e EUROPEAN

GEOTHERMAL

CONGRESS

Integration of ground-source heat pumps in combined district heating and
cooling networks: A holistic modeling framework

Marwan Abugabbara!, Maria Alberdi-Pagola?, Saqib Javed', Seren Erbs Poulsen®

! Department of Building and Environmental Technology, Division of Building Services,
Lund University, 221 00 Lund, Sweden

2 Centrum Pzle A/S and cp test A/S, Grenlandsvej 96, 7100 Vejle, Denmark

3Research Center for Built Environment, Energy, Water and Climate,
VIA University College, 8700 Horsens, Denmark

marwan.abugabbara@hvac.lth.se

Keywords: Ground-source heat pumps, Geothermal
bore field, district heating and cooling, Modelica.

ABSTRACT

The integration of heat pumps in low-enthalpy district
heating and cooling networks can increase the effi-
ciency and flexibility of the network. In such systems,
heat pumps are installed both locally and centrally to
serve different functions. In the former case, decentral-
ized heat pumps at each building adjust the low-net-
work temperature to the desired supply temperature. In
the latter case, a central and relatively large-scale heat
pump functions as a heat source or a heat sink to the
ground. The main benefits of such technology are the
reduction of the network operating temperature, the
ability to supply simultaneous heating and cooling by
operating the heat pumps in either heating or cooling
mode, and the increased potential to integrate low-en-
thalpy shallow geothermal energy for heat generation
and heat storage. One technical challenge in accelerat-
ing the implementation of this technology is the com-
plexity of modeling the entire district network includ-
ing all its components. A holistic modeling framework
based on the equation-based objected-oriented Model-
ica language is presented in this paper. We first describe
the three component models included in the framework,
namely, the building substations, the distribution pipes,
and the shallow geothermal bore field. Then, an exam-
ple of a campus area consisting of eight buildings with
varying heating and cooling demands is presented to
apply the modeling framework and to demonstrate the
expected mechanism by which such systems may oper-
ate. Simulation results indicate that high system perfor-
mance can be attained when 1) the building supply tem-
perature is controlled using demand-based temperature
control curves, 2) the network operates at low-temper-
ature close to the ground temperature, and 3) the bore
field is balanced with sufficient heat injection to the
ground. For future investigations, the modeling frame-
work should be extended to cover the economic and the
environmental impact of such systems due to the

importance of these aspects in the planning of energy
systems.

1. INTRODUCTION

District heating and cooling (DHC) networks play a key
role in the transition to future urban energy-efficient
systems. Heat pumps connected to district networks are
a particular technology that can increase both the effi-
ciency and the flexibility of the network. Recent tech-
nologies of DHC networks operate at low water tem-
peratures in the range of 5-40 °C. In general, the water
temperature is not suited for the direct supply to con-
nected buildings. Therefore, local water-source heat
pumps are installed at each building and an additional
benefit for supplying simultaneous heating and cooling
can be realized depending on the building demand type.
Because of the low water temperature in the district net-
work, the potential for integrating low-enthalpy renew-
able energy sources to function as a heat source and/or
heat sink becomes larger. Ground-source heat pumps
(GSHP) coupled with combined DHC networks is a
promising solution that incorporates the benefits of
shallow geothermal energy and low-temperature DHC
networks into one integrated system.

Sweden has the highest installation rate per capita of
GSHP with 650 000 units installed in 2020 (IEA,
2021). The Nordic country has also a large market share
of district heating networks which provide about 60 %
of the total heat delivered to all Swedish buildings
(Werner, 2017). The main energy sources for producing
heat in the Swedish district heating system are biomass
and municipal solid waste. The integration of GSHP in
DHC networks would therefore cover a significant
share of the Swedish heating market using a renewable
source of energy. Lately, a few studies have shed light
on the role of utilizing shallow geothermal energy in
DHC networks to supply heating and cooling to entire
communities (Tester et al., 2021; Zeh et al., 2021). A
shallow geothermal bore field provides a relatively sta-
ble and high fluid temperature during winter, which
yields better system performance compared to other
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energy sources, €.g., rivers, lakes, or ambient air. Simi-
larly, excess heat in summer, that would otherwise be
wasted, is injected into the bore field and benefits in re-
ducing the required size of the bore field. Moreover, the
excess heat is stored for later use and decreases the bore
field depletion which results from the continuous heat
extraction from the ground over long periods.

Modeling and simulation of GSHP integrated into DHC
networks is a wide topic that encompasses several re-
search areas. On the one hand, heating and cooling de-
mands for an individual building are obtained at the de-
sign stage from a whole-building energy simulation
program such as EnergyPlus (Crawley et al., 2001),
TRNSYS (Klein et al., 1976), and IDA-ICE (EQUA,
2021). For urban-scale analysis of heating and cooling
demands with sustainable energy planning, the use of
other tools like EBSILON®Proffessional (Steag-
System Technologies, 2021) and EnergyPlan
(Sustainable Energy Planning Research group at
Aalborg University, 2022) becomes important. On the
other hand, tools dedicated to sizing ground heat ex-
changers and evaluating the fluid temperature are
needed. Common tools used in this field are Earth En-
ergy Designer known as EED (Hellstrdm & Sanner,
1994) and GLHEPRO (Spitler, 2000).

Modelica is a free open-source new generation tool rec-
ommended by the International Energy Agency for the
modeling and simulation of building and community
energy systems (Wetter & Van Treeck, 2017). It ena-
bles modeling complex systems by decomposing them
into smaller component models that are connected
through connection lines. These lines interface the
model variables with the other connected models, and
hence, there are no strict inputs and outputs to the
model. Instead, the variables are computed by efficient
solvers as long as the boundary conditions at the con-
nection ports are sufficient to solve the system of equa-
tions. Variables are standardized at the connection ports
depending on the model domain. For instance, stand-
ardized variables in the hydraulic domain are mass

flow and pressure. While in the thermal domain these
are the heat flow rate and temperature.

This paper aims to present a framework for modeling
GSHP integrated into DHC networks. Section 2 de-
scribes the modeling framework including the three
main component models found in such systems. Sec-
tion 3 demonstrates an example for the modeling and
simulation of a geothermal district heating and cooling
system using demand profiles from eight buildings lo-
cated in south Sweden. The main conclusions are fi-
nally outlined in Section 4.

2. MODELING FRAMEWORK

An overview of the framework for modeling GSHP in-
tegrated into a DHC network using Modelica is shown
in Figure 1. The framework consists of three main parts
that cover the building substations, the district pipe net-
work, and the geothermal bore field. Figure 1 shows
typical inputs and outputs to each of these parts. In the
following subsections, a description of the models used
in these three parts is provided separately.

2.1 Building substation model

Different technical installations may exist in the build-
ing substation (BSS) depending on the building demand
type. A building substation with both heating and cool-
ing demands typically includes a heat pump, a mechan-
ical chiller, circulation pumps, and a heat exchanger
that is used for direct cooling when the district network
temperature is cold enough to be used for direct supply.
Each of these installations can be modeled by reusing
existing component models from the Modelica Build-
ings library (Wetter et al., 2014).

Heat pumps are modeled by reusing the existing com-
ponent model found in Buildings.Fluid.HeatPu-
mps . Carnot_TCon. The model takes varying heat de-
mands and supply temperatures as inputs. Although it
is possible to model entire buildings in Modelica, this
approach is not recommended as it results in thousands
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Figure 1: A Modelica framework for modeling GSHP integrated into a DHC network with examples of typical

inputs and outputs in each component model.




of differential equations to be solved. Instead, heating
demands and supply temperatures can be obtained from
either actual measurements or simulation results from
another program depending on which data is available.
When the heating demand of a building at a particular
point in time is known, the mass flow entering the heat
pump condenser is determined as:
Qn

Meon =
ATcon * Cp,water

(1]
where Q, is the heating demand, AT,,, is the tempera-
ture difference between the condenser outlet and inlet,
and c,, yqter is the specific heat capacity of water.

The heat pump coefficient of performance (COP) is
scaled according to a prescribed Carnot efficiency as:

TCOTL
COPup =MNcarnot "7 ——7— [2]
where 7¢qrnor 18 the Carnot efficiency, T,,, and T,,, are
the condenser and evaporator temperatures.

The supply temperature is controlled using a demand-
based temperature control that aims to increase the po-
tential for energy savings (Zhou et al., 2014). This type
of controller is not influenced by the outdoor tempera-
ture as is the case in typical outdoor temperature-com-
pensated control curves. Rather, the quantity of thermal
demand is proportional to a lower and an upper bound-
aries of supply temperatures. As Figure 2 shows, the
lower and upper boundaries of the supply temperature
are proportional to the 25% and 75% percentile of the
heating and cooling demands. The reader is reminded
that cooling demands are denoted by a negative sign
and are therefore placed on the left side of the cartesian
plane.
Supply
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Figure 2: Demand-based temperature control
curves.

Mechanical chillers are modeled in a similar way to
heat pumps, except that the COP calculation shown in
Equation 2 is modified by replacing the condenser tem-
perature in the nominator with the evaporator tempera-
ture.

As for circulation pumps, the component model
Buildings.Fluid.Movers.FlowControlled_m_

flow is used to calculate the variable pump power as:
V-Ap

p = T [3]
PETE Ny i

Abugabbara et al.

where V is the volume flow, Ap is the pump pressure
rise, Ny, is the pump hydraulic efficiency, and 7n,, is the
motor hydraulic efficiency.

The last component in the BSS is the direct cooling heat

exchanger which is modeled using an instance of
Buildings.Fluid.HeatExchangers.DryCoilEf

fectivenessNTU where its heat transfer rate is
equivalent to:

Q =& m- Cp,water * (Tpri,in - Tsec,in) [4]

where ¢ is the heat exchanger effectiveness that is com-
puted dynamically based on the number of transfer
units, the ratio between minimum to maximum flow
rate, and the flow regime; 1 is the maximum mass flow
circulating the heat exchanger; Ty and Tgec i, are
respectively the primary and secondary loops inlet tem-
peratures.

2.2 Distribution pipe model

The model for the distribution network presented in this
study is constructed based on a two-pipe topology with
a parallel connection to buildings and bidirectional
mass flow. The pipes are uninsulated and are made of
high-density polyethylene. The model is divided into
two parts that take into account both hydraulic and ther-
mal aspects of the distribution pipe. The hydraulic part
is generally expressed by the relationship between the
mass flow and the pressure drop as:

h =k -\[Ap 5]

where k is a fixed flow resistance that is derived from
nominal design parameters. The nominal pressure loss
due to friction at the wall of the distribution pipe is
computed according to the flow regime as described in
detail in the Modelica implementation provided in ref-
erence (Modelica, 2020).

The second part of the distribution pipe model is related
to the heat losses (or heat gains) in the pipe. As
Figure 3 shows, the model accounts for the interaction
between the pipe and the surrounding soil (referred to
as the symmetrical problem) as well as the interaction
between the two pipes (referred to as the anti-symmet-
rical problem). The calculations of heat losses are based

A
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Figure 3: Representation of thermal resistances for
pipe heat loss calculations.
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on steady-state conditions using the multipole method
described by Wallentén (1991) and detailed in Standard
SS-EN 13941-1 (Svenska institutet for standarder,
2021).

The derivation of the thermal resistance for the sym-
metrical problem Ry is expressed as:

In (4 'DH") . ln< 1+ (%)j

where A, is the soil thermal conductivity, H, is a cor-
rected pipe burial depth which considers the surface re-
sistance, D is the pipe outer diameter, C is the distance
between the center of the two pipes, and g is a dimen-
sionless resistance parameter that is determined as:

Asoil (D)
= . ln —_ 7
B - d (7]

R = 1
s_2'7'['/1501'1

(6]

where A, is the pipe thermal conductivity, and d is
the pipe inner diameter. Similarly, the thermal re-
sistance for the anti-symmetrical problem R is ex-

pressed as:
ln(‘*'DHo)H;_m( 1+(2%)2>

Once the undisturbed ground temperature T, is pre-
scribed and the fluid temperature in the warm and cold
pipes are evaluated during simulations, heat losses (or
heat gains) in the distribution pipes are determined ac-
cordingly.

R = 1
5_2'”'1501'1

(8]

2.3 Bore field model

The last part of the modeling framework is related to
the geothermal bore field. The earliest implementation
of a bore field model in Modelica was carried out by
Picard and Helsen (2014). The model was later ex-
tended and detailed in the work of Laferriére et al.
(2020). The model is capable of simulating any arbi-
trary configuration of boreholes while taking into ac-
count the short- and long-term responses. The short-
term response evolves at time scales from minutes to
hours and is related to the transient thermal effects of
the fluid through the borehole and the transient heat
conduction through the filling material. The long-term
response, on the other hand, takes place at time scales
from weeks to months where the interactions between
the boreholes in the bore field become significant. The
bore field model assumes that the boreholes are con-
nected in parallel and that all of the boreholes have uni-
form dimensions. An overview of the structure of the
bore field model is presented in Figure 4 which consti-
tutes the following two parts: 1) borehole model, and 2)
ground model.

2.2.1 Borehole model

For a single borehole like the one illustrated in
Figure 4, the borehole model describes the heat transfer
from the heat carrying fluid to the borehole wall. The
borehole is vertically discretized into segments of equal
length in order to account for the vertical variations of
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the fluid temperature. The conductive heat transfer be-
tween the borehole segments is not considered, while
an identical borehole wall temperature is applied to
each segment. Inside each segment, the so-called delta-
circuit of thermal resistances represents the heat trans-
fer between the fluid and the borehole. To include the
capacitance of the fluid and the filling material, the
delta-circuit developed by Bauer et al. (2011) is used in
the model. The model is currently available for only
single U-tube and double U-tube (parallel or series con-
nection) configurations. The illustration in Figure 4 is
depicted for the single U-tube configuration and the
calculations of the thermal resistances based on Bauer
et al. (2011) are reproduced below to gain more clarity.
The presented notations are adopted from the Modelica
implementation.

The thermal resistance between the fluid and the grout
is expressed as:

1 ln( TTub )
TTub,in [9]
R¢, = R
fg Nu'n"/lf 2'1T'lp Tx Ry

where Nu is the fluid Nusselt number, A, and 1, are the
fluid and pipe thermal conductivity, rr,;, and rry ;,, are
the tube outer and inner radius, x is the position of the
center of mass of the grout, and R, is the thermal re-
sistance from the outer pipe wall to the borehole wall.
x and R, are calculated as:

T'bz +2- TTubZ

l

n 2Ty [10]
x =
v
In (2 'rTub)
T
ln( Tub)

1 T b,i 11
Rg=2'Rb— Tub,in [11]

Nu-n-lf_ 2-m- Ay

where ry, is the borehole radius, R, is the fluid to ground
thermal resistance which is derived using the multipole
method described by Claesson & Hellstrom (2011) and
implemented in Modelica for internal evaluation.

The thermal resistance between the two grouting zones
can be calculated as:

_ 2-Rgp(Rar — 2+ x-Ry)

99 7 2-Ryp — Rer +2-x-R,

[12]

where Ry, is the thermal resistance between the grout
and the borehole wall, and R, is the thermal resistance
between the outer wall of the two pipes. R;;, and R, are
determined as:

Ry = (1—X)R, [13]

T
1 < Tub )
1 n TTub,in

Nu-m- A 2-m Ay

Ry = Ry —2



where R, is the total resistance when the heat flux at the
borehole boundaries is zero, which is also defined by
Claesson & Hellstrom (2011).

Finally, the capacity of the grout and the fluid are ex-
pressed as:

m
Cy = pg-7 (217 = 2 *)ep g [15]

T 2
Cr = pr-Cpy 'Z'ZrTub,in [16]
where p, and p; are the grout and fluid density, and ¢, ,

and c, r are the grout and fluid specific heat capacity.

2.2.2 Ground model

The second part of the bore field model is intended for
the description of the heat transfer in the ground, as
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shown in Figure 4. Heat extraction or injection from the
ground depends on the heating and cooling demands of
the buildings connected to the district network. It is cus-
tomary to present building heating and cooling de-
mands using annual hourly time resolution, while
higher resolutions up to 15 minutes are becoming more
common to investigate peak demands. When perform-
ing multi-year simulations of the bore field, using
hourly resolution becomes computationally taxing.
Therefore, the ground model uses the load aggregation
method proposed by Claesson & Javed (2012) to reduce
the required computational time. Since Modelica runs
in the continuous-time domain, Laferriére et al. (2020)
have presented adjustments to the load aggregation
method of Claesson & Javed (2012) to allow simula-
tions using variable time steps. In such adjustments, the
bore field temperature response, also known as the g-
function, gives the relation between the variation of the

[ Bore field model J
[
) { . }
Borehole model Ground model
Vertical discritization into 7 number Using the load aggregation method
L of segments of equal length )
( \ Inputs
Port_a Port_b &~ Pipe configuration
O O i<~ Nominal mass flow (kg/s) v
< Nominal pressure drop (Pa) Parameters for load aggregation
. |
(D (D & Borehole height (m) I 1
ai[1] b2[1] . ) .
\ / [& Borehole radius (m) Time resolution Number of cells per
- || & Burial depth (m) aggregation level
(<~ Number of boreholes
< Borehole coordinates (m)
e ’
b1[1] L | az[.‘] Tube radius (m)
Y € Ay (WI(MK)) P 4
j\ A < Tube thickness (m) Bore field’s therlpal response
: -function
ai[2] M 1 b2[2] < Shank spacing (m) &
< Soil thermal properties (A, c,, p) - ! . ,1 . . .l
. . Finite Line Infinite Line Cylindrical Heat
l l € Filling material thermal Source Solution  Source Solution  Source Solution
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4
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Analytical model for the heat
transfer in the ground
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® the borehole axial effects
v ® the borehole radial effects resulting
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\ J \

Figure 4: Bore field model structure. The borehole model is shown for a single U-tube configuration where heat
extraction from the ground is indicated by a flow direction from port_a to port_b. The delta-circuit of
thermal resistances is adopted from Bauer et al. (2011).
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borehole wall temperature at a certain point in time and
the heat extraction and injection rates at all preceding
times. The concept of the g-function was originally in-
troduced by Eskilson (1987) and its Modelica evalua-
tion follows the method described by Cimmino &
Bernier (2014) and later refined by Cimmino (2018). In
such a method, the g-function is evaluated for each
unique bore field design data as a combination of the
finite line source (FLS) solution, the cylindrical heat
source (CHS) solution, and the infinite line source
(ILS) solution. A correction of the g-function that con-
siders the cylindrical geometry is considered as pro-
posed by Li et al. (2014) and expressed as:

9 = grs + (Gcus — 9is) [17]

Finally, a convolution integral between the heat flux at
the borehole wall and the bore field's thermal response
factor is used to model the heat transfer in the ground
analytically as:

detep (t - T)

t
a1y = [ 0=

where ATy, is the difference in the borehole wall temper-
ature, Q is the heat flux at the borehole wall, and dTs,
is the ground temperature response.

3. EXAMPLE

This section presents an example of a ground-source
heat pump integrated into a district network consisting
of eight buildings with simultaneously and hourly var-
ying heating and cooling demands which is located in
south Sweden. Let Figure 5 show the Modelica diagram
view of the district system including its three main
component models that are previously presented in the
modeling framework shown in Figure 1. On the lower
left side of the figure, the GSHP model encapsulates the
geothermal bore field while the heat pump cooling and
heating setpoints are defined externally to maintain the
network temperature within limits defined by the user.
All boreholes are for a single U-tube configuration and
are filled with grout. Values of the parameters used in
the GSHP model are provided in Table 1.

Warm pig
temperature

Distribution
pipe - B
“I i

Building 1 Building 2
=
Cold pipe 3 3
Cooling temperature BRA ’_‘* it >__*
e Building 3 BUIding 4

v
-
2
5
i

L% Building 5 Building 6
Heatin
setpoint Ground-source heat 4 3
pump with bore field B B
Network pressure Building 7 Building 8

Figure 5: Modelica diagram view of a geothermally
driven district network with eight connected
buildings.

dr [18]

The second component model in the district system is
denoted by the distribution pipe model. Here, pressure
drops and heat losses across the longitudinal direction
are computed as discussed earlier in Section 2.2. To
simplify the model, all distribution pipes, including
connection pipes, are lumped into one component with
parameter values shown in Table 2. The connection be-
tween the main distribution pipe and each building is
realized by a flow junction that has no pressure drops.

Table 1: Parameters for the GSHP and the bore

field models.
Parameter Value Unit
GSHP heating setpoint 18 °C
GSHP cooling setpoint 20 °C
GSHP pressure drops over district loop 6000 Pa
GSHP AT over bore field loop 4 K
GSHP Carnot effectiveness 0.5 -
Number of boreholes 200 -
Borehole height 300 m
Borehole burial depth 5 m
Borehole radius 0.057 m
Bore field nominal pressure drops 35000 Pa
Number of borehole segments 10 -
U-tube pipe outer diameter 40 mm
U-tube pipe thickness 2.3 mm
U-tube pipe thermal conductivity 0.4 W/m-K
Shank spacing 35 mm
Grout thermal conductivity 2 W/m-K
Grout volumetric heat capacity (g * ¢p4)  1.95¢6 J/m*K
Ground thermal conductivity 3 W/m-K
Ground thermal diffusivity 1.3e-6 m/s?
Undisturbed ground temperature 10.3 °C
Load aggregation time resolution 3600 s
Number of cells per aggregation level 5 -

Table 2: Parameters for the distribution pipe

model.
Parameter Value Unit
Pipe total length 1000 m
Pipe outer diameter 250 mm
Pipe wall thickness 148 mm
Pipe surface roughness 2.5e-5 m
Pipe thermal conductivity 0.17 W/mK
Soil thermal conductivity 1.6 W/m-K
Burial depth 0.8 m
Spacing between the outer wall of the pipes 0.2 m
Fluid velocity at nominal mass flow 1.0 m/s

The last component model represents the building sub-
station, which draws water from either the warm or cold
district pipe based on the building demand type. Build-
ing icons denoted in yellow indicate building substa-
tions with both heating and cooling demands. Table 3
shows the parameters in the BSS and their values. The
heat pumps in each BSS have infinite capacity, imