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1 ABSTRACT 

Ground-coupled heat pumps have a great potential to save primary energy in collective heating 
systems of buildings. However, these savings and their associated financial benefits are af- 
fected by the design of the complete heat production system, which often includes an auxiliary 
boiler and a storage tank. The hydronic configuration is a crucial aspect of that design, but it is 
overlooked in both scientific and technical literature. Therefore, this paper investigates which 
hydronic configuration should be selected for a given set of boundary conditions. First of all, 
the configurations (serial, parallel and shunt) and their control strategies that are used in prac- 
tice are identified and described. Then, these design options are evaluated based on dynamic 
building simulations of an apartment block with 24 apartments. To generalise the findings of 
this paper, a sensitivity analysis of different boundary conditions is performed on the storage 
tank size, the heat pump size and the heat emitter systems characteristics (radiators and floor 
heating with different design temperature regimes). Results indicate that, if a shunt-type design 
is set as a design boundary condition, a variable flow control to discharge the storage tank is 
strongly recommended. If it is not set as a boundary condition, a serial configuration should be 
preferred over a parallel or shunt design. The sensitivity analysis reveals that these statements 
are true, regardless of tank size, heat pump size and the heat emitter characteristics. 

 
Keywords: hydronic design, ground coupled heat pump, GCHP, building system simulations, 
hybrid heat production 

 
2 INTRODUCTION 

2.1 Problem statement and scope 

In buildings, electrically driven heat pumps can help reach climate and energy targets by saving 
green house gas emissions directly (Bayer et al., 2012) and by facilitating renewable electricity 
production through demand response (Baeten et al., 2017). In collective heating systems, such 
as in apartment blocks, heat pumps are often supported by two other components: a thermal 
storage tank and an auxiliary heater. A thermal storage tank reduces the number of start-ups of 
a heat pump, which are known to decrease the efficiency (Fuentes et al., 2016). An auxiliary 
heater, e.g. a condensing boiler, reduces the investment of the production system (Hackel & 
Pertzborn, 2011; Di Perna et al., 2015) because a smaller heat pump can be installed. 

 
The combination of these three components (heat pump, storage tank and auxiliary heater) in- 
creases the complexity of the design. Off course, the ecological and financial benefits of the 
installation depend on the quality of that design, for which three main design choices can be 
identified: the size of each component, the intended control strategy and finally the hydronic 
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3  
 

configuration, which defines how the components are connected by pipes, pumps and valves. 
 

The first aspect, choosing the heat pump size, is mainly based on initial investment cost, electric- 
ity price and the yearly energy demand of the building. The second aspect, choosing a control 
strategy, has frequently been subject of research. E.g., the control of a GSHP’s compressor 
speed was compared with an ON/OFF strategy (Madani et al., 2011), the effect of supply wa- 
ter temperature on the efficiency of capacity control (Gasser et al., 2017) was examined, and 
the benefits of demand response by using a model predictive control-strategy (Fischer et al., 
2014; Baeten et al., 2017) or weather and occupancy prediction (Rolando et al., 2017) have 
been investigated. However, for the third aspect, choosing the hydronic configuration, little 
information is available in literature. Based on research about the integration of cogeneration 
devices in collective heating systems (also in combination with an auxiliary boiler and storage 
tank) (Van Riet et al., 2019, 2018), a substantial effect on the performance of the production 
system can be expected. Indeed, latter cited research has shown that a proper selection of the 
hydronic configuration can increase relative primary energy savings with up to 35 percentage 
points. While these conclusions cannot be generalised for heat pumps because of the difference 
in characteristics of the technology, the results highlight the need for research on hydronic con- 
figurations. 

 
Therefore, this paper aims to formulate guidelines about the hydronic integration of a ground- 
coupled heat pump (GCHP), auxiliary boiler and storage tank in a collective heating system. 
Note that this research is limited to a single type of heat pump technology (GCHP), as this 
is, based on its energetic performance, the most convenient one for large-scale applications 
such as collective housing. First (Section 2.2), the state-of-the-art hydronic configurations are 
discussed. Also control strategies will be described, since the performance of each particular 
configuration obviously depends on it. This paper focusses on control strategies which are 
applied in practice, and not on the advanced ones such as discussed in the previous paragraph. 
The methodology to evaluate each hydronic design (i.e. each hydronic configuration with its 
control strategy) is given in Section 3. This evaluation is based on simulations of a case study 
of an apartment block equipped with a collective heating system. Sensitivity analyses were 
performed on different boundary conditions: heat pump size, storage tank size, emitter system 
type (radiator or floor heating) and design temperatures of the emitters. The sensitivity analyses 
enable to generalise the results, i.e. to draw conclusions about which hydronic design should 
be selected for a given set of boundary conditions. Finally, in Section 4, the results of the case 
study and its sensitivity analyses are described and discussed. 

 
3.1 Hydronic design: configurations and control strategies 

Based on a review of technical literature and oral sources from industry (both heat pump manu- 
facturers and design engineers), the hydronc designs that are applied in practice were identified. 
The results are shown in Figure 1. First, the hydronic design of the heat pump and storage tank 
is given and after that, the hydronic integration of the boiler is discussed. With exception of the 
shunt-type configuration (see below), the hydronic design concepts are similar to those used for 
heat production systems with cogeneration as descibed in (Van Riet et al., 2018). 
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Figure 1: Schematic representation of three hydronic designs: a serial, a parallel and a shunt- 
type configuration. Balancing valves are not shown. In the shown example of an apartment 
unit, only a case with a radiator is shown and not one with floor heating. 

 
3.1.1 Heat pump and storage tank 

As stated in Subsection 2.1, a heat pump is often connected with a storage tank in collective 
heating systems (see Figure 1). The ON/OFF control of the heat pump depends on the state of 
charge of that tank, which is quantified by temperature sensors. Ideally, the tank is equipped 
with at least two sensors (not shown on Figure 1): one at the top and one at the bottom. If the 
temperature measured by the lower sensor exceeds the set point temperature of the supply water 
(Tsup sp), the storage tank is assumed to be fully charged and hence the heat pump is shut down. 
It only starts up again if the temperature measured by the upper sensor drops below Tsup sp. 

 
If the heat pump is ON or still at a high temperature after a shut-down, pump ’1’ in Figure 1 
should be activated. The resulting water flow rate through the sink side of the heat pump is 
typically constant and should ensure a maximal temperature difference between the inlet and 

outlet water. Note that the outlet water temperature is also limited, typically to 60 C. 
 
3.1.2 Auxiliary boiler 

Serial 

The boiler can be integrated in different ways. The first option is to connect it in series with the 
supply pipe from the storage tank. In that case, the three-way valve shown on Figure 1 opens 
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completely when the boiler is ON (or OFF but still warm) and closes fully if the boiler is OFF. 
The main disadvantage that can be expected from this configuration is that the water going into 
the boiler has already been heated by the GCHP. In turn, this increase in temperature will result 
in a lower efficiency of the boiler. 

 
Parallel 

 
The second option is to connect the boiler in parallel, which results in colder water entering 
the boiler. In that case, two control strategies for the two-way valve exist: open-closed (will be 
referred to as ’parallel - fix’) and a modulating one (will be referred to as ’parallel - var’). Both 
strategies open the two-way valve when the boiler is ON. However, the opening position of that 
valve is controlled differently: 

 
– The open-closed control (’parallel - fix’): if the two-way valve opens, it always opens 

completely. The ratio of the water flow rate through the boiler, ṁ boi ṁ boi ṁ boi (Figure 
1) depends then entirely on the settings of balancing valves. The opening position of these 
type of valves cannot be adjusted during operation (it is set only once: at installation). A 
typical setting for the balancing valves is to ensure the ratio ṁ boi ṁ boi ṁ boi  to be 
equal to the ratio ’nominal heat production of only boiler’/’nominal heat production of 
heat pump + boiler’. This strategy was already shown to decrease the discharging rate of 
the tank in a hybrid production system with a CHP device (Van Riet et al., 2018), resulting 
in less CHP operating hours. It is expected that the same issues will occur with a hybrid 
production system with a heat pump. 

– Instead of opening completely, the modulating valve control (’parallel - var’) adjusts the 
two-way valve if a flow through the boiler is required. The flow through the boiler is 
minimised, while a minimum is ensured to prevent the boiler from overheating. For a 
hybrid CHP production system, this strategy resulted in an increased discharging of the 
storage tank (Van Riet et al., 2018). Again, it is expected that this effect is also true for 
the heat production system that is considered in this paper. 

