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Abstract
Cogeneration (CHP) has great potential to save primary energy in collective residential buildings. However, these savings and their associated financial benefits are influenced by the design of the complete heat
production system, which typically includes, besides the CHP itself, an auxiliary boiler and a storage tank.
Both scientific literature and design guides focus little on the hydronic aspects of that design, although the
performance of a heat production system is extremely prone to it.
Therefore, this paper evaluates different hydronic designs of a central heat production system with CHP.
First, an overview is given of the state-of-the-art hydronic design concepts that are used in the private sector.
Two new concepts are proposed as improvements to the existing ones: one to integrate the CHP and one to
integrate the boiler. A morphological chart is developed to classify the features of both the conventional and
novel designs. Second, the performance of all the design concepts (and their 54 combinations) are evaluated
based on a case study of an apartment block with 24 apartments. This evaluation is made by means of
dynamic building system simulations.
The results show that maximal primary energy can be saved if the CHP is integrated according to the
novel CHP design, which allows a variable flow rate through the CHP. This concept should be preferred
in a design process. Multiple hydronic configurations of the boiler, of which one is the novel hydronic
boiler concept, resulted in a similar performance. Therefore, designers are advised to make a case-specific
comparison to decide which one to take. The morphological chart and methodology elaborated in this paper
provide a basis to make that decision.
Keywords: hydronic design, cogeneration, CHP, building system simulation, storage tank, auxiliary boiler

1. Introduction
1.1. Problem statement
Over the past few decades, cogeneration (or Combined Heat and Power, CHP) has been expanding its
field of application; this technology is no longer restricted to common domains such as industrial processes or
hospitals. Indeed, it also enables ecological, energetic and financial savings in residential buildings [1, 2, 3, 4].
While different (micro-) CHP technologies are emerging for this type of building [5], the most established
one is internal combustion engine-based cogeneration (ICE-CHP) [1, 6]. Savings can only be accomplished
on condition that the overall heat production system is designed properly. Besides the CHP itself, this
production system often consists of a storage tank and an auxiliary boiler. How these three components
should be sized, interconnected and controlled are the main decisions in a design process.
Several design guides are used in practice (e.g. [7, 8, 9]) that provide general steps to be followed by
designers. Furthermore, academic research has been focusing on specific topics of the design process. Indeed,
optimization algorithms were developed to select and size the production components [10, 11, 12, 13, 6], and
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to control the operation of the CHP [14, 3, 13]. These techniques rely on simplified models which neglect
dynamic behaviour of, and interaction between the different components.
More detailed simulations regarding design aspects have also been performed. The impact of thermal
storage on the operation of ICE-CHP with backup boiler was examined for three dwellings [2]. The CHP
was sized for each dwelling according to the largest-rectangle method (between 2.6 and 5.5 kWth ). It was
shown that the operating time of the CHP can be increased with 2400 hours per year if a storage tank is
integrated in the production system. Rosato et al. made an energetic [15], environmental and economic
[16] analysis of an ICE-CHP serving a multi-family house. Sensitivity analyses were performed on, among
other topics, tank volume and control strategy (thermal-following versus electric-following). Results showed
that the largest tank volume allowed for the highest decrease in operational costs, emissions and energy
consumption. In contrast to the thermal-following control, the electric-following one was not able to save
primary energy, nor could it decrease emissions. Leo et al. [17] also simulated an ICE-CHP in combination
with a storage tank and a boiler. They considered an office building under varying insulation rates, for a
single size of CHP (20 kWth ). For the lowest insulation rate, the CHP showed an increase in operating time
with a factor more than three, compared to the highest insulation rate. They also demonstrated that the
CHP had a 43% longer operating time if a control strategy was applied which allowed to heat the tank to
higher temperatures.
To sum up the literature, it can be said that considerable efforts have been made to cover two major
aspects of the design process of ICE-CHPs: sizing of the components (CHP, boiler and storage tank) and
choosing the strategy to control them. Nevertheless, a third vital design aspect is overlooked in literature
and design guides: the hydronic configuration 1 . And yet, a project focusing on in-situ operation of microCHP [18], demonstrated that the performance of a production system highly depends on this aspect. A few
suggestions concerning the selection of a configuration are given by guides [7, 8] and CHP manufacturers,
but all sources lack both consistency as well as scientific proof. Only for organic Ranking cycle-CHP the
hydronic design has been discussed [19, 20], but because of the differences in technology, these conclusions
are not applicable to ICE-CHP.
1.2. Scope and outline of the paper
Due to the lack of research on hydronics, a knowledge gap exists between design methodologies developed
by academics and the application of it by engineers. To fill this gap, the present paper elaborates on the
hydronic design of ICE-CHP devices in collective residential heating systems, including the integration of
an auxiliary boiler and a storage tank. Both hydronic configurations and control strategies are covered, for
which different solutions exist.
First, an overview of these existing solutions that are used in the private sector is given. Also, two novel
design concepts are proposed as improvements to the existing ones. Based on the overview and new concepts,
a morphological chart is proposed in Section 2, to structure all solutions, i.e. to classify the features of the
hydronic designs. Then, Section 3 describes an evaluation methodology to compare the design concepts
given in Section 2. This methodology is based on dynamic building system simulations and enables to
evaluate the performance of the different design concepts by Key Performance Indicators (KPIs). Finally,
this methodology is applied on a case study of an apartment building with 24 apartments. The results of it
are discussed and guidelines are formulated in Section 4.
The proposed guidelines, morphological chart and evaluation methodology can facilitate engineers that
design hydronic heat production systems with an ICE-CHP, auxiliary boiler and storage tank.
2. Hydronic design concepts
Each component of the production system has a required functionality: the CHP serves as sustainable
heat and electricity source, the storage tank balances the CHP’s heat production and the building’s thermal
demand, the boiler serves as a peak load heat producer and the distribution and emission system transfer
1 This

term refers to the way the inlet(s) and outlet(s) of the different components are connected by pipes, pumps and valves.
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the heat from source to sink. Each of these required functionalities has multiple solutions, of which the most
common ones are discussed in this section and summarised in a morphological chart given in Figure 1.
Each solution is represented by a particular hydronic configuration; also denoted by the term Base Circuit
(BC), which was introduced by Vandenbulcke [21]. To design a complete heating system, a single BC should
be selected for every component and connected corresponding to the position as shown on Figure 1 (i.e.
from left to right). This section describes three possible hydronic configurations for the CHP integration,
two for the tank, five for the boiler and two for the demand side of the building. Two novel concepts -one
CHP BC and one boiler BC- are included in that chart as proposed improvements to the conventional BCs.
2.1. Combined Heat and Power (CHP) Base Circuit
ICE-CHPs are equipped with an internal cooling circuit to recuperate heat from the engine block, the oil
circuit, the (condensing) exhaust gas and, if applicable, the inter-cooler. This heat is transferred from the
source-side of a heat exchanger to the buildings heating circuit, which is connected to the sink-side of that
heat exchanger (this heat exchanger and the internal cooling circuit are not shown on Figure 1). Besides
recuperating heat, the internal cooling circuit is necessary to ensure a proper operation of the ICE-CHP.
Indeed, in order to obtain a high electrical efficiency, the engine is allowed to operate only in a limited
temperature range. Therefore, the temperature of the internal cooling circuit-water going in the engine
block is restricted (typically minimal 60◦ C). In practice, two possibilities exist for that restriction:
• External temperature control: the internal circuit is characterised by a constant flow rate at the sourceside of the heat exchanger. The minimal engine temperature is ensured by limiting the temperature
of the water going in the CHP-device using a three-way valve. This is shown by the CHP BC ’Mixing
valve’ in Figure 1. The high ingoing water temperature decreases the thermal efficiency of the CHP. If
the return water is below 60◦ C and the CHP produces a constant thermal power, the supply water has
a constant temperature, for which the upper part of the tank will be charged at a uniform temperature.
• Internal temperature control: no three-way valve is used and hence the water going in the sink-side
of the CHP’s heat exchanger cannot be controlled. In that case, the engine temperature restriction is
met by varying the flow rate of the internal circuit (not shown). The lower ingoing water temperature
results in a higher thermal efficiency, which is an advantage compared to external temperature control.
CHPs with internal temperature control are conventionally provided with a constant flow rate at the
sink-side of the heat exchanger, as shown by the CHP BC ’Fixed flow’. For a constant thermal
power of the CHP, the outgoing water temperature will vary with varying ingoing water temperature.
As a result, the storage tank will be charged at a varying temperature. While this might result in
lower thermal losses, the storage tank will not be fully exploited because of a lower level of thermal
stratification.
To combine the two advantages of the external and conventional internal temperature control, a new
concept is proposed: ’Variable flow’ (shown as CHP BC in Figure 1). It is characterised by an internal
temperature control (for the higher thermal efficiency) and with a variable sink-side flow rate allowed by
using a pump equipped with a Variable Frequency Drive (VFD). The VFD adjusts the pump’s speed to
control the supply water temperature (to fully exploit the storage tank).
All three CHP BCs have the same control regarding on-off and part-load behaviour. The on-off control
is based on both internal and external signals. Internal signals prevent the CHP from overheating and shut
down the engine if the ingoing or internal temperature is too high. An external control signal allows the
CHP to go on or off. This signal comes from temperature sensors in the storage tank and will be discussed in
the next subsection. Also, in maintenance contracts of ICE-CHPs is often stated that the CHP is allowed to
have a maximum of six on/off cycles in 24 hours to limit maintenance costs. If that maximum is reached, the
CHP is not allowed to start-up anymore that day. The part-load control is basic: as the electrical efficiency
decreases with decreasing load, the engine is operated mostly at nominal load. However, if the ingoing
temperature comes close to its maximal value (typically between 70◦ C and 75◦ C), the CHP is operated in
part-load in order to increase operation time.
3

Figure 1: Morphological chart of the production system (CHP, Storage Tank and Boiler) and distribution and emission system
(Demand). 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. A star (∗ ) indicates that the design is a new design concept, proposed in this paper as an
improvement; designs without the symbol are state-of-the-art concepts.
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2.2. Storage Tank Base Circuit
For the storage tank two configurations are possible:
• one without supply water temperature-control (Figure 1, Tank BC: ’No valve’): no three-way valve is
present.
• one with supply water temperature-control (Figure 1, Tank BC: ’Mixing valve’): a three-way valve
mixes cold return water with hot supply water.
A storage tank should be equipped with at least two temperature sensors: one at the top (temperature
sto
sto
Ttop
) and one at the bottom (temperature Tbot
). This makes it possible to estimate the state of charge
of the storage tank. If the tank is completely filled with hot water, the CHP should go off. This signal is
sto
generated if the lower sensor senses a temperature higher than Tbot,lim
. If the storage tank is filled with cold
water, the CHP should go on. This signal is generated when the upper sensor senses a temperature below
sto
sto
sto
sto
sto
Ttop,lim
. In the case that Tbot
< Tbot,lim
and Ttop
> Ttop,lim
a hysteresis is applied: if the CHP was on or
off, the CHP should stay on or off, respectively. This control strategy enables a more stable operation of
the CHP by limiting on/off cycles. The results of the simulations performed, discussed in Section 4, further
clarify this control (Figure 6b).
2.3. Auxiliary Boiler Base Circuit
Both boilers with a ’large’ and boilers with a ’small’ water content exist. The main difference is that
those with a small water content require a minimal flow rate to prevent sudden overheating, while those
with a large water content are allowed to operate temporarily without any flow rate. The configurations
discussed here might result in situations in which no water flows through the boiler. Therefore, if a boiler
with a small water content is implemented, an extra pump and an hydraulic separator between the boiler
and rest of the heating system should be added to the design. It is assumed that these extra components,
and therefore also the type of boiler, will not affect the main research results in this paper and hence only
boilers with a large water content are considered.
In general, the boiler is conventionally implemented in one of the four ways (see boiler BC, Figure 1):
’Serial’, ’Dual return’, ’Shunt’ and ’Parallel - open/closed’. A novel concept to implement the boiler, ’Parallel
- modulating’, is also proposed. These five concepts are discussed below:
• ’Serial’: if the boiler is on (or off but still warm) water flows through the boiler and no water flows
through the bypass, and vice versa if the boiler is off. The water entering the boiler comes from the
tank or CHP and is therefore heated, which decreases the boiler efficiency.
• ’Dual return’: for this configuration, a dual-return boiler is required, i.e. a boiler with two connections
for the ingoing water. The design is similar to the serial configuration, with exception of a small
additional, parallel flow (typically 10% of the total flow rate through the boiler). That water is not
yet heated by the CHP and is colder, increasing the boiler’s efficiency compared to a ’Serial’ design.
• ’Shunt’: this design is often applied in refurbishments of boiler rooms. The original heating system,
i.e. only a boiler connected to distribution pipes, is then extended by inserting an hydraulic separator
in the central return pipe. Such a separator ensures that the extension (CHP and tank) does not
influence the hydraulics of the original heating system. Indeed, as the pressure drop along the network
is not affected, flow rates are ensured with the original pump (the one in the ’Demand’ BC of Figure 1).
This is not true if no hydraulic separator is inserted, as the inlets and outlets of the storage tank can
increase the pressure drop substantially. The hydraulic separator implies that an extra pump should
be included in the design. It is sized in order to guarantee a flow rate equal to the one through the
CHP. During operation, that pump’s speed is adjusted to set the flow rate equal to the one through
the boiler. As long as the pump succeeds to do so, a ’Shunt’ design is similar to a ’Serial’ design.
However, at high thermal demand of the building, the flow rate through the boiler will increase above
the limits of the extra pump and, as a result, a part of the return water will be bypassed towards the
boiler.
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• ’Parallel - open/closed’ (this is the conventional parallel design): if the boiler is off, the two-way valve
closes completely and no water flows through the boiler. If the boiler is on (or still warm) the two-way
valve opens completely 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 and is
determined by the ratio of the nominal boiler heat load and nominal thermal CHP heat load. As the
water going in the boiler is not yet heated, this configuration should result in a better boiler efficiency
than the serial configuration. However, the parallel configuration results in a decreased discharging
rate of the tank because of the lower flow rate towards the tank, thereby affecting the on-off control
of the CHP.
• ’Parallel - modulation’: instead of an open-closed two-way valve, a modulating one is considered. This
is a new proposed concept to tackle the decreased discharging rate of the tank that occurs in a ’Parallel
open/closed’ design. The two-way valve’s opening position is controlled to minimise the flow through
the boiler ( i.e. to maximise the discharging of the tank), while a minimum is ensured to prevent the
boiler from overheating.
For all five designs, the boiler is switched on if the supply water temperature is below its set point value,
and a hysteresis on that set point is applied to decrease the number of start-ups of the boiler.
2.4. Demand Base Circuit: distribution, emission and building
While various types of distribution systems for residential applications exist, the most convenient one is
based on radiators with a variable flow rate. The flow rate is typically controlled by thermostatic radiator
valves. This type of heat load control results in a lower return temperature, compared to other systems [22].
This, in turn, increases the efficiency of combustion-based heat production technologies. Two variations are
considered, analogue to the variations of the storage tank:
• ’No valve’: without supply water temperature-control; no three-way valve is present.
• ’Mixing valve’: with supply water temperature-control; a three-way valve mixes water in order to
obtain a supply water temperature at a predefined set point.
3. Evaluation methodology
Figure 2 summarises the methodology that was applied in this paper to evaluate the different hydronic
concepts for a case study (apartment building). First, set point temperatures of the apartments were
generated with a tool developed in the context of the projects [23] and [24] (see ’Profile generation’ on
the figure). The generator is based on statistical occupancy data of different types of families. Next,
a reference simulation was performed to quantify the characteristics of the building, including its space
heating distribution and emission system (see ’Reference simulation’ in Figure 2). This simulation provides
the thermal demand of the building during the year and comfort-related performance indicators of the
space heating system. Because an ideal boiler is considered, the results are independent of the type of heat
production system. The thermal demand was used to size the CHP and boiler (see ’Sizing’). The comfortrelated performance indicators are used as a reference to compare the results of the ’Main simulations’.
Finally, in these main simulations the actual comparison between the hydronic design was made. The same
building and set point temperatures as in the reference simulation were used. All different combinations
of BCs were simulated, except one: a tank with a valve and a shunt boiler implementation, as a shunt
connection already allows mixing. This means that in total (3 ∗ 1 ∗ 5 ∗ 2 + 3 ∗ 1 ∗ 4 ∗ 2 =)54 full-year
simulations were performed.
In the following subsection the models used for the simulations are discussed. All models are implemented
in Matlab R2015a and solved with a step size of 10 seconds. The second subsection elaborates on the case
study, and finally the metrics that will be used to discuss the results are given.
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Figure 2: Schematic overview of the used methodology. Black arrows indicate data flow between the different subtasks. The
profile generator creates temperature set point profiles. The ’reference simulation’ generates the thermal demand profile, that
is used for sizing, and reference performance data of the building. In the ’main simulations’, the building with the different
types of heat production systems are compared based on dynamical data and Key Performance Indicators (KPIs).

Figure 3: Schematic representation of (a): boiler model (if P is equal to zero) or CHP model, and (b): model of a single
apartment, which is represented by a single zone.

3.1. Models
In this section the following models that are used in the simulations are discussed. The models are chosen
to fit their purpose: to be representative for dynamic thermal behaviour and to have a short calculation
time. The dynamic thermal behaviour includes the changing water temperatures and mass flow rates, rather
than considering only heat flows. This is, off course, required for the evaluation of hydronic designs.
To verify the models and their implementation in Matlab, the energy balances of all models at each time
step were checked for all performed simulations. It was shown that all relative errors of the energy balance
were less than 0.01%. This is an acceptable error, since the low values indicate that the errors originate only
from rounding numerical values during simulation.
3.1.1. Heat production models: CHP and boiler
The CHP and the boiler model have a comparable structure, which is schematically shown in Figure 3.a.
The production unit models are split-up into a quasi steady-state performance map and into a part that
covers its dynamic response.
The performance map (see ’Energy conversion’ in Figure 3.a) relates the consumed fuel, Q̇f uel (W ), to
the produced thermal energy, Q̇th (W ) and, for the CHP, electrical power P (W ). Due to unburned fuel,
7

and unused latent and sensible heat, energy is lost (Q̇loss,exh ) via the exhaust gases. This relation is a black
box (i.e. data-based) and expressed in efficiencies: the electrical efficiency ηel = P/Q̇f uel (only for CHP)
and the thermal efficiency ηth = Q̇th /Q̇f uel .
boi
The thermal efficiency of the boiler, ηth
, is calculated with 3D interpolation of a dataset [25] with the
boi
boi
following variables: Tin , the part load ratio (P LR = Q̇boi
hyd /Q̇hyd,max , with Q̇hyd,max the nominal thermal
boi
heat production) and the mass flow rate through the boiler, ṁ . For a dual-return boiler, the temperature
boi
of the water entering via the most outer inlet is taken as the ingoing temperature to calculate ηth
.
chp
chp
For the CHP, ηel and ηth are fitted on manufacturer’s data of a 36kWe gas-fired ICE-CHP, resulting
in the following equations:
chp
ηel
= −0.13 ∗ (1 − ELF ) + 0.26

(1)

chp
ηth
= 0.0025 ∗ (Tin,ref − Tin ) + 0.13 ∗ (1 − ELF ) + 0.7

(2)

