
EHP-D  t¢h% [h] 3.6 1.3 4.2 105 9.6 4.2
a5 (%] 3.8 19.7 316 424 43.7 329
RPES [%) 20.1 134 204 28.1 292 21.7
ARPES (%] 0 (ref) -334 1.5 30.8 451 7.8

17



Case

EHP-A >

Case
EHP-D

PLP HC I HC Il o/c HC Il mod HC IV HCV HC VI

120

36

3803 0 3604 0 2577 0 3837 0 4849 0 5083 0 3497

3869 0 2787 0 2209 0 3486 0 4805 0 4948 0 2604

4591 0 3976 0 2665 0 3981 0 4850 0 5088 0 4092

4666 0 3650 0 2271 0 3598 0 4815 0 4951 0 77T
Duration [h]
N boiler 00 EHP M tank —— LDC DLP — — —LDC EHP

Figure 7: Extended Load Duration Curves for cases EHP-A, EHP-B, EHP-C and EHP-D.

18



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

HC II mod HC IV HCV

S \/\P/—/ = top

o .50 — SCgMents

&~ = bottom
30

— 680 m— 0D

S m— segiments

2— 50 = return

&~ 40 \/M_/W = set points
2

»

& source
> 1 W“ — tank
-~ My A»/ ey e — sink
~

s

120 | : A

=l e
g 40

=E | I

uel
55.1 55.4 55.7 55.1 55.4 55.7 55.1 55.4 55.7
time [h] time [h] time [h]
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respectively, bypass threshold of three-way valve of tank (50°C) and shut-down threshold for EHP (determined by weather
compensation curve, in this example 48 °C), "AEHP> — EHP electricity uptake and ’Q'l}fféf“ = fuel uptake of boiler. Time is

given in hours since January the first at midnight.

charged tank shuts down the EHP, this also explains the highest operating time of HC IV and HC V: 4849h
and 5083h, respectively. The other configurations are clearly disadvantaged by the mixing of the circuits
for space heating and DHW tank charging, e.g. HC Ilo/c and HC IImod have an operation of only 2577h
and 3837h, respectively.

For HC IImod, HC VI and HC V, an example of dynamic data is shown by Figure 8. The upper plots
show that a charging cycle of the DHW tank starts at 55.1h. With charging of the DHW tank, the return
temperature increases suddenly under HC IImod (second row of plots). As of the moment that this return
temperature reaches the threshold of the tank three-way valve (upper black line in second row of plots, equal
to 50°C), that water is bypassed. As a consequence, the flow rate at the sink side of the tank decreases
to zero (third row, black line). Because the EHP stays ON (green line in fourth row) the tank is charged
rapidly, and when its temperature at the bottom increases above its set point (in this example 48°C as
determined by the weather compensation curve) the EHP shuts down. In contrast, for HC IV and HC V
neither the threshold for bypassing the return water nor the threshold of the EHP are reached, thus no shut
down occurs.

Upper behaviour is reflected in the yearly performance, shown in Table 3. Considering case EHP-A, HC
IV and HC V show the highest share of heat produced by the EHP, q;%’, of 52.4% and 55.2% which also
yields the highest RPES of 23.5% and 25.6%, respectively.

An extra advantage of HC IV and HC V is the more stable operation of the EHP, quantified by tﬁ;ﬁ’ ,
which is almost twice that of the other configurations. As for the cases with a CHP, other KPIs vary only
little for the different configurations (ngh?, nb%%and t2oL).

The exact same trends can be seen for cases EHP-B to EHP-D: the highest operation time is consistently
achieved with HC V, and so is the highest q;}eﬁ’l’ and RPES. Depending on the case, HC V scores 39.7%
to 86.8% higher than HC I (see ARPES in Table 3). While HC VI comes close (ARPES varies between
28.4% and 79.1%), the difference with the other configurations is substantially (ARPES up to —35.7%).

These results encourage the selection of HC V, no matter which emitter or heating coil temperature
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design levels are considered.