 
Shunt 

 
The third hydronic design, ’shunt’, is often applied in renovations of heat production systems. 
The original heating system, i.e. only a boiler which is connected to distribution pipes, is then 
extended by inserting an hydraulic separator in the central return pipe. This separator ensures 
that the extension 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 
(’3’ in Figure 1). This is not true if a serial or parallel extension is made, due to the increased 
pressure drop caused by the inlet and outlet of the storage tank. The hydraulic separator implies 
that an extra pump should be installed (’2’ in Figure 1) to discharge the tank. This pump should 
be sized in order to guarantee a flow rate ṁ boi equal to the one through the heat pump, ṁ gchp. 

src snk 

Indeed, if a smaller pump is selected, the tank would always be discharged at a lower rate than 
it is charged. Two different strategies can control that pump: 

– ON/OFF control (will be referred to as ’shunt - fix’): pump ’2’ is ON whenever the build- 
ing requires heat, i.e. whenever pump ’3’ is ON. If pump ’2’ is ON, the flow rate ṁ boi will 
be fixed.  ṁ boi , on the contrary, varies in time if pump ’3’ is ON because of the central 
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mixing valve at the risers and because of the thermostatic radiator valves in the apart- 
ments. This means that ṁ boi can increase above ṁ boi , which increases the temperature of 

src snk 
the water going into the heat pump and hence also of the water going out the heat pump. 
This will decrease the Coefficient Of Performance (COP) of the heat pump. 

– Variable flow control (will be referred to as ’shunt - var’): to avoid the decrease of COP, 
boi 
src is  controlled  in  order  to  be  equal  to  ṁ boi .   In  practice,  the  variable  flow  can  be 

obtained by a control valve, a pump with variable frequency drive or a combination of 
both.  Note that still a difference with a serial configuration exists, since ṁ boi can be less 
than ṁ boi , if its upper limit of pump 2 is reached. 

For all configurations and control strategies, the boiler typically controls the supply water tem- 
perature to reach its set point. An ON/OFF signal is generated by hysteresis and modulation is 
determined by a controller (e.g. PI). 

 
 
4 METHODOLOGY 

4.1 Model descriptions 

4.1.1 Heat pump 

The condenser of the heat pump is considered as a lumped capacitance with capacity Cgchp and 
at temperature Tgchp. The dynamic thermal behaviour of the heat pump is therefore described 
by:  

 
gchp 

 
dTgchp 

 
 

 
 ˙gchp 

 
 

gchp 

 
 

gchp 

 
 

gchp 

 
 

gchp 

 
 

gchp 

C out 
dt 

Qcon UA Tout Tenv c ṁ snk    Tout Tin (1) 

Cgchp is calculated as:  

 
gchp gchp 

snk nom 

 
 (2) 

with  [s] a time constant taken as 30s (Tassou & Votsis, 1992; Pärisch et al., 2014; Fuentes et 
al., 2016) and c the specific heat capacity of water, considered constant at 4187J kgK. 

The first term of the right hand side of Equation 1, Q̇gchp  [W], represents the heat taken up by 
the condenser. A part of it is lost to surrounding (second term, see further) and a part of it is 
transferred to the hydronic system (third term). To calculate Q̇gchp  and the corresponding con- 
sumed power of the heat pump, Pgchp, empirical formulas based on steady-state performance 
were used. 

 
The use of two dimensional second order polynomials is widespread as a model structure for 
these so called performance maps (Afjei & Dott, 2011; Haller et al., 2012; Cimmino & Wetter, 
2017). In this paper, the performance map as defined by Equations 3 and 4 was used, based on 
a fit of data from 10 heat pumps between 25kW and 200kW (at conditions defined by NBN EN 
14511 for brine-water heat pumps): 

ṁ 
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con   
src  gchp 

src 
2

src snk 

nom 

src 
2 2

snk 

in 

out

in 

out 

con nom 

 
 
 
 

   Q̇
gchp 

47 375   T 411   T 26   T T 
con nom 

 

(3) 

416 T 2 333 Tsnk 370 Tsnk T 2 326 Tsrc T 2 

Pgchp 

Pgchp 11 63 Tsrc 32 Tsnk 5 Tsrc Tsnk 

 
 

(4) 

59 T 2 36 Tsnk 51 Tsnk Tsrc 42 Tsrc T 2 

with subscript ’nom’ referring to nominal operating conditions. Tsnk and Tsrc are the scaled 
temperatures at the sink (condenser) and source (evaporator) side of the heat pump, respectively: 

 

Tsnk Tgchp 273 273 

Tsrc T brine 273 273 

 
(5) 

 

with Tgchp [ C] as explained before and T brine [ C] the temperature of the brine entering the 
out in 

evaporator. In general, Tsnk and Tsrc are scaled because of two reasons. First, by converting the 
units from Celsius to Kelvin, Equations 3 and 4 can also be used for source temperatures lower 

than 0 C (note the squares). Seconds, while it has no physical meaning, dividing by 273 pre- 
vents the parameters of Equations 3 and 4 from becoming small numbers. T brine is considered 

constant at 10 C, which means that yearly ground temperature variations are neglected. 
 
The second term of the right hand side of Equation 1 represents the heat loss to the environment 
(envelope losses) at temperature Tenv. Tenv was defined constant at 20 C, thereby assuming a 
constant temperature of the room the heat pump is located it. It is assumed that the condenser 
temperature Tgchp is representative for the envelope losses. UAgchp [W/K] is the overall heat 
transfer coefficient of the heat pump’s casing. It was fit on manufacturer’s data of 10 heat pumps 
(the same ones as described above), resulting in the following equation: 

 
UAloss 0 0164 Q̇gchp

 

2 3 
(6)

 

 

3.1.2 Other models and case study description 

The models described by Van Riet et al. (2018) were used to simulate the boiler, (stratified) 
storage tank, pipes and control valves. It should be mentioned that the storage tank model does 
not take buoyant yet mixing into account. Hence it is assumed that the storage tanks considered 
in this paper are able to maintain their thermal stratification. 

 
In the case study, a weather compensation was applied to determine the set point supply water 
temperature, Tsup sp, during the simulations. The building consists of six floors with four apart- 
ment units on each floor (24 apartment units in total) for which only space heating is considered. 
It is assumed that domestic hot water is produced in each individual apartment unit separately. 
That production is not taken into account in the analysis provided in this paper. All apartment 
units are considered identical, with exception of their solar orientation, and characterised by 

5kW heat loss at design conditions (22 C indoor and 8 C outdoor). This means that extra 

Q̇ 
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Q̇ 

nom 

sup des 

3 sto emi 

sup des 

nom con nom 

des des sup des ret des 

 
 

losses of the upper and lower apartments are neglected. 
 
The same building model was used as the one from Van Riet et al. (2018). The only aspect of 
the model not discussed in that reference is the heat capacity of the emitter system, Cemi. It is 
calculated here as Cemi 900J kgK 2240kg m3 0 075m 100m2, determined by the quantity 
and characteristics of screed. 

 
The building model aims to reflect realistic dynamic thermal behaviour of the building only 
in order compare the different hydronic designs of the heat production system. It is not in- 
tended to estimate the exact energy consumption of a building. In fact, the building’s thermal 
characteristics are not based on an existing building. 

 
4.2 Sensitivity analyses of the case study 

Five hydronic design concepts of the heat production system are examined in this paper: three 
hydronic configurations of which two with two different control strategies. These five design 
concepts are evaluated for different design boundary conditions (the heat pump size, storage 
tank size and heat emitter system): 

– Two sizes of heat pump are considered. The ”size” of the heat pump, pgchp, is defined 

here relative to the peak load demand of the building, Q̇dem, as: 

pgchp Q̇gchp Q̇dem (7) 
Q̇ con nom nom 

 

with Q̇dem  24 5kW 120kW  (24 apartments with 5kW  heat loss each) and Q̇gchp
 

the heat load of the heat pump’s condenser at design conditions. pgchp 10% and pgchp 

30% are considered. 
Q̇ Q̇ 

– The storage tank size is expressed as a minimal operating time, tsto [h], of the GCHP at 
gchp 
con nom . To translate this time into a volume, it is assumed that the tank is filled 

with water at a temperature equal to the design return temperature of the emitter systems, 
emi 

ret des , and is heated completely to the design supply temperature, Temi . The formula: 
 

gchp 
con nom tsto 3600 c 1000kg m V Tsup des 

 
emi 

ret des (8) 

gives this relation, assuming a constant density and heat capacity. Loading times of 30min 
and of 60min are considered. 

– Two types of heat emitter system are considered: radiators and floor heating systems. 
For each type, different design temperature regimes (T emi emi 

ret des ) are examined 

as given in Table 1. Here, Temi is defined as Temi Temi Temi , i.e. the design 
temperature difference of the emitter system. In the section covering the results (more 
specific Tables 2, 3 and 4), the highest and lowest Temi for all Temi are referred to as 

’high’ and ’low’, respectively. 
des sup des 

To conclude, (2 2 4   2 )32 variations of the case study were considered and simulated for 
all five design concepts of the production system. Hence, 160 simulations of a full year were 
performed. 

a load 
˙

T

Q̇ T 

and T 
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cyc 

Q

Q̇ 

sup des Q̇ 

 

Table 1: Overview of the considered design temperatures (in C) of the heat emitter systems. An 
’r’ refers to ’radiator’, an ’f’ to ’floor heating’ and an empty cell means that its corresponding 
temperatures were not considered. 