With Tin,ref a reference temperature for scaling the equation, in this case equal to 40 ◦ C. ELF is the
Electric Load Factor, defined as ELF = P/Pnom .
The thermal dynamics are represented in Figure 3.a according to an electrical analogy, i.e. as an RC
model. The thermal mass with capacity, Cprod (J/K), at temperature Tout (◦ C), takes up the produced
heat, Q̇th . Depending on the overall heat transfer coefficient of the envelope, UAloss,skin , a part of it is
lost to the environment, which is at temperature Tenv . Another part, Q̇hyd , heats up the water that flows
into the unit with temperature Tin and at a mass flow rate ṁ, to a temperature Tout . The corresponding
governing equation is:
Cprod ∗

dTout
= Q̇th − UAloss,skin ∗ (Tout − Tenv ) − Q̇hyd
dt

(3)

with Q̇hyd = c ∗ ṁ ∗ (Tout − Tin ) and c (J/kgK) the specific heat capacity of water. This differential
equation is a widely used formula to describe the dynamics of boilers in the context of building system
simulations [26, 27, 22, 28]. Also for ICE-CHPs this has been used before: Bonabe de Rougé et al. [29]
derived it by simplifying the model developed in Annex 42 of the IEA [30, 31].
A minimal off-time for both the boiler (one minute) and the CHP (30 minutes) is taken into account.
The boiler’s modulation range is considered to be between 30% and 100% of its nominal load.
3.1.2. Other thermal models
A stratified thermal storage tank model (type 4 [32]) and a plug-flow pipe model (type 31 [32]) were
implemented in the developed Matlab simulation environment.
From a physical point of view, an emitter at steady-state can be described by a Logarithmic Mean
Temperature Difference (LMTD) model [33]. However, if thermal inertia is taken into account, the LMTD
method requires high calculation time. Therefore, models have been proposed which segment the emitter
and assume a uniform temperature for each single segment [34]. The number of segments is taken equal
to three, as was done in other research [35]. This is described by the set of differential equations, for
i = {1, 2, 3}:
Cemi dTemi,i
∗
= c ∗ ṁemi ∗ (Temi,i−1 − Temi,i ) − Q̇emi,i
(4)
3
dt
with Temi,0 = Temi,in the emitter inlet water temperature and Temi,3 = Temi,out the emitter outlet water
temperature. Q̇emi,i is the heat exchange between the emitter segment i and the zone in which the emitter
is located in, which is at a temperature Tair . :
UAemi
∗ (Temi,i − Tair )
(5)
3
The emitter is characterised by an overall thermal capacity, Cemi and an overall heat transfer coefficient,
UAemi . As the three segments are equal in size, these both parameters are divided by three in Equations
Q̇emi,i =
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4 and 5. Temi,out is estimated with a maximal error of 2.9◦ C too high, compared to an LMTD model at
steady-state.
All apartments are simplified into a single zone, for which the 2R2C model is shown in Figure 3.b
according to an electrical analogy. Such a single zone is described by a second order differential equation,
with one thermal mass for the walls (at a uniform temperature Twall ) and one for the air (at a uniform
temperature Tair ). It is assumed that half of the solar heat gain, Q̇sol , is absorbed by the air and the other
3
P
half by the walls. Q̇emi (=
Q̇emi,i ) is transferred to the air for 75% by convection and radiation, and the
i=1

remaining heat is taken up by the walls by radiation. The corresponding governing equations are:
Cair ∗

dTair
= 0.5 ∗ Q̇sol + 0.75 ∗ Q̇emi − UAair,wall ∗ (Tair − Twall )
dt

(6)

dTwall
= 0.5 ∗ Q̇sol + 0.25 ∗ Q̇emi + U Aair,wall ∗ (Tair − Twall ) − U Awall,ext ∗ (Twall − Text ) (7)
dt
with Cwall and Cair respectively the heat capacities of the walls and the air of a single apartment,
UAwall,air and UAair,wall respectively the overall heat transfer coefficients of the wall-air and air-outdoor
interfaces, and Text the outdoor temperature.
Cwall ∗

3.1.3. Hydraulic models
Pumps and control valves are the two types of components that control flow rate during operation.
Regarding the hydraulic behaviour of these components, the following assumptions are made:
• Inaccuracies of temperature sensors are neglected, meaning that control signals towards the actuators
of the valves are correct.
• All circuits of the complete pipe network are balanced with balancing valves correctly [36] to guarantee
nominal flow rates, ṁnom .
• All control valves have a neglectable leakage at complete closing.
• The flow rates of control valves, ṁ, are controllable between their nominal value, ṁnom , and 10% of
this value. Below that, the valves are completely closed.
• All control valves have an authority equal to or higher than 0.5, i.e. a stable control of all flow rates
is possible [37].
Based on these assumptions, the hydraulic models of the control valves and pumps are simplified, in
order to reduce model complexity and decrease calculation time. More specifically, control signals were
programmed to adjust the flow rate directly, without relying on hydraulic models based on fluid mechanics.
An example is given for the thermostatic radiator valves (TRVs). A control signal is generated by a
proportional controller: the set point of the valve position is proportional to the difference between room
temperature set point and measured temperature. In reality, a closing control valve increases the pressure
drop and decreases the flow rate below its nominal value. However, in the simulation environment developed
for this research, a linear relation between control signals and the intended flow rates are assumed. E.g. for
the TRVs this means that the flow rates are calculated directly, based on the proportional control signal.
The same reasoning is true for other control valves and pumps, except that the generation of the control
signals are different from that of the TRVs.
The response time of the actuators of control valves result in a delayed flow rate change (ṁdelay ). To
take this delay into account, a first order filter is applied on the calculated mass flow rates, ṁ:
ṁdelay − ṁ
dṁdelay
=−
(8)
dt
τ
in which τ is the time constant of a valve. For all TRVs, τ was taken equal to 0 and for all other valves
it was taken equal to 32s.
9

3.2. Case description
An apartment block with 24 families, each living in a separate apartment, was considered as case. All
apartments are, with exception of their solar orientation, identical and characterised by a 5kW heat loss at
design conditions (22◦ C indoor and −8◦ C outdoor). The types of the 24 families were selected in previous
projects [23, 24] in order to match a typical distribution of Flemish families [38]. The behaviour of the
inhabitants was emulated using the profile generator, as discussed previously (Figure 2 ’Profile generator’).
For moments on which at least one non-sleeping occupant is present, the set point temperature of that
apartment was put at 22◦ C. For moments with only sleeping or absent residents, the set point was put at
15◦ C. The design temperatures of the emitters were set at 75◦ C/60◦ C.
From the reference simulations, a load duration curve was generated, as previously discussed. In this
case study, the CHP size according to the largest rectangle method conflicts with a minimal CHP operation
time at design conditions of 4000 hours. This latter restriction is often applied in practice to exclude designs
which are most likely not financially profitable. Therefore, the CHP size is set at the value of 34kW to meet
the restriction of 4000 hours, as can be seen in the load duration curve of Figure 2 (see ’Sizing’). This means
that the CHP covers 28% of the design heat load of the complete apartment block (24 ∗ 5kW = 120kW ).
The boiler is sized to cover the remaining share of that demand. The storage tank, with volume V sto , is
sized to be able to store the heat produced by the CHP in one hour [2], at design conditions:
V sto =

34 ∗ 103 W ∗ 3600s ∗ 10−3 m3 /kg
= 1.95m3
4187J/kg ∗ (75 − 60)K

(9)

For the tank, an aspect ratio of 2.4 is used and an overall heat transfer coefficient of the losses to
surrounding of 0.128W/K. Therefore, the storage tank represents one with an A-energy efficiency class, as
defined by the European Commission [39]. The threshold value of the upper and lower sensor to switch the
sto
sto
on/off operation of the CHP, Tbot,lim
and Ttop,lim
, were set at the supply temperature set point, i.e. at 75◦ C
Two pipes with each a length of 18m were considered for the ’Demand BC’ (supply and return, see
Figure 1) and two for the ’CHP BC’ of 3m (supply and return, see Figure 1). For all four pipes, an inner
diameter of 6.5cm and an insulation rate per linear metre of 0.265W/mK, in accordance with the regulation
described in [40], is considered.
Note that the considered production system serves for space heating only; it is assumed that domestic hot
water is supplied by a separate system, which is not included in the analyses of this paper. This justifies the
fact that no extra heat exchanger, meant to separate technical water from domestic hot water, is considered
in the tank BC.
3.3. Metrics
To discuss the results of the simulations, the data is summarised into Key Performance Indicators (KPI’s)
of the production system (second item of Figure 2 ’Main simulations’) and of the rest of the building (third
item of Figure 2 ’Main simulations’).
The KPI’s for the production system are:
chp
chp
• ηyea : the CHP is evaluated by its yearly electrical ηel,yea
and thermal efficiency ηth,yea
, and the boiler
boi
by its yearly thermal efficiency, ηyea . Note the difference in definition between the yearly efficiencies
and the instantaneous efficiencies as defined in Subsection 2.1.

• tcyc : the mean continuous operation time in hours between a start-up and shut-down of the CHP (tchp
cyc )
and boiler (tboi
cyc ). It quantifies the stability of operation: the higher the number the less maintenance
costs can be expected.
• rchp : the percentage of the heat produced by the CHP of the total consumed thermal energy by the
building. The remaining share (100−rchp ) is, obviously, produced by the auxiliary boiler. An hydronic
circuit should be design to maximise rchp .
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• RP ES: the relative primary energy savings are calculated with a reference electrical and thermal efficiency 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. [5]. This
chp
chp
variable takes both the CHP’s and boiler’s performance into account: it includes rchp , ηel,yea
, ηth,yea
,
boi
and ηyea
.
The KPI’s for the rest of the building, relative to the reference simulation:
• pref
Qtot : the extra building’s thermal energy consumption that is used to heat the building, compared
to the reference simulation (in %)
ref
• pref
rtl and prte are, respectively, the extra Room Temperature Lack (RTL) and Room Temperature
Excess (RTE) of all apartments in the building, compared to the reference simulation (in %). RTL
and RTE are expressed in number of degree minutes below or above the room temperature set point
[22], respectively.

• pref
loss : the extra pipe losses to surroundings, compared to the reference simulation (in %).
4. Results and discussion
In this section, the results of the simulations are analysed. In the first subsection, the KPIs of the
building itself will be described and explained, and in the second subsection, this is done for the production
system (CHP, boiler and overall heat production performance). Finally, all BCs are discussed separately in
order to formulate general conclusions and guidelines.
4.1. Building performance
The building resulted for all hydronic designs in a similar thermal energy consumption, compared to the
reference simulation: pref
Qtot varies only between −0.9% and 0.2%.
The supply water temperature varies, obviously, for all configuration more than that of the reference
simulation, as this latter is performed with an idealised boiler. Therefore, the supply temperature might
become temporarily lower than its set point. This results in lower pipe losses, a lower RTE and a higher
RTL. The supply temperature might also become higher than its set-point, thereby increasing pipe loss and
RTE, and decreasing RTL. However, this increased temperature can be neutralised by using a three-way
ref
valve before the risers (see Demand BCs in Figure 1). Indeed, this reasoning is reflected in pref
loss and prte , of
which the minimal, mean and maximal values for all simulations with (27 in total) and without three-way
valve (27 in total) at the risers are shown in Table 1.
The same table shows that the presence of a mixing valve only does not explain the differences in discomfort (pref
rtl ). Figure 4 shows that a correlation exists between the boiler’s stability of operation (expressed in
mean continuous operating time, tboi
cyc ) and the discomfort of the apartments. This can be explained by the
minimal off-time: each time the boiler shuts down it cannot start-up again immediately, even if the supply
water temperature decreases below its set point. Figure 4 shows that, in general, the presence of a mixing
valve at the risers increases discomfort but that the effect is substantially less than the effect of the boiler’s
stability of operation.
Table 1: Effect of a three-way valve at the ’Demand BC’ on the building-related KPIs, which are relative to the reference
simulations (in %).

pref
loss
pref
rte
pref
rtl

min
-3.82
-1.22
0.23

’No valve’
mean
0.67
0.03
3.52

max
2.95
0.65
9.23
11

’Mixing valve’
min mean max
-4.16 -1.44 -0.63
-1.29 -0.45 -0.25
1.17
4.41
9.56
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Demand: No Valve
Demand: Mixing Valve

pref
rtl [%]

8

6

4

2

0
0.1

0.2

0.3

0.4

0.5

tboi
cyc [h]
Figure 4: Relative difference of the Room Temperature Lack in function of the mean continuous cycle time of the boiler.

4.2. Heat production performance
The results of the KPIs of the production system are shown in Figure 5, of which the headings relate
to the five Boiler BCs. A blue, green and red color refer to the CHP BC ’Fixed flow’, ’Mixing valve’ and
’Variable flow’ of Figure 1, respectively. Results of the Tank BC ’No valve’ are shown as circles and those
of the Tank BC ’Mixing valve’ as crosses. No distinction in symbols is made in the figure between Demand
BCs with or without valve, given the similar results.
4.2.1. CHP performance
chp
The CHP’s yearly electrical efficiency, ηel,yea
, is hardly influenced by the choice of hydronic configuration:
all values were between 25.9% and 26.0%. This makes sense, since the CHP is controlled to run at nominal
load as much as possible; and load is the main influence on electrical efficiency (see Equation 1).
chp
The yearly thermal efficiency, ηth,yea
, on the contrary, is affected substantially by the choice of CHP BC,
as can be seen in the most upper row of plots in Figure 5. Indeed, if the CHP is equipped with a mixing
valve, its thermal efficiency drops, regardless of which hydronic design is chosen for the Tank, Boiler or
Demand BC. This decrease varies between 1.7p.p. (percentage points) and 4.0p.p., with a mean of 3.1p.p.,
compared to a design without a valve (’Fixed flow’ CHP BC). However, if the proposed ’Variable flow’ CHP
chp
BC, having a VFD pump to control the CHP’s outgoing temperature, is used, ηth,yea
is increased between
0.4 and 2.2p.p., again compared to a design without a valve.
The differences in the CHP’s thermal efficiencies are clarified by Figure 6a, which shows the dynamics
of the three types of CHP BC during a single day. The three-way valve of the ’Mixing valve’-design ensures
an ingoing water temperature of close to 60◦ C, which is higher than the ingoing temperature of the other
designs. This results, obviously, in the lowest thermal efficiency. The ’Variable flow’ has the lowest ingoing
temperature: lower than the ’Fixed flow’, even though neither control the ingoing temperature. This can be
explained by the supply temperature: by applying a variable flow, it can be kept close to 80◦ C. The tank
will therefore be charged at a constant temperature, resulting in a better thermal stratification. This means
that a larger volume of ’cold’ water is available in the lower part of the tank.
The same reasoning explains why an hydronic circuit that is not able to control the CHP’s supply
temperature has a less stable operation: the ’Fixed flow’ design results in a mean continuous operating
time, tchp
cyc (second upper row of plots in Figure 5), of 1.3 to 16.4 hours (mean 10.0 hours) less, compared to
designs with supply temperature control (i.e. ’Variable flow’ and ’Mixing valve’). While a CHP with mixing
valve achieves the highest continuous operating times, the ’Variable flow’ design comes close (only between
30 minutes and 2.4 hours lower).
Also the type of Boiler BC affects the CHP’s stability of operation. This effect is demonstrated in
Figure 6b for a serial and the two types of parallel configuration. The ’Shunt’ and ’Dual return’ BC are
not shown, as their data are similar to those of the serial configuration. As expected (see Subsection 2.3),
12

Boiler BC:
Serial

Boiler BC:
Dual
return

Boiler BC:
Shunt

Boiler BC:
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Boiler BC:
Parallel
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67
65
63
24
14
4
89
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0.5
0.3
0.1
60
50
40
22
19
16

Figure 5: KPIs of the production system for different hydronic designs. Note that -apparently- thick circles or crosses are
actually two different but similar results: one with valve in the Demand BC and one without.
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(a) CHP behaviour for all three types of CHP BC; the
same Tank BC (No valve), Boiler BC (Serial) and Demand BC (Mixing valve) were considered. Above: in and
outgoing temperatures of the CHP. The ingoing temperatures shown are those of the water that enters the CHP’s
internal heat exchanger, discussed in Subsection 2.1, and
not the temperatures entering the CHP BC itself. While
these two temperatures are equal for CHP BCs ’Fixed
flow’ and ’Variable flow’, this is not true for the CHP BC
’Mixing valve’, since the CHP’s outgoing water is partially mixed (see Figure 1). Below: flow rate through the
CHP’s internal heat exchanger.

70

50

60

time [h]

70

50

60

70

time [h]

(b) Tank (dis)charging behaviour and resulting CHP
on/off cycling for three of the five different types of Boiler
BCs; the same CHP BC (Mixing valve), Tank BC (No
valve) and Demand BC (Mixing valve) were considered.
Above: temperatures of the different layers in the tank:
’top’ refers to the upper layer, which is sensed by the upper sensor, ’bottom’ refers to the lowest layer, which is
sensed by the lower sensor. The legend item ’threshold’
refers to the set point temperature of the tank discussed
sto
sto
= 75◦ C. Below: the fuel
= Tbot,lim
in Section 2; Ttop,lim
consumption of the CHP shows that the CHP has three
on/off cycles for the ’Parallel - open/closed’ BC.

Figure 6: Examples of dynamic behaviour. x-axes are expressed in hours since January the first at midnight.

a parallel configuration with open/closed two-way valve control discharges the tank at a lower flow rate
compared to a serial configuration. If that flow rate decreases below the flow rate at which the CHP
charges the tank, this results in a not-intended and undesirable net tank charging. This is shown in Figure
6b: the water temperature of the complete tank, hence also at its bottom, increases above the threshold
sto
Tbot,lim
= 75◦ C, causing the CHP to shut down two times (after 60 and 70h). The newly proposed design
’Parallel - modulation’, which prevents the tank from being charged undesirably, is able to solve the frequent
shut downs of the other parallel design.
Finally, note that a ’Dual return’ or ’Shunt’ boiler implementation instead of a ’Serial’ one, results in a
decreased tchp
cyc , up to 2.3h. Again, lower discharging rates of the tank explain these results.
4.2.2. Boiler performance
boi
The Boiler BC is the main influencing factor of the boiler’s efficiency, ηyea
(third upper row of plots in
Figure 5). As expected, the serial design results in the lowest efficiency (between 84.5% and 85.2%). While
a ’Shunt’ design results in similar values (maximum 0.2p.p. more), a dual return boiler gains 3.1 to 4.1p.p. in
boi
efficiency. A parallel configuration is able to increase ηyea
even more (4.0 to 4.8p.p.) if an open/closed design
is considered. While the design ’Parallel - modulation’, is not able to reach the same gain in efficiency, it
achieves still 0.2 to 2.6p.p. higher efficiencies compared to the serial design. The difference between the two
parallel designs can be explained by the difference in temperature of the water going out the boiler. Indeed,
as the modulating valve minimises the flow through the boiler, the outlet water temperature increases for
a given thermal load. This increase affects the efficiency in two ways. First, it decreases the instantaneous
efficiency during operation. Second, each time the boiler shuts down, it is at a high temperature. This means
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that during stand-by energy is lost to surroundings at a higher rate (increasing the effect of short-cycling)
and that at the end of a cooling down process more energy will be lost (increasing the effect of prolonged
shut-downs).
As can be seen in the fourth row of plots in Figure 5, the choice between ’Serial’, ’Dual return’ or ’Shunt’
has little impact on the boiler’s operation stability: tboi
cyc varies less than 15%. In general, a parallel configuration can achieve a more stable boiler operation: tboi
cyc is doubled if a ’Parallel - open/closed’ configuration
is considered. For a parallel design with modulating valve control, tboi
cyc depends on the type of CHP BC.
4.2.3. Overall energetic performance
The second lowest row of plots in Figure 5 shows that rchp can be increased by using temperature control
in the CHP BC. Indeed, the CHP BC ’Mixing valve’ has a higher CHP heat production share of 2.7p.p to
9.0p.p, compared to a ’Fixed flow’ design. For the proposed concept ’Variable flow’, even higher increases
can be achieved, between 5.0p.p and 11.5p.p. This can be explained by longer operating times and, for the
’Variable flow’ design, also by a higher thermal efficiency (i.e. when the CHP is on, more heat is produced).
The difference in rchp is limited between some of the Boiler BCs: a ’Dual return’ and ’Shunt’ design have
a maximum decrease of 2.2p.p compared to a serial boiler implementation. In contrast, the conventional
parallel implementation results in a 19.8p.p to 24.0p.p lower rchp . Two explanations are given. First, because
of the frequent on/off cycles, the CHP reaches its daily limit of six cycles a day. After that sixth time, the
CHP is not allowed to operate (see Subsection 2.1). Second, as discussed before, it occurs that a part of
the CHP’s heat is stored even though the boiler is on. This means that the boiler covers more than just the
peak heat loads. The proposed Boiler BC, ’Parallel - modulation’, seems to be able to solve this (maximum
5.1p.p lower than ’Serial’).
The effect of the presence of a three-way valve at the risers or at the storage tank, has limited effect on
rchp (a maximal difference of ±1.3p.p., compared to no valves).
Regarding the total energy savings, it should be noted that the proposed CHP design ’Variable flow’
results systematically in the highest RPES, up to 3.4p.p. more than a ’Fixed flow’ design. Furthermore, the
Boiler BC has the following effects on RPES, relative to a ’Serial’ design:
• ’Dual return’ boiler: can increase it with 0.7p.p. to 1.0p.p., predominantly caused by the increased
efficiency of the boiler.
• ’Shunt’: decreases it, with a maximum of 0.7p.p., caused by a small decrease in rchp
chp
• ’Parallel - open/closed’: as caused by both a lower rchp and lower ηth,yea
, it results in savings of 4.2p.p.
to 6.4p.p. less. This means that the improved boiler efficiency does not compensate for the decreased
CHP’s energetic performance.

• ’Parallel - modulation’: enables an increase of savings up to 0.7p.p.
A three-way valve at the Tank or the Demand BC have limited effect on RP ES: up to 0.4p.p., compared
to no valves.
Finally, a note on the hydronic designs which result in maximal RP ES, between 23.1% and 23.2%. This
can be achieved by eight different designs. All eight designs consist of a CHP with a variable flow and a
Boiler BC ’Parallel - modulation’ or ’Duel return’. Different combinations with the two Tank BCs and the
two Demand BCs result in the same savings.
The ’Serial’ and ’Shunt’ boiler BCs combined with a CHP design with variable flow and with or without
mixing valves at the tank and the risers result in a group with the second highest RP ES: between 22.4%
and 22.5%.
4.3. General discussion of the Base Circuits
4.3.1. Demand BC and Tank BC
For this case study, the presence of a mixing valve at the Demand BC or at the Tank BC has limited
effect on both the building and heat production system performance.
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While not investigated in this research, it is expected that the discomfort level is affected predominantly
by the boiler characteristics, rather than the presence of a three-way valve at the risers. Especially the
minimal modulation range of the boiler is expected to determine the stability of operation [41], and hence
the discomfort.
In conclusion, no evidence exists to encourage the implementation of mixing valves at the tank or risers.
Off course, for buildings with low temperature heat demand, such as with floor heating and/or weather
compensation supply temperature control, a mixing valve at the risers is required to control the supply
temperature.
4.3.2. CHP BC
The two conventional CHP BCs show a trade-off in performance: the design ’Mixing valve’ has a lower
thermal efficiency (1.7p.p to 4.0p.p) but a longer mean continuous operating time (2.0 to 16.4 hours longer)
and a higher share of heat produced by the CHP (2.7p.p. to 9.0p.p), compared to the design without
temperature control (’Fixed flow’). The proposed design, ’Variable flow’ CHP BC, is able to combine
the advantages of both conventional designs: the highest thermal efficiency (0.4p.p. to 2.2p.p. higher than
without temperature control), long mean continuous operating time (maximum 2.4h less than the ’Mixing
valve’ design) and the highest share of heat produced by the CHP (5.0p.p. to 11.5p.p. higher than without
temperature control). This proposed design results systematically in the highest RP ES, no matter which
designs are chosen for the Tank, Boiler or Demand BC.
Based on these results, a ’Variable flow’ design of the CHP BC should be preferred. In order to apply
such a design, a CHP device without ingoing water temperature restrictions is required, i.e. one with internal
control of the engine temperature.
It should be noted that the hydraulic simplifications, as discussed in ’3.1.3 Hydraulic models’, imply that
a stable control of the CHP’s outlet temperature by the ’Variable flow’ CHP BC is possible. However, a
pump with VFD has a limited control range regarding flow rate. Hence, to achieve a stable operation with
maximal modulation, it might be required to combine the VFD pump with a control valve.
It is expected that the considered boundary conditions in this research affect the difference in performance
of the three CHP BCs, more specific:
• The differences in thermal efficiency of the CHP BCs is more distinct for CHP devices with a condensing exhaust heat exchanger: a ’Variable flow’ design is expected to result in higher thermal CHP
efficiencies. Indeed, heat gains increase if the exhaust gas is cooled below its saturation temperature
(e.g. below 46◦ C [42]). As can be seen from Equation 2, this non-linearity in heat gains was not taken
into account in the simulations. It would increase the RP ES of the ’Variable flow’ and ’Fixed flow’
chp
because of an increased ηth
.
• Higher maximal daily on/off cycles of the CHP will increase rchp for the ’Fixed flow’ CHP BC. This
is because the operation time is limited by the maximal number of on/off cycles. This is not true
for the other two CHP designs, since their daily number of start-ups did not exceed two. Because
chp
of the increased start-up and shut down losses of the ’Fixed flow’ design, ηth
will decrease. Even if
chp
the increased r
compensates this, there is no reason to assume that the RP ES will be higher than
those of the ’Variable flow’ design.
A reduced number of maximal cycles will increase the disadvantage of the ’Fixed flow’ design.
• Other CHP sizes than considered here will, obviously, affect rchp but there is no reason to assume that
it will change the differences of it between the three CHP BCs. Off course, this statement is only true
on condition that the tank is sized proportionally to the size of the CHP.
• For larger tank sizes, the number of start-ups will decrease for all three designs and hence rchp will
converge. This does not affect the low thermal efficiency of the ’Mixing valve’ CHP BC. As a consequence, the RP ES of the ’Fixed flow’ and ’Variable flow’ will be both the highest for large tanks.
However, large tank sizes increase thermal losses, which should be avoided.
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Smaller tank sizes will decrease rchp , especially for the ’Fixed flow’ and will not affect the lower CHP’s
thermal efficiency of the ’Mixing valve’ CHP BC. In other words, the ’Variable flow’ design will score
the highest concerning RP ES.
To conclude, it can be expected that the ’Variable flow’ CHP BC results in the best performance,
regardless of the presence of a condensing exhaust heat exchanger, maximal daily on/off cycles of the CHP,
CHP size or tank size.
4.3.3. Boiler BC
A parallel configuration with an open-closed control valve causes a low discharging rate of the tank.
Therefore, it has the lowest performance of the CHP in terms of thermal efficiency, mean continuous operating
time and share of heat produced by the CHP. As a result, the total RP ES are substantially lower than
those of other Boiler BCs (4.2p.p. to 7.2p.p.). Regardless of the boundary conditions of the design process,
a ’Parallel - open/closed’ Boiler BC will always result in a lack of tank discharging, and hence it should not
be considered as an option.
The proposed boiler design, ’Parallel - modulation’ is able to increase the tank discharging rate and
thereby the CHP’s performance. Also the thermal efficiency of the boiler is increased (compared to a serial
design). The RP ES can be increased up to 0.7p.p higher than a serial boiler implementation.
Also for this proposed design the assumptions imply that a stable control of the two-way valve is possible
(see ’3.1.3 Hydraulic models’). With an unstable control, the control valve will behave similar to that of the
’Parallel - open/closed’ boiler design. Hence, it is stressed that a properly tuned valve controller is essential
in order to benefit from the ’Parallel - modulation’ boiler design.
Both a ’Shunt’ and a ’Dual-return’ boiler perform similar to a serial configuration. These designs result
in slightly lower (maximum of 0.7p.p.) and higher (maximum of 1.0p.p.) RP ES, respectively. Hence, if a
shunt connection is set as a boundary condition in the refurbishment process of a boiler room, it is expected
to result in a performance close to the maximum. Off course, this is, again, only through if a stable flow
rate control is ensured.
Together with the ’Parallel - modulation’, the ’Dual return’ boiler design results in maximal possible
RP ES. However, the model of the dual return boiler, discussed in Subsection 3.1.1, might overestimate
the boiler efficiency because only the coldest inlet water is used for efficiency calculations. Nonetheless, the
efficiency of a dual return boiler is higher than a serial implemented boiler and hence also its RP ES.
In conclusion, a ’Shunt’ design is expected to be satisfying if hydraulic separation between the distribution
system and CHP and tank is required. If it is not, it is advised to make a case-specific comparison between
a ’Serial’, ’Dual-return’ and ’Parallel - modulating’ boiler implementation. Besides the exclusion of the
’Parallel open-closed’ boiler design , this research does not allow to formulate general guidelines regarding
the choice between the three remaining boiler BCs.
Indeed, other case-specific aspects should be taken into account to make that decision:
• A dual return boiler increases the initial investment of the heat production system.
• The performance map of the boiler differs for each particular device. E.g. a serial (or shunt) design
might be preferred for non-condensing boilers.
• The size of the CHP is expected to affect the boiler performance. One the one hand, a larger CHP
is expected to decrease the thermal efficiency of the boiler, if this latter is connected in series. On
the other hand, the share of heat produced by the boiler deceases with increasing size of the CHP,
decreasing the relevance of the boiler efficiency.
• Buildings with lower design temperature difference between inlet and outlet of the emitters and/or
with a weather compensation supply temperature control result, in general, in higher flow rates. Higher
flow rates enable the ’Parallel - modulation’ design to allow a higher flow rate through the boiler, while
still ensuring the tank to be discharged. As this increases the boiler’s efficiency, it is expected that the
difference in RP ES between, on the one hand, ’Serial’ and ’Shunt’ and, on the other hand, ’Parallel modulation’ will increase.
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• In contrast to a ’Serial’ or ’Dual return’ design, the performance of a parallel boiler design with
modulating valve is prone to faults in control logics. Based on the quality of communication between
design engineers, installers and designers of the Building Management System, the extra savings of a
’Parallel - modulation’ design should be weighed up with the risk of these faults.
The morphological chart and the evaluation methodology developed in this research, can be used to
make a case-specific comparison.
5. Conclusion and future work
In this paper, different hydronic designs of a heat production system consisting of an ICE-CHP, a storage
tank and an auxiliary boiler were analysed.
First, conventional design concepts were reviewed based on technical sources and structured into different Base Circuits (BCs). All these BCs were classified into a morphological chart, facilitating designers by
providing them with an overview of existing concepts. In that same chart, two new designs were proposed
to improve the performance of the heat production system: a ’Variable flow’ CHP BC and ’Parallel - modulating’ Boiler BC. The first concept is intended to increase the CHP’s thermal efficiency while maintaining
stratification in the tank. The second concept is proposed to improve the discharging control of the storage
tank if the boiler is implemented according to a parallel configuration.
Also, a simulation-based evaluation methodology to compare different hydronic design concepts was
developed. This methodology was applied on a case study, consisting of an apartment building having
24 apartments. A collective heating system was considered, which has a common central heat production
system for space heating.
Based on the evaluation, the following conclusions and guidelines were formulated:
• Equipping the storage tank with a mixing valve has no advantage and should therefore not be considered.
• Also equipping the risers with a mixing valve has no advantage in terms energetic performance and
hence, in the absence of low-temperature end-use, it should not be considered.
• The proposed ’Variable flow’ CHP design should be preferred over other CHP designs. For the case
study, this resulted in the highest Relative Primary Energy Savings (RP ES) of 23% and a stable CHP
operation.
• A parallel boiler implementation with open/closed valve control should not be considered. It was shown
that it results in RP ES of 20 or more percentage points less than other Boiler BCs. If hydraulic
separation between the CHP and tank, and the heat distribution system is required (e.g. when
refurbishing the heat production system) a ’Shunt’ Boiler BC should be applied. If not, the remaining
Boilers BCs (’Serial’, ’Duel return’ and ’Parallel - modulation’) should be compared for each particular
case. The proposed evaluation methodology can be used to make this comparison.
Future work should focus on two aspects. First, the morphological chart and evaluation methodology
should be extended to the overall design of space heating and domestic hot water. Indeed, if heat is required
for these both types of end-use, other hydronic designs are possible since the heat should be delivered
at different temperature levels. Second, the controllers for the ’Parallel - modulation’ boiler BC and the
’Variable flow’ CHP BC should be experimentally investigated.
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