3.8. General discussion

For all cases with a CHP as principal heat producer, HC IImod was found the best solution in terms of
RPES. For all cases with an EHP, HC V is to be preferred based on the same KPI. The choice of hydronic
configuration is hence sensitive towards the production-specific boundary conditions, more specifically the
technology used as principal heat producer. In contrast, the sensitivity analysis on the demand-specific
boundary conditions revealed that the decision of configuration is independent of the design temperature
levels. Based on these findings, the following general guidelines are formulated for cases with distribution
and emitter systems as considered in the present paper:

e If a CHP serves as principal heat producer, the hydronic configuration should be chosen to prevent
improper charging of the tank. Of all considered solutions, the optimal way to do this is by allowing
a parallel flow towards the boiler and control that flow with a modulating valve.

e With an EHP as principal heater, the circuit for space heating and that for heating the DHW tank
should be separated. Preheating of the DHW tank water content is preferred in order to allow the
EHP to cover the DHW heat partially.

For cases EHP-B and EHP-D, for which DHW account for 11% of the heat demand, preheating increases
qg};g with only 1.4p.p. and 1.3p.p. (Table 3). For cases EHP-A and EHP-C, which have a higher DHW demand
of 13%, a higher advantage of preheating is observed: q§Z§ increases with 2.8% and 2.9%, respectively. Hence,
it is expected that for buildings with a higher share of DHW heat demand, e.g. by a higher insulation level,
the potential of preheating further increases.

By means of two examples, the authors stress that the two formulated guidelines cannot be generalised
to any case, though. First, the DHW tank can also be heated by an external heat exchanger. The resulting
improved stratification, compared to an internal heat exchanger, is expected to avoid the sudden increase of
the return temperature during DHW tank charging. Second, other distribution systems exist to cover both
DHW and space heating in collective systems. A frequently used concept is by using common pipes for the
distribution of heat for both DHW and space heating. Heat Interface Units transfer this heat to either the
space heating or DHW system at a local level [64], and therefore the production of DHW is spread out more
in time. It is clear that for both examples the evaluation of all hydronic configurations should be remade.

The proposed methodology proved successful in selecting an hydronic configuration with the highest
performance. Therefore it is expected that it is able to do the same for other cases, such as characterised
by the two upper examples. Indeed, the steps of the methodology are verified by this research: setting up a
morphological chart, performing the simulations, analysing the results for selecting the final hydronic config-
uration, and formulating guidelines. It should be mentioned, though, that a Graphical User Interface might
facilitate the application of the methodology to other types of hybrid production systems than discussed in
this work.

In particular the use of the proposed ’extended LDCs’ proved to be successful for analysing the simulation
results. It gives the user an idea about the advantages and disadvantages of each hydronic configuration,
without the need for exploring the enormous amount of simulation data. Also, by comparing the LDCs
of the hydronic configurations with these of the DLP and PLP, the behaviour inherent to the boundary
conditions can be distinguished from the actual effect of the hydronic configuration. This increases the
comprehensibility of the design process, especially given the wide-spread use of conventional LDCs.

Besides providing insight in the behaviour, these LDCs can also directly assist decision making based
on RPES. Indeed, they present the total operating time of the principal heater (where LDC of principal
heater collides with the x-axis, see Figure 5 and 7) and its share of thermal heat production (the percentage
green area). These two variables prove to be valid predictors to find the configuration with maximal RPES
for all cases, as shown by Figure 9.

LDCs should also be able to reflect the level of discomfort, relative to the Demand Load Profile (expressed

in r:flf and rzflf ). While this could not be verified in the present work because of the low discomfort, it is
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Figure 9: The potential of the total operating time and the share of heat produced by the principal heat producer to represent
the RPES.

expected that for hydronic configurations which result in a higher discomfort than the Demand Load Profile
(DLP), the LDC deviates from the DLP LDC. However, the LDCs are not able to provide information
concerning the stability of operation and hence the use of it should be supported by a limited number of
KPIs.

Finally, a note about the use of feedback of the analysis. Besides the formulation of generalised guidelines
for future projects, as discussed above, another aspect can improve the overall design of heating systems
within a particular project. Indeed, in future research the selection procedure of the hydronic configuration
can be embedded in existing methodologies, such as discussed in the introduction. More specifically, the
feedback can be coupled in order to develop a simulation-based optimisation method [65] that searches for
optimal technologies, sizes, control strategies and hydronic configurations at once.

4. Concluding remarks

In this paper, a general methodology to design the hydronic configuration of hybrid heat production
systems, consisting of a principal and an auxiliary heat producer, was presented. The methodology focusses
on comprehensibility and consists of three steps: structuring possible solutions into a morphological chart,
performing a simulation-based evaluation and selecting the best configuration based on a new type of Load
Duration Curve (LDC).

The methodology was illustrated on eight case studies, all based on the same apartment building with
a collective system with separate distribution pipes for both space heating and domestic hot water (DHW)
production. The following production- and demand-specific boundary conditions characterising the case
studies were considered: either an Internal Combustion Engine-based Combined Heat and Power device
(ICE-CHP) or an Electric ground-coupled Heat Pump (EHP) as principal heat producer, underfloor heating
or radiators as emitters and a large or a small coil heat exchanger to produce DHW. A condensing boiler
was considered as auxiliary heater and to allow a stable operation of the principal heater, the latter was
equipped with a storage tank. The following conclusions could be drawn:

o If an ICE-CHP is considered as principal heater, the boiler should be implemented in parallel to it and
by using a modulating control valve. This ensures a qualitative management of the tank by, amongst
others, preventing it from being loaded by a high return temperature during DHW production.
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e For hybrid production systems with an EHP, the circuits of the production system for space heating
and DHW should be separated. To allow the EHP to cover the DHW heat partially, preheating of the
domestic cold water is recommended.

These findings are true, regardless of the emitter type or size of the heat exchanger to produce DHW.
Selecting the correct hydronic configuration could increase the Relative Primary Energy Savings (RPES)
with up to 6.2 percentage points for cases with a CHP, and for those with an EHP with up to 16.1 percentage
points. It was found that maximising the operation of the principal heat producer leads to the highest RPES,
rather than by optimising the performance of individual components.

In general, the proposed methodology proved to be successful in increasing the performance of hybrid
heat production systems. The new type of LDC is able to provide information about the behaviour of each
configuration in order to analyse its advantages and disadvantages, without the need for looking into the
enormous amount of simulation data. It also allowed to select the configuration with the highest performance
in terms of Relative Primary Energy Savings.

The authors acknowledge that the development of a morphological chart will remain a problem in design
processes, though. Indeed, only limited and fragmented information is available on hydronic configuration.
Therefore, we advocated the consistent use of the term 'hydronic configuration’ to denote how components
are connected by pipes, pumps and valves, and to develop a platform to centralise existing information on
the topic.

In conclusion, the proposed methodology provides a comprehensible tool to assist the different stake-
holders in their pursuit of high performance hybrid heat production systems. Future work should focus on
the centralisation of information regarding the subject, through the development of an publically available
platform.
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Appendix

In this appendix, first the governing equations of the helical coil heat exchanger are given and, next, how
these equations can be solved efficiently in order to limit computation time.

As discussed in the main text of this paper, the hot water storage tank itself is modelled according to
type 4 in TRNSYS Library [48]. In this one-dimensional model, the tank is discretized into n finite volumes,
each with a uniform temperature of its main water content 77 with i ranging from 1 to n (from top to
bottom). To add internal heating by the helical coil heat exchanger, the following assumptions are made:

e The thermal capacity of each finite volume is substantially larger than that of the piece of coil embedded
in it. Based on that, the thermal inertia of the coil’s metal is neglected. Also, the fluid in the coil is
assumed to be at steady-state, given its relative fast dynamics.

e Also based on the relative high thermal inertia of the main water content, its temperature (7%) is
considered constant during each simulation time step.

e The convective heat transfer between the two sides of the coil is substantially higher than diffusion
within the coil; hence this latter type of heat transfer is neglected for the fluid in the coil.

For a single finite volume, with outlet and inlet temperature of the coil Tﬁggt and Tzh_ef out» Tespectively,
the equations become:

Thot = T8 g+ € N/ 4 TE0(1 — VTV 3)
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Q?ea — _C'vhea (Thea _ Thea ) (4)

i,0ut i—1,out

with Q7% (W) the heating of finite volume i, NTU = léf}ltia the Number of Transfer Units of the

complete coil, and UA"™* (W/K) and C"** (W/K) the overall heat transfer coefficient of the coil and the
capacitive flow of the fluid in it, respectively. Tih_eﬁout for i =1, TJ<%,, is the inlet temperature of the coil
and is a known variable in what follows.