 
 

Temi 

T emi  
sup des 

des 

75 50 45 35 

5    f 
10  r f f 
15 r r f  

20 r    

 

 

4.3 Metrics 

The following metrics were used to quantify the performance of the production system: 
 

– tgchp: the mean continuous operating time of the GCHP in hours 

– SPF: the Seasonal Performance Factor of the heat pump over a full year 

– boi: the yearly efficiency of the boiler in % 

– tboi: analogue to tgchp but for boiler 
cyc cyc 

– pgchp: the percentage of thermal energy consumed by the building that is covered by the 
GCHP over a year. The remaining share is, obviously, covered by the boiler. Note the 
difference in meaning with pgchp, which is defined in Equation 7. 

– RPES: the yearly Relative Primary Energy Savings (in %), as defined by Verhaert, Mul- 
der, and De Paepe (2016) with a boiler reference efficiency of 90% and an efficiency of 
the electric production of 40%. 

 
5 RESULTS AND DISCUSSION 

In this section, the results of the simulations are shown and discussed. The first subsection 
provides insight in the different hydronic configurations and controls by analysing the dynamic 
behaviour of the heat production systems. This analysis is based on a single day of the full year 
simulations. The second subsection elaborates on the yearly performance. 

 
5.1 Dynamic behaviour 

Figure 2 shows the dynamic behaviour of a single day (12 hours) and of a single set of boundary 
conditions: Temi emi 

ret des 60 C, tsto 60min and pgchp 30%. The figure consists 
of five columns, each with a different hydronic design, and four rows, each with different groups 
of variables. The first row shows the evolution of the different mass flow rates. The temper- 
atures at the storage tank, indicating the state of charge of the tank, are given in the second 
row. The third row present the consumption of both the heat pump (electricity) and boiler (gas). 
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Finally, the fourth row shows the inlet and outlet temperatures of the heat pump and boiler. 
 
The following three parts discuss the columns corresponding to the serial, two parallel and two 
shunt-type designs separately. 

 
5.1.1 Serial: first column of Figure 2 

The data of the serial configuration will be discussed to introduce Figure 2 and used as a ref- 
erence for the other designs.  Obviously, ṁ boi always equals ṁ boi for a serial configuration and src snk 

hence no distinction can be made between them in Figure 2 (first row).  ṁ boi is always smaller 
than ṁ gchp during the 12 hours shown (when not equal to zero), which means that the storage 
tank is charged. Indeed, it is charged above the threshold, Tsup sp, four times (blue line increases 
above black one in second row). This results in shut-downs of the GCHP, as can be seen by 
the electrical consumption of the GCHP that decreases to zero (third row, green line). The 
boiler starts-up four times, which can be seen by its fuel consumption, and has limited operat- 
ing time (red line, third row). Each time the boiler or GCHP shut-down, they cool down and 
their temperatures drop towards the temperature of the environment (fourth row). 

 

5.1.2 Parallel: second and third columns of Figure 2 
Because of the parallel connection of the boiler,  ṁ boi  will always be lower than ṁ boi 

 

if the 
src snk 

boiler is ON. Especially for the ’parallel - fix’ design, ṁ boi is much lower compared to the se- 
rial configuration. Hence, the tank is discharged less (second row), resulting in more frequent 
shut-downs of the GCHP (third row, 18 in shown period). As expected, the temperature of the 
water going in the boiler is lower, compared to the serial configuration (fourth row, thin red line). 

For the control with modulation (’parallel - var’), the flow through the boiler is minimised (as 
discussed in Section 2.2) and hence only a little difference between ṁ boi and ṁ boi can be noticed. 

src snk 
Therefore, the discharging rate of the tank comes close to that of the serial design (second row). 
Indeed, the number of GCHP shut-downs is limited to four (third row). The drawback of the 
modulating control is clearly shown in the fourth row: the boiler temperature is high, because 
of the low flow rate. 

 
5.1.3 Shunt: fourth and fifth columns of Figure 2 

In the second row of the ’shunt - fix’ column, it can be seen that the shunt design with an 
ON/OFF pump control does not charge the tank above its temperature set point. And yet, the 
heat pump shuts down 10 times during the shown period. The reason for that is because the 
difference between ṁ boi and ṁ boi is bypassed by the hydraulic separator. As a result, the water 

src snk 
between heat pump and hydraulic separator circulates partially, for which its temperature in- 
creases. As a result, the temperature of the water going out the heat pump exceeds it maximum 

of 60 C (fourth row), shutting down the GCHP (third row). This occurs 10 times, all in the first 
six hours shown in the figure. 

 
It should be noted that the ’shunt - fix’ design is not able to charge and discharge the tank as 
intended. This is because whenever both pump 1 and pump 2 are running, ṁ boi will be equal to 
ṁ gchp. In fact, this control strategy results in behaviour similar to what would be expected from 
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a design without a storage tank. 
 

A variable flow control of pump 2 (’shunt - var’), which limits ṁ boi to ṁ boi , can prevent this 
src snk 

behaviour. Indeed, the water between heat pump and hydraulic separator is not bypassed and 
hence not heated above the heat pump’s maximum. Also the charging and discharging of the 
storage tank are enabled. By using the ’shunt - var’ design, the dynamics are actually similar to 
those of the serial configuration. 

 
5.2 Yearly performance 

In this subsection the full-year performance of all five hydronic designs are discussed for all 
different boundary conditions, based on Tables 2, 3 and 4. 

 
In order to learn to interpret Tables 2, 3 and 4, the reader is advised to search in Table 2.b for 
SPF-values for all five hydronic designs with the following boundary conditions: tsto 60min, 
Temi 30 C, pgchp 30% and Temi 35 C. Table 1 reveals that Temi 30 C corre- 

ret des Q̇ sup des ret des 

sponds to a ’low’ Temi ( Temi Temi Temi 5 C) and that a floor heating system is 
considered. The values for ’Serial’, ’Parallel - fix’, ’Parallel - var’, ’Shunt - fix’, ’Shunt - var’ 
are 6 7, 6 6, 6 7, 5 9 and 6 7, respectively. This means that, for the given set of boundary con- 
ditions, all hydronic designs perform similar in terms of SPF, with exception of the ’Shunt - 
fix’ design. This can also be seen qualitatively by the background colors of the cells these five 
values are in: the lower value, 5 9, has a lighter color and the four other values have a similar, 
darker color. Within this group of five values, these background colors depends on the distribu- 
tion of the five values. 

 
For a set of five results (five different hydronic design with the same boundary conditions) with 
a less uniform distribution (i.e. larger difference between the results of the different hydronic 
designs) compared to the previous example, the colors will show more variation. This can be 
seen, for instance, in the upper left group of Table 2.a, which shows the variable tgchp. The 
boundary conditions are: tsto 30min, Temi ’high’, pgchp 10% and Temi 35 C. The 

des Q̇ sup des 

values for ’Serial’, ’Parallel - fix’, ’Parallel - var’, ’Shunt - fix’, ’Shunt - var’ are 10 2, 2 4, 10 1, 
3 2 and 9 5, respectively. 

 
To conclude these examples, the results should be interpreted in groups of five values, each 
corresponding to five hydronic design and having the same set of boundary conditions. The 
background colors are intended to assist the reader to search for trends in the relative differences 
between the hydronic designs of the production system for the different boundary conditions, 
without focussing on the absoluut effect of the boundary conditions themselves. In fact, the 
influence of these boundary conditions as such, will not be a subject of the discussion. 

 
In what follows, the heat pump, boiler and overall performs will be discussed. 

 
 
5.2.1 Heat pump performance 

For all design boundary conditions, both the ’parallel - fix’ and ’shunt - fix’ design have a lower 
tgchp compared to the serial configuration (1 6 to 9 9 with a mean of 3 9 and 1 2 to 4 7 with a 
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mean of 2 1 times lower, respectively), meaning that the heat pump starts up more often (Table 
2.a). This can be explained by the decreased discharging rate of the tank (’parallel - fix’) and by 
the frequent increase in heat pump temperature above its maximal allowed value (’shunt - fix’). 