Since Eq. 3 is a recurrence relation, i.e. ijt depends on T, ih_efﬁout, direct calculations for all ¢ are not
possible. A possibility is to perform the calculations iteratively, i.e. calculating Tlhgﬁt subsequently for 7 is
1 to n. However, especially for simulations with high spatial resolution (high value for n), this is expected
to increase the computation time substantially.

Therefore an alternative approach is proposed, which enables vectorised calculations of Ti'fggt, i.e. for all
¢ in once. The main idea of this approach is to calculate Tzhoegt by an explicit function of Toh,f,‘;t. To do so,
the fictitious temperature Tfﬁ-" is defined by the following equation:

hea __ rphea —1xNTU/n Tsto —1xNTU/n
,'Ti,out = 4o,out ¥€ / + Tl,i (1 —-€ / ) (5)

Tffio can be interpreted as the mean of the temperatures 77 for 1 to ¢ weighted over the position along
the flow direction so that the outlet temperature of the coil in the i-th segment can be calculated explicitly.
To further interpret the meaning of Tffz-o, the reader is advised to compare Equation 5 with Equation 3.

In what follows it is explained how the weights are defined, by deriving an expression for Tf’tf.

First, Eq. 3 is written for i = 1,2, 3,1:

1=1:
T, = T, « e VTV 4 Tyt — e NTUI) 0
1= 2
Tthzt — {t(e)it *e—NTU/n +T2sto(1 _ e—NTU/n)
— ( &?Znt % efNTU/n _|_Tlsto(1 _ efNTU/n)) * efNTU/n +T28t0(1 _ efNTU/n) (7)
— [?,iit *e—Q*NTU/n +T1st0(1 _ e—NTU/n) * e—NTU/n +T23t0(1 _ e—NTU/n)
1=3:
TSh,iZt _ Zh,ZZt % efNTU/n + T3’5t0(1 o efNTU/n)
— ( &2?” % e—Q*NTU/n +Ti9to(1 _ e—NTU/n) % e—NTU/n +T2$to(1 _ e—NTU/n)) * e—NTU/n
+ T;to(l o efNTU/n) (8)
_ (;l,f)?ut " e—S*NTU/n +Tlsto(1 _ e—NTU/n) *6—2*NTU/7L —|—T2St0(1 _ e—NTU/n) * e—NTU/n
+ T;to(l _ e—NTU/n)
1=1

jviffsgt — &zzt * efi*NTU/n _|_Tlsto(1 _ 67NTU/n) *ef(ifl)*NTU/n
+T§t0(1 _ e—NTU/n) % e—(i—2)*NTU/n
+T§t0(1 _ efNTU/n) *ef(iffi)*NTU/n (9)
¥
_’_zvisto(l _ efNTU/n) *ef(ifi)*NTU/n
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702 Thea. can also be written as:
;

Ti}jgzt _ (;Lf)Zt % e—i*NTU/n + (1 o e—NTU/n) " ZTjStO % e—(i—j)*NTU/n (10)

j=1

703 To find an analogy with Eq. 5, the second term of Eq. 10 is multiplied by (1—e~#*NTU/?) /(1 —e=#NTU/n)

¢ and reorganised:

_ (1— efNTU/n> i o )
,Tihsgt _ (;MZZt % efz*NTU/n + (1 - NTU/n) % ZTjsto *67(17])*NTU/n % (1 o efz*NTU/n) (11)
, ; p——
j=1
705 And hence T}% in Eq. 5 is equal to:
B (1— efNTU/n) i o
Tit = S ey YT T a2
(1 —€ ) j=1
706 Finally, to calculate Tffoegt for all 4, Eq. 10 is written as:
i
Ti]?oegt _ (;1’2;1” % efi*NTU/n + (1 o efNTU/n) % efi*NTU/n % ZTJ'StO % 6j>|<NTU/n (13)
j=1
707 In Matlab, Equation 13 can be calculated by elementary-wise operations on a vector ¢ = 1 : n, and by

708 using a cumulative sum for the summation operator in the right term. With the resulting outcome, Equation
79 4 can then finally be calculated -also vectorised.
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