 
A modulating control for the parallel configuration (’parallel - var’) solves this, as it increases 
the discharging rate to close to a serial configuration: tgchp is for all boundary conditions maxi- 
mum 2 5% (1 03 times) lower compared to the serial configuration. Also the shunt configuration 
benefits from a more advanced control (’shunt - var’): tgchp was found to be maximal 13 5% 
(1 16 times) lower than the serial configuration. The fact that the storage tank can be discharged 
at a maximal rate of only ṁ boi ṁ gchp might explain the limitations of this control strategy to 

src snk 

reduce that maximum of 13 5% closer to 0% for the shunt design. This reasoning makes, obvi- 
ously, only sense for ṁ boi ṁ boi, which is not discussed in the previous section and not shown 

in Figure 2. 
snk src 

 

Table 2.b shows analogue results for the SPF. Indeed, both the ’parallel - fix’ and ’shunt - 
fix’ design have a lower value than the serial configuration (0 2% to 12 8% with a mean of 
5 8% and 2 7% to 13 7% with a mean of 6 9% lower, respectively). This can be explained by 
a higher heat pump temperature because of an increased charging of the tank (i.e. overall at a 
higher temperature, for ’parallel - fix’) and because of the recirculation between heat pump and 
hydraulic separator (’shunt - fix’). The high heat pump temperature decreases the COP during 
operation and increases the losses to surrounding during stand-by mode. 

 
Other control strategies for the parallel (’parallel - var’) and shunt (’shunt - var’) design can 
compensate for the lower SPF (maximum difference 0 6% and 0 2%, respectively). 

 
5.2.2 Boiler performance 

The ’parallel - fix’ design scores the best on the stability of operation of the boiler (Table 3.a): 
tboi is 1 2 to 17 2, with a mean of 5 0, times higher than the serial configuration, while tboi of 
cyc cyc 

other hydronic designs vary between 0 4 and 1 9 times that of the serial design. This makes 
sense, as in the ’parallel - fix’ design the boiler does not only serves as an auxiliary heater but 
it also produces a part of the base load of the building heat demand. Indeed, this occurs in 
situations at which the GCHP is shut down because of the inadequate discharging management. 

 

Also in terms of boiler efficiency (Table 3.b), boi, the ’parallel - fix’ design performs the best 
(up to 4 4 percentage points, with a mean of 0.9 percentage points more than the serial design). 
This is because the water that enters the boiler has a low temperature. On the contrary, the ’par- 
allel - var’ design, which has the same low inlet temperature, scores the worst in terms of boi. 
This is caused by the increased boiler temperature: it results in a decreased efficiency during 
operation as well as in high losses when cooling down to the temperature of the environment. 

 
The two shunt type designs (’shunt - fix’ and ’shunt -var’) do not affect the boiler efficiency 
substantially, i.e. they show less than 1 percentage point difference with the serial configuration 
for all boundary conditions. 
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5.2.3 Overall energetic performance 

The ’parallel - fix’ design decreases the yearly heat demand covered by the GCHP, pgchp (Table 
4.a). Depending on the boundary conditions, it is 4 7% to 37 7% (mean of 17 8%) lower than 
that of a serial design, while pgchp is maximum 3 5% lower than the serial design for the three 
other hydronic designs (’Parallel - var’, ’Shunt - fix’ and ’Shunt - var’). Again, the inadequate 
discharging of the ’parallel - fix’ design causes this aspect of performance to decrease: during 
periods at which the tank is fully charged, the GCHP does not operate. 

 
The RPES integrates three performance criteria that were discussed before: pgchp, boi and 
SPF. As a results, in the following two paragraphs these three criteria are used to explain the 
differences in RPES given in Table 4.b. 

 
The ’parallel - fix’ design shows a RPES 10 2% to 42 2% (mean 27 5%) lower than the serial 
one. This makes sense, as the GCHP covers a lower share of the heat production (see pgchp) 
and when it operates, it runs at a lower efficiency (see SPF). The increase in boi is not able 
to compensate that. A modulating control (’parallel - var’) copes with the decreased operation 
time and efficiency of the GCHP, but lowers the boiler efficiency. Overall, this results in RPES 
close to those of a serial design, with a maximum of 4 3% lower. 

 
Also the low RPES of a ’shunt -fix’ design can be explained by the lower SPF and, to a lesser 
extend, a lower pgchp. The RPES are 1 6% to 11 3% (mean 5 2%) lower than a serial design. 
By implementing a variable flow control (’shunt -var’), this decrease in RPES can be limited to 
2 5%. 
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Table 2: Yearly heat pump performance: a) tgchp and b) SPF. 
 

a) tgchp 
cyc pgchp 10% 

Q̇ 
pgchp 30% 

Q̇ 

 Temi 
T emi 

sup des 35 C 45 C 50 C 75 C 35 C 45 C 50 C 75 C des 

tst
o 

 Serial 10.2 6.2 5.5 3.9 4.0 2.4 1.3 1.1 
 Parallel - fix 2.4 0.8 0.7 0.4 2.2 0.9 0.4 0.3 

high Parallel - var 
Shunt - fix 

10.1 6.1 5.6 4.0 3.9 2.4 1.3 1.1 
3.2 3.3 2.9 2.7 1.1 1.1 0.7 0.6 

 Shunt - var 9.5 5.8 5.3 3.8 3.8 2.3 1.3 1.1 

 Serial 5.2 3.9 3.6 2.9 1.9 1.5 1.0 0.9 
 Parallel - fix 0.7 0.4 0.4 0.3 0.8 0.5 0.3 0.2 

low Parallel - var 
Shunt - fix 

5.1 3.8 3.6 3.0 2.0 1.6 1.0 0.9 
2.7 3.1 2.7 2.5 0.9 0.9 0.6 0.6 

 Shunt - var 4.7 3.7 3.5 2.9 1.8 1.5 1.0 0.9 

s t

 Serial 14.0 10.0 9.4 7.4 5.4 3.7 1.9 1.6 
 Parallel - fix 4.4 1.7 1.5 0.9 3.5 1.5 0.7 0.4 

high Parallel - var 
Shunt - fix 

13.8 10.0 9.6 7.5 5.4 3.8 1.8 1.5 
3.3 3.4 3.1 2.9 1.1 1.2 0.7 0.6 

 Shunt - var 12.2 9.3 9.0 7.2 5.0 3.3 1.8 1.5 
 Serial 9.5 7.8 6.8 5.7 3.2 2.4 1.4 1.3 
 Parallel - fix 1.6 1.0 0.9 0.6 1.5 0.8 0.4 0.3 

low Parallel - var 
Shunt - fix 

9.6 7.7 6.9 5.8 3.2 2.5 1.4 1.3 
2.7 3.2 2.8 2.7 0.9 1.0 0.6 0.6 

 Shunt - var 8.5 7.3 6.5 5.5 2.8 2.4 1.4 1.3 

b) SPF pgchp 10% 
Q̇ 

pgchp 30% 
Q̇ 

 Temi 
T emi 

sup des 35 C 45 C 50 C 75 C 35 C 45 C 50 C 75 C des 

st
o 

 Serial 6.4 6.2 6.1 5.3 6.4 6.1 5.7 4.9 
 Parallel - fix 6.4 5.8 5.6 4.8 6.4 5.9 5.5 4.6 

high Parallel - var 
Shunt - fix 

6.4 6.2 6.1 5.3 6.4 6.1 5.7 4.9 
6.2 6.0 5.8 5.1 5.9 5.6 5.0 4.5 

 Shunt - var 6.4 6.2 6.1 5.3 6.4 6.1 5.7 4.9 

 Serial 6.7 6.5 6.3 5.5 6.7 6.3 5.9 5.0 
 Parallel - fix 6.5 5.9 5.7 4.8 6.6 6.0 5.5 4.6 

low Parallel - var 
Shunt - fix 

6.7 6.5 6.3 5.6 6.7 6.3 5.8 4.9 
6.4 6.2 6.1 5.3 5.9 5.6 5.1 4.5 

 Shunt - var 6.7 6.5 6.3 5.5 6.7 6.3 5.9 5.0 

st
o 

 Serial 6.4 6.2 6.1 5.3 6.4 6.1 5.7 4.9 
 Parallel - fix 6.4 5.9 5.7 4.8 6.4 5.9 5.5 4.6 

high Parallel - var 
Shunt - fix 

6.4 6.2 6.1 5.3 6.4 6.1 5.7 4.9 
6.2 6.0 5.8 5.1 6.0 5.6 5.0 4.5 

 Shunt - var 6.4 6.2 6.1 5.3 6.4 6.1 5.7 4.9 
 Serial 6.7 6.5 6.3 5.5 6.7 6.3 5.9 5.0 
 Parallel - fix 6.5 6.0 5.7 4.8 6.6 6.0 5.6 4.6 

low Parallel - var 
Shunt - fix 

6.7 6.5 6.3 5.5 6.7 6.3 5.8 5.0 
6.4 6.2 6.1 5.3 5.9 5.6 5.1 4.5 

 Shunt - var 6.7 6.5 6.3 5.5 6.7 6.3 5.9 5.0 
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Table 3: Yearly boiler performance: a) tboi and b) boi. 
 

a) tboi 
cyc 

pgchp 10% 
Q̇ 

pgchp 30% 
Q̇ 

 Temi 
des T emi 

sup des 35 C 45 C 50 C 75 C 35 C 45 C 50 C 75 C 

tst
o 

 
 

high 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

5.7 3.0 0.7 0.5 5.0 5.9 0.9 0.4 
7.1 7.9 2.4 1.7 8.1 9.1 6.4 5.0 
5.8 
5.8 
5.8 

2.8 0.7 
2.9 0.7 
2.9 0.7 

0.4 4.5 3.9 0.9 0.5 
0.5 
0.5 

0.5 

4.9 3.3 0.6 0.3 
5.1 5.6 0.8 0.4 

0.7 0.3  
 

low 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

3.2 1.5 0.6 6.3   5.5  
8.5 6.8 2.2 1.5 10.9 12.7 6.4 4.4 
3.1 
3.1 
3.1 

1.5 0.6 
1.6 0.6 
1.5 0.6 

0.3 4.5 3.4 0.8 0.4 
0.5 
0.5 

4.2 2.1 0.5 0.2 
6.0 5.1 0.7 0.3 

0.9 0.4  

s t

 
 

high 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

5.8 3.1 0.7 0.5 4.8 5.9 
7.2 8.0 2.5 1.7 8.4 9.6 7.7 6.0 
5.5 
5.7 
5.8 

2.7 0.7 0.4 4.4 3.5 
3.6 

0.9 0.5 
0.6 0.3 
0.8 0.4 

2.9 0.7 0.5 
2.8 0.7 0.5 

4.8 
5.1 

6.2 

5.8 

 
 

low 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

3.2 1.5 0.6 0.4 4.9 0.8 0.4 
8.7 6.9 2.3 1.6 11.1 11.8 6.9 5.1 
3.0 1.5 0.6 0.4 4.1 3.2 0.8 0.4 
3.1 1.6 0.6 0.5 4.2 
3.1 1.5 0.6 0.4 6.1 

2.2 0.5 0.2 
4.6 0.8 0.4 

b) boi pgchp 10% 
Q̇ 

pgchp 30% 
Q̇ 

 Temi 
des T emi 

sup des 35 C 45 C 50 C 75 C 35 C 45 C 50 C 75 C 

st
o 

 
 

high 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

96.9 96.5 96.0 94.6 96.2 95.5 94.1 91.1 
96.9 96.6 96.3 95.3 96.2 95.8 95.4 94.7 
96.9 96.1 94.8 92.9 95.5 
96.9 96.5 96.1 94.8 96.3 
96.9 96.5 96.0 94.7 96.3 

   92.9   89.7   84.9 
95.5 94.1 91.8 
95.6 94.1 91.1 

 
 

low 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

98.0 97.2 96.8 95.2 97.5 96.4 94.7 91.2 
98.1 97.5 97.3 96.2 97.4 96.8 96.5 95.5 
97.9 96.5 94.8 92.6 94.4 
98.0 97.3 96.9 95.4 97.5 

   91.5 89.7  85.4  
   96.2 94.5 92.2  

98.0 97.3 96.8 95.3 97.5 96.4 94.7 91.2 

   96.9 96.5 96.0 94.6 96.1 95.5 94.1 91.5  
96.9 96.6 96.3 95.3 96.2 95.8 95.3 94.8 
96.9 96.1 94.7 93.0 95.5  92.8   89.9   85.3   
96.8 96.5 96.1 94.8 96.3 95.5 94.1 91.7 
96.9 96.5 96.0 94.7 96.3 95.6 94.2 91.5 

98.0 97.3 96.8 95.3 97.4 96.4 94.8  91.4  
98.1 97.5 97.2 96.2 97.4 96.8 96.5 95.6 
97.9 96.5 94.7 93.2 94.4 91.6 89.8  85.5  

   98.0 97.3 96.9 95.4 97.5 96.2 94.6 92.1
98.0 97.3 96.9 95.3 97.5 96.4 94.8  91.4

st
o 

 
 

high 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 

 
 

low 

Serial 
Parallel - fix 
Parallel - var 

Shunt - fix 
Shunt - var 
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Shunt - var 23.0 

 
 

 
 

a) pgchp 

Table 4: Yearly overall performance: a) pgchp and b) RPES. 

pgchp 10% pgchp 30% 
Q 

Temi T emi 
Q̇ 

35 C 45 C 50 C 75 C 
Q̇ 

35 C 45 C 50 C 75 C 
 
 
 
 

Shunt - fix     27.6  26.7 35.9 37.8 70.5 67.9 79.6 83.6 
Shunt - var 27.5 26.6 35.8 37.8 70.5 67.6 80.1 87.0 

Serial   31.2 29.7 36.7 38.4   76.1 72.7   80.9 87.4   
Parallel - fix 20.4     17.7 21.5   21.1   59.9     51.7   51.4   49.7   

low Parallel - var 
Shunt - fix 
Shunt - var 

31.1 29.6 36.8 39.7 
31.1 29.7 36.7 38.5 
31.0 29.5 36.6 38.4 

76.6 
75.8 
75.5 

73.0 80.8 86.9 
72.8 80.2 84.0 
72.6 80.9 87.4 

Serial 28.1     26.9 36.1 37.9  72.7 69.0 80.5 86.4 
Parallel - fix 23.4     18.6   23.6 23.3   64.2     53.4   55.3   51.6 

high Parallel - var 28.2 26.9 36.3 38.4 72.9     69.7 80.7   86.4 
Shunt - fix 27.6 26.7 35.9 37.8 70.5     68.0  79.7 83.8 
Shunt - var 27.5 26.6 35.8 37.8 70.5 67.4 79.9 86.5 

Serial     31.4 29.8 36.9 38.6   77.0 72.5     80.4 87.0   
Parallel - fix 21.0     18.2 22.4 22.5  60.9     50.7   51.3   49.4   

low Parallel - var     31.3 29.7 37.0 39.0   77.4 72.9 80.3 86.6 
 

 

b) R 
Q̇

 

 
 
 
 
 
 

Shunt - var 23.0     21.8   26.5   24.7   47.7 44.5     49.5 47.4   

Serial     26.3 24.6   28.2   26.1 52.4 48.5     50.8 48.0   
Parallel - fix 19.9     17.2 18.8   16.3   42.4     35.6   33.7   28.2   

low Parallel - var 
Shunt - fix 

26.2 24.0 27.0 25.4 51.9 47.2 49.5 46.7 
    25.8  24.2 27.6 25.7 48.7   45.4 45.5 42.6   

 
 
 

 

 

Serial 
Parallel - fix 

low Parallel - var 

    26.5 
20.3 

    26.4 

 
    17.6 19.4  

24.1 27.0 

 
    17.0 

25.2

 

Shunt - fix 25.8 24.2 27.6 25.7   

Shunt - var 26.2 24.5 28.1 26.1   48.3 50.6 

st
o 

st
o 

st
o 

t d
es

=
30

 m
in

 
t d

es
=

60
 m

in
 

t d
es

=
30

 m
in

 

Serial 27.8     26.7 36.0 37.8  71.4 68.3 80.4 87.0 
Parallel - fix 22.6     18.0 22.8  22.3  62.9 52.7   54.4   52.0 

high Parallel - var 27.8 26.7 36.1 38.4 71.7   68.8   80.6 86.8 

 Shunt - fix     31.1 29.7 36.7 38.5 75.8 72.8 80.3 84.2 
Shunt - var 31.0 29.5 36.7 38.4     75.4 72.4 80.4 87.0 

PES pgchp 
Q̇ 

Temi T emi 35 C 45 C 
des sup des 

Serial 23.2  21.9 
Parallel - fix 20.2   16.7 

high Parallel - var     23.2 21.6 
Shunt - fix     22.7   21.6 

10% 

50 C 

26.6 
    18.8  

25.9 
26.1  

 
75 C 

24.7  
    16.1  

24.0 
    24.3  

 
35 C 

48.2 
    43.2  

48.2 
45.6 

pgchp 30% 

45 C 50 C 

45.0 49.6 
    35.5   34.7

44.4 48.8
    42.5 44.7 

 
75 C 

47.3 
28.8 
46.2 
42.1  

Shunt - var 26.2 24.5 28.1 26.1   52.0   48.4 50.8 48.0 

Serial 23.4 22.0 26.7 24.7 49.0 45.4 49.8 47.1 
Parallel - fix 20.6   17.0   19.3   16.7   44.0 36.0     35.3  28.7 

high Parallel - var     23.4 21.7 26.0 24.0  49.0 45.0 49.0 46.1 
 Shunt - fix     22.7   21.6 26.1   24.3  45.8 42.6 44.9 42.3 

    21.8 26.5   24.7   47.8 44.4 49.4 47.2 

24.7 28.3   26.2 52.9 48.4   50.6 47.9  
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6 CONCLUSION 

In this paper, three hydronic configurations of a collective heat production system consisting of 
a ground-coupled heat pump, an auxiliary boiler and a storage tank were investigated. Based on 
dynamic building simulations of an apartment block of 24 apartments units, including 32 vari- 
ations of design boundary conditions (regarding heat emitter type, emitter design temperatures, 
storage tank size and heat pump size), the following can be concluded: 

– Depending on the considered boundary conditions, a ’parallel - fix’ design scores 10 2% 
to 41 2% (mean 27 5%) less on RPES, compared to a serial configuration. Also, the 
performance of a ’shunt - fix’ design is less than the serial one in terms of that criteria: 
1 6% to 11 3% (mean 5 2%). 

– The mean continuous heat pump operating time, which gives an indication of live time 
and maintenance costs, for a ’parallel - fix’ design is 1.6 to 9.9 (mean 3.8) times less 
compared to the serial, and 1.2 to 4.7 (mean 2.1) less for the ’shunt - fix’. 

– For both the ’parallel - fix’ and ’shunt - fix’ design, disadvantages concerning RPES and 
stability of operation can be solved by implementing other strategies to control the flow 
rates at the production system. Indeed, the maximal percentual difference in RPES is only 
4 3% for the ’parallel - var’ design and 2 5% for the ’shunt - var’ design. The decrease in 
mean continuous operating time can be reduced to lower than 1.03 and 1.2 for the parallel 
and shunt-type, respectively. 

 
Based on these conclusions, the following design guidelines are suggested: 

 
– While a parallel configuration can approximate the performance of a serial configuration, 

it requires a complex control strategy to do so. Hence, a serial configuration should be 
preferred to a parallel one. 

– If a shunt-type configuration is set as a design boundary condition to ensure hydraulic 
separation between the original heating system and the extension with heat pump and 
tank, the discharging of the tank should be controlled with a variable flow rate. If it is not 
set as a boundary condition, a serial design should be selected. 
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NOMENCLATURE 
c specific heat capacity of water, considered as a constant of 4187 J kgK 
Cgchp overall heat capacity of the heat pump (condenser) in J K 
CHP Combined Heat and Power device/cogeneration 
GCHP Ground Coupled Heat Pump, in this paper meaning a brine-water heat pump 

boi 
snk 
boi 
src 
gchp 
snk 

mass flow rate as shown in Figure 1 
mass flow rate as shown in Figure 1 
mass flow rate as shown in Figure 1 

nom used as a subscript to refer to nominal conditions 
boi the efficiency of the boiler in higher heating value (in %) 
gchp 
Q 

 
gchp 
Q̇ 

the percentage of thermal energy consumed by the building that is covered by the 
GCHP over a year 
the GCHP nominal load relative to the peak load demand of the building, in % 

Pgchp the electric power consumed by the GCHP 
dem 
nom 
gchp 
con 

the nominal required heat load of the building in W 
the heat load that the condenser of the heat pump takes up from its internal cooling 
cycle in W 

RPES yearly Relative Primary Energy Savings 
SPF yearly Seasonal Performance Factor 
boi 
cyc 
gchp 
cyc 

the mean continuous operating time of the boiler in hours 
the mean continuous operating time of the GCHP in hours 

tsto the size of the storage tank expressed in minutes of minimal continuous operation 
of the GCHP at design conditions 

brine 
in 

 
gchp 

in 
gchp 

out 

the temperature in C of the water entering the evaporator of the GCHP. In this 
paper it is assumed to be constant at 10 C 
the temperature of the water going in the GCHP in C 
the temperature of the water going out the GCHP in C 

Tenv the temperature of the environment surrounding the production system (boiler 
room) 

emi 
ret des 
emi 
sup des 

the design temperature of the water going out the emitter 
the design temperature of the water going in the emitter 

Tsnk scaled temperature of the condenser of the GCHP in K K 
Tsrc scaled temperature of the evaporator of the GCHP in K K 
Tsup sp the set point of the supply water temperature, depends on outdoor temperature 

Temi the design temperature difference between in- and outgoing water of the emitter 
des 

emi 
sup des 

emi 
ret des 

 time constant in seconds that characterises the thermal inertia of the GCHP 
UAgchp overall heat transfer coefficient in W K of the GCHP envelope losses 

ṁ 
ṁ 
ṁ 

p 

p 

Q̇ 

Q̇ 

t

t

T

T
T

T
T

( T )
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1 ABSTRACT 

Pipe networks are ubiquitous in both space heating systems and domestic hot water systems of 
buildings. The thermal and hydraulic behaviour of such networks can be simulated in several 
energy performance simulation programs. Conventionally, this is done by calling multiple indi- 
vidual pipe models and defining their interconnections. However, especially in script-based pro- 
grams, this is labour-intensive and prone to scripting errors for large pipe networks. Therefore, 
this paper proposes a new way to improve this part of simulation processes. More specifically, 
an algorithmic approach is presented to model the thermal behaviour of flow in branched pipes 
as a whole, rather than of that in an assembly of multiple single pipes. A branched pipe was 
defined here as a network having one main pipe and multiple branches. The algorithm contains 
two steps. In the first, the pipe with n branches is separated into n fictitious single pipes from 
inlet to all outlets. In the second, the thermal behaviour is calculated for every fictitious pipe, 
based on a plug-flow model. The developed approach enables faster and more robust scripting 
in simulations of systems containing pipe networks. 
Keywords: branched pipes, pipe transport delay, script-based programming 

 
2 INTRODUCTION 

2.1 Problem Statement 

Space heating and domestic hot water (DHW) production account for, respectively, 32% and 
24% of the global final energy consumption in residential buildings (Berardi, 2016). Various 
authors (Cholewa & Siuta-Olcha, 2010; Cholewa et al., 2011; Van Riet et al., 2016; De Pauw 
et al., 2018) have shown that, especially when considering apartment blocks, the type of heat 
distribution system (individual systems or collective systems, and its many variations) is one of 
the main factors affecting that consumption. Comparing the findings of these authors reveals 
that the energetic and comfort-related performance of a specific distribution system depends on 
the building it is implemented in. 

 
This means that, when designing a building, a large amount of design concepts have to be eval- 
uated and compared in order to find an optimal distribution system. In the project ’Instal2020: 
Integraal ontwerp van installaties voor sanitair en verwarming (Dutch)’ (www.instal2020.be), 
a methodology was proposed (De Pauw et al., 2018) to find that optimum, thereby decreasing 
the duration and increasing the quality of a design process of heating and DHW systems in 
apartment blocks. This methodology is based on dynamic building simulations, for which a 
script-based program was developed in Matlab (i.e. without Graphical User Interface). 

 
In script-based simulation programmes, the number of code lines that should be written deter- 
mines how labour-intensive and how prone to scripting errors a particular simulation is. The 



10th International Conference on System Simulation in Buildings, Liege, December 10-12, 2018

P26, Page 2  

 

 
 
number of lines increases with increasing size of the distribution system, because of the ex- 

panding pipe network. Indeed, a pipe network consists of multiple pipe segments , and each 
single segment requires multiple code lines: first, the connections with other pipe segments at 
junctions should be defined (i.e. mass balances), and second, a function that includes the math- 
ematical model which describes the behaviour of the fluid in the pipe has to be called. As a 
result, scripting for the simulation of large apartment blocks become impractical. 

 
 
2.2 Scope and Outline 

This paper proposes an algorithmic approach to facilitate the time-consuming scripting of large 
pipe networks: it allows to reduce the number of code lines. This approach was already succes- 
fully implemented in the methodology discussed above (De Pauw et al., 2018). The main idea 

is to use a function which has to be called only once in a simulation script for a branched pipe , 
rather than for each single pipe segment (which is the conventional approach). 

 
In order to do so, the function contains two algorithms. In the first, the network with n branches 
is separated into n fictitious single pipes from inlet to the outlets (section 4). In the second, 
the thermal behaviour is calculated for every single fictitious pipe (section 3). Although the 
proposed approach is applicable for multiple types of pipe models (see e.g. (Duquette et al., 
2016) for a discussion on model types), it is elaborated for a plug-flow model type (see TRN- 
SYS 17 Mathematical Reference, Type 31: Pipe or Duct) only. The advantage of a plug-flow 
model is that it allows to reflect sudden changes in inlet temperature in the outlet temperature, 
while taking into account the transport delay. This is a crucial aspect to assess comfort-related 
performance of a distribution system, especially when considering DHW consumption at the 
level of the end-user. In a final section, the approach is verified by means of a case study. The 
results are therefore compared with the conventional approach. 

 
The algorithmic approach, presented in this paper, speed-ups scripting processes for simulations 
of flow in large pipe networks, while making the scripting less prone to errors. This was already 
proofed by implementing it in the methodology developed in ’Instal2020’. The proposed ap- 
proach is not limited to apartment buildings: also simulations of other large pipe networks, such 
as district heating and cooling systems, can benefit from it. 

 
 
3 MODEL DESCRIPTION OF A SINGLE PIPE 

While the principle of a plug-flow model of a single pipe is not new, the concept is crucial to 
understand the branched pipe approach. Therefore, it will be introduced briefly. For further 
information, the reader is referred to TRNSYS documentation, type 31. 

 
In this paper, a pipe segment is defined as a piece of a pipe network between two pipe junctions, see e.g. 

Figure 2 
A branched pipe is considered here as a pipe network having one main pipe with a single inlet and multiple 

branches (the outlets), see e.g. Figure 2 
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1 2 3

 
 

In this paper, it is assumed that the (varying) flow rate through the pipe is known at all times. 
This information might originate from an hydraulic model of the pipe network or directly from 
a process with known flow rates, such as when simulating DHW consumption. This makes it 
possible to characterise the pipe with only two parameters: its total volume and the overall heat 
transfer coefficient of its wall and insulation. However, as this paper focusses on transport delay, 
the heat loss to surroundings, and hence also the heat transfer coefficient will not be considered. 

 
The principle of a plug-flow pipe model is shown in Figure 1. Initially (at t t), the pipe is filled 
with nplug ’plugs’ (three in example) of which its volumes are represented by vector V t and 
their corresponding uniform temperatures by a vector T t , both vectors having nplug elements: 

 
 

� t T t T t T t
(1)

 

During a time-step t, the fluid flows through the pipe with a mass flow rate ṁ . Two possible sit- 
uation after the time-step t t t are shown as an example in the figure, each characterised by 
a different mass flow rate (see ṁ 1 and ṁ 2). From an algorithmic point of view, two steps should 
be performed to model the transport delay: finding and storing the new content of the pipe (e.g. 

t t V1 t t V2 t t V3 t t , t t T1 t t T2 t t T3 t t
for the situation ṁ ṁ 1), and calculating the mean outgoing temperature. For the first step, the 
following items should be implemented in an algorithm: 

1. Concatenate the volume of the ingoing plug, V1 t t , and t into an extended vector 
ex t t with nplug 1 elements. 

2. Take the cumulative sum of the elements in ex t t , cu t t with nplug 1 ele- 
ments. 

3. Concatenate the value of the total volume of the pipe and store this vector into a new one 
having nplug 2 elements. 

4. Sort that latter vector and find the position itot of the element containing the value of the 
total volume. 

5. Reverse the cumulative sum. 

6. Assign the resulting elements with positions one to itot to a new state vector t t , 
and analogue for t t . 

For the second step, the remaining elements starting from itot 1 are used to calculate the mean 
outgoing temperature according to an energy balance. 

 
4 MODEL DESCRIPTION OF A BRANCHED PIPE 

4.1 Defining the Branched Pipe and its States 

The main challenge of the developed approach is accessing and storing data (temperatures and 
volumes) effectively. A first step in order to do so, is to define the branched pipe unambigu- 
ously. The upper part of Figure 2 shows an example of a branched pipe with one inlet and three 
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1   2
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Figure 1: Schematic overview of water flowing through a pipe during a time-step t using a 
plug-flow model. After the time-step (t t t), two possible situations are shown: each with 
a different mass flow rate (ṁ 2 ṁ 1). 

 
outlets. The main pipe consists of three pipe segments and all branches consist of one pipe seg- 
ment. Each pipe segment is characterised by its total volume Vi j (and its overall heat transfer 
coefficient UAi j if heat losses are taken into account), as indicated with curly brackets on the 
figure. 

 
The complete branched pipe can than be characterised by a matrix t and, optionally, a matrix 
UA. Slashes represent positions in the matrices without reference to any pipe segment. 

V1 1 V1 2 V1 3   V1 4 

V2 2   V2 3 

UA1 1 UA1 2 UA1 3 UA1 4 

UA2 2 UA2 3 

Besides these parameters, the algorithm needs to know how to ’move’ in these matrices. There- 
fore, for all outlets, a unique path has to be defined between the inlet and the corresponding 
outlet by means of a matrix . These paths indicate which pipe segments are flown through 
from the inlet to the outlets. Hence, should contain the indices to locate the characteristics 
of the pipe segments involved, corresponding to each outlet. For the example in Figure 2, the 
paths of the three outlets are given as: 

 

 
1 2 

����  
 
 

�
�

2 
1   1   2

����

3 
1   1   1   1

(4) 

�
����  

1   2   3   4 
Each column of k (for all k) contains two indexes, i and j, that refer to a pipe segment, as 
defined by t and UA. The order of the columns in a path is consistent with the order of the 
pipe segments that would be be flown through when ’moving’ from inlet to the outlet associated 
to that path. 

 
Up to this point, the pipe network itself has been defined by t, UA and . However, the 
content of the network should also be defined as each pipe segment may contain more than one 
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Figure 2: Upper part: Schematic representation of the flows in each pipe segment. Each outlet 
flow ’divides’ the partial volumes in the segments. The volumes which will flow to outlet 1 are 
framed by yellow rectangles. The volumes which will flow to outlet 2 are framed by orange 
rectangles. It can be seen that the first pipe segment 1 1 is divided in two sections. The 
orange rectangle is twice as wide as the yellow one.  Indeed, it is stated that ṁ 2 2   ṁ 2.  The 
flow to outlet 3 is not framed separately as it is stated that ṁ 3 0. Lower part: The translation 
from the branched pipe network to multiple fictitious single pipes. Each segment of a fictitious 
single pipe contains a share of the content of the corresponding original (’real’) segment. For 
further interpretation, the reader is referred to the text. 
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1 2 t 1 2 1 1 2 2 1 2 3 . In this section, the numbers in parentheses at the right 

 
 

plug. E.g. pipe segment (1,2) in the upper part of Figure 2 contains three plugs, and all branches 
contain only one plug. The state of each pipe segment (i, j) can be defined by two vectors: i j t
and i j t . Again for pipe segment (1 ,2), this gives 1 2 t 1 2 1 1 2 2 1 2 3 and 

hand side of the equations represent the number of the plug in the pipe segment (and not the 
time, as is the case at the left hand side of the equations). 

 
i j t for all combinations of (i, j) is stored in a three-dimensional tensor bp t according 

to , for all k. Analogously, all temperature states are stored in a three-dimensional tensor 
bp t . The number of elements in the third dimension of these two tensors depends on the 

highest number of plugs contained in a single pipe segment. In the example given in the upper 
part of Figure 2, the number of elements would be determined by pipe segment (1,2) and would 
be equal to three: 

 
 
 

 
bp t

The slashes represent zero-volume plugs, that only fill empty array elements. 

 
4.2 Calculating the Transport Delay 

The transport delay is inherently taken into account when the outgoing temperature of a plug- 
flow model is calculated. In order to do that, the following three action were implemented in an 
algorithm: 

 
1. Split the branched pipe with n outlets into n fictitious single pipes from the inlet to the 

outlets. The scope of this action is to create state vectors for all fictitious pipes, analogue 
to the example given by Eq. 1. This section will describe this approach. 

2. Calculate the outgoing temperature for each single fictitious pipe. For this step a con- 
ventional single pipe model can be used, as described in the previous section ’model 
description of a single pipe’. It will not be discussed further in this section. 

3. Store the new states of the pipe network. This will be mentioned shortly, as it requires a 
slightly different approach compared to the one discussed for the single pipe. 

 
The splitting of the pipe network into fictitious single pipes is possible under the assumption 
that flow rates are known at the outlets. While these rates are considered to be constant during 
one discrete simulation time-step, they may vary over time. The density of the fluid will be 
assumed to be constant in the rest of this paper. 

1 1 2

1 2 3

1 2 2

1 1 1 1 2 1 1 3 1

2 2 1 2 3 1

1 4 1
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In order to create a fictitious pipe that corresponds to a particular outlet k, all subsequent plugs 
from inlet to that outlet are extracted from bp t . Therefore, a two-dimensional ’masking- 
matrix’ is applied on bp t , defined by the path indices . All elements in the third dimension 
of bp t are then extracted. 

 
However, the volumes of the plugs in a pipe segment might flow towards multiple outlets. In 
e.g. the upper part of Figure 2 this is true for the pipe segment (1,1). Therefore, only a share 
of the plug volumes in a segment should be assigned to a fictitious pipe. The extend of that 
share depends on the flow rate at the different outlets the plugs flow to. This is graphically 
explained in the upper and lower part of Figure 2. The fictitious pipes corresponding to outlet 1 
and 2 are framed by yellow and orange rectangles, respectively. For outlet 3, no fictitious pipe 
is shown, as the flow rate through it is assumed to be zero (ṁ 3 0). ṁ 2 is assumed to be twice 
ṁ 1, which can be seen in the upper part of the figure: a double share of the volumes of the plugs 
in segment (1,1) is framed is orange. Only one third is framed in yellow. Indeed, whatever the 
absolute values of the mass flow rates are, outlet 2 has a double share in the total mass flow rate 

in segment (1,1): ṁ 2 ṁ 1 1=2 ṁ 1 ṁ 1 1. 

In general, this means that the algorithm should determine the total mass flow rate in each seg- 
ment. This is straightforward, as the path from inlet to all outlets are given by . Thereafter, the 
share of mass flow rate in each pipe segment for all outlets should be determined. All elements 
extracted in the third dimension of bp t , as previously discussed, should than be multiplied 
by the corresponding fraction. This principle can also be seen in the lower part of Figure 2, in 
which two fictitious pipes (corresponding to outlet 1 and 2) are shown ’unfolded’. The tem- 
peratures of the plugs of the fictitious pipes should be extracted from bp t analogously to the 
extraction of the volumes. However, the temperatures should, obviously, not be multiplied with 
the fraction the volumes are multiplied with. 

 
Next, all fictitious pipes can be treated as a single pipes to calculate the outgoing the tempera- 
ture (and, optionally, heat losses), as already mentioned. 

 
Finally, the new states of the complete pipe network should be saved in the tensors bp t t
and bp t t . It is comparable to the protocol explained in the section covering the single 
pipe model. However, the fictitious pipes should not just be separated into a part that is flushed 
out and one that is not. Indeed, they should be separated into multiple parts in order to fit the 
data back into all corresponding pipe segments. The resulting pipe segments should then con- 
tain a number of plugs, of which the volume of each plug is the sum taken over all fictitious 
pipes related to that segment. 

 
 
5 ILLUSTRATION AND COMPARISON 

In this section, the method discussed above is illustrated and compared with the conventional 
method (i.e. defining one pipe model for every single pipe segments) by means of predefined 
inputs. Both methods were implemented in Matlab (R2015a). 

 
For a period of ten minutes and a step size of 10 seconds, a branched pipe network having one 
main pipe (inlet) and three branches (outlets) is simulated. This network is represented by the 
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one shown in the upper part of Figure 2. By filling in Equation 2 (in litre with a density of 
1kg l) the network is defined by: 

6   6   6   2
(5) 

and Equation 4. Heat losses to surroundings are calculated identically by the new and conven- 
tional approach. Therefore, it is not considered and hence it is not required to define UA. 

 
To illustrate the transport delay, the temperature of the water going in the inlet and the mass 
flow rates of the outlets were varied with step-functions (upper two plots of Figure 3). First, 
a mass flow rate of 0 19kg s is applied for two minutes for the third outlet, while no flow is 
assumed for the other ones. This is subsequently repeated for the two other outlets. At the end, 
the same mass flow rate is considered for all outlets at the same time. The ingoing temperature 

varies each two minutes with steps of 10 C. Since heat losses were neglected, the difference in 
temperature between inlet and outlets depends on the transport delay only, thereby enabling an 
unambiguous interpretation of the results. The outgoing temperatures are shown in the lower 
plot of Figure 3. The initial temperature of the complete pipe network was set at 20 C (not 
shown on the figure). 

 
Figure 3 shows clearly the transport delay. Two examples will be discussed: 

– During the first two minutes, water flows only through outlet 3 (as already mentioned 
above) while water flows into the inlet at the same rate with a temperature of 30 C. This 
means that after 100 seconds (10th simulation point) the ’active’ space (i.e. flowing water) 
between the inlet and outlet 3 is occupied with 19 litres of water at 20 C and 1 litre at 
30 C (20 litres in total: 6+6+6+2, see Equation 5). During the 11th simulation time-step, 
1 litre at 20 C and 0.9 litre at 30 C flows through the outlet. The model gives the mean 
temperature, being 1 20 0 9 30 1 9 24 74 C. One time-step further, water at 
exactly 30 C flows through the outlet. 

– Again, the reaction of outlet 3 will be discussed. At 360 seconds, a flow rate occurs 
through all outlets at the same time (again, as mentioned above). Before that moment, 

pipe segments 1 1 , 1 2 , 1 3 and 1 4 are at a temperature of 50 C, 40 C, 30 C 
and 30 C, respectively. Hence, at 360 second, 8 litres of water at 30 C awaits before 
the third outlet. This means that during 40 seconds (four time-steps), 7.6 litres of that 8 
litres leaves at 30 C. During the same period, half of the 6 litre from segment 1 2 flows 
through segment 1 3 and partially (1.6 litre) into segment 1 4 (the other half flows out 
outlet 2). Therefore, at the next time-step, water leaves outlet 3 at a mean temperature of 

0 4 30 1 5 40 1 9 37 89 C. Then 2 litres of the water that was in segment 1 1
at 360 seconds reach segment 1 3 and 1 4 (again, the other shares leave via the other 
outlets). At 410 seconds 0.4 litre of it, along with the remaining 1.5 litre at 40 C, flow 
through outlet three with a mean temperature of 1 5 40 0 4 50 1 9 42 11 C. 
The next time-step, the ingoing water at 60 C has reached segment 1 4 , resulting in an 
outlet temperature of 1 6 50 0 3 60 1 9 52 58 C. 
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After that, the temperature of the outlet is, obviously, exactly 60 C, at least up to the 
point at which the water of 20 C reaches the third outlet. This is after 7 time-steps after 
the ingoing temperature switches to 20 C. Indeed, the volume of the fictitious pipe be- 
tween inlet and outlet 3 is - at a moment on which all outlets have the same flow rate - 
(6/3+6/2+6+2)=13 litre. In 70 seconds (=7 time-steps), 70 0 19 13 3 litre is flushed 
through that fictitious pipe. This mean that at 540 seconds, still 1 9    13 3    13
1 6 litre of water at 60 C outlet 3 leaves. This corresponds to a mean temperature of 
1 6 60 0 3 20 1 9 53 68 C. 

While these particular examples are meant to help the reader interpret the figure, all outgoing 
temperatures were checked for all data of the branched pipe method, showing the reliability of 
the proposed method. The conventional method, on the contrary, deviates for some data points 
from the outgoing temperatures as would be expected (and hence also from the branched pipe 
method): in the lower part of Figure 3, the dashed lines do not follow the solid lines exactly. 
The reason for that is because each pipe segment passes a uniform outgoing temperature (equal 
to the mean) to the next pipe segment. This can smooth the temperature variations. Indeed, a 
sudden changing temperature front at the inlet will go e.g. through three pipe segments before 
it flows through outlet 3. Hence, it can be concluded that the suggested method has, advantage 
over the conventional method, as the data is not smoothed between subsequent pipe segments 
but at the outlets only. 

 
However, the main scope of the proposed approach was to facilitate scripting. It was expe- 
rienced by the authors of this paper that this goal was reached: the difference in number of 
code lines between the two approaches to be written decreases proportional with the number 
of outlets. The scripting was therefore speeded-up and the probability of scripting errors was 
substantially decreased. 

 
6 CONCLUSION 

In this paper, a new method to model the transport delay in branched pipes has been proposed. 
The main idea is to split a branched pipe with n branches into n fictitious pipes from inlet to all 
outlets. This is in contrast with the conventional simulation method in which each pipe segment 
is treated as a separate pipe. 

 
The main advantage of the proposed approach is elaborated on in this paper: it facilitates the 
scripting process in script-based simulation programs. Indeed, the duration of scripting of large 
pipe networks and the corresponding probability on scripting errors was substantially improved. 
On top of that, another advantage was found: changes in inlet temperature propagate through 
the network without being smoothed by each pipe segment, as is the case for the conventional 
method. 

 
The new approach has been developed in Matlab as an algorithmic code, rather than a set of 
acausal equations. This means that it can be implemented in other simulation software, both 
with and without equation solvers. 
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NOMENCLATURE 

Parameters 

n number of outlets of the branched pipe 
matrix defining the order of pipe segments between inlet and outlet k, correspond- 
ing to and UA 

UA matrix containing the overall heat transfer coefficients of the pipe walls of all the 
pipe segments of the branched pipe 
matrix containing the total volumes of all the pipe segments of the branched pipe 

Variables 

nplug t number of plugs in a single pipe 
t time (s) 

i j t vector containing the uniform temperatures of all plugs in pipe segment (i, j) 
bp t 3D tensor containing the uniform temperatures of all plugs in the branched pipe 
i j t vector containing the volumes of all plugs in pipe segment (i, j) 
bp t 3D tensor containing the volumes of all plugs of the branched pipe 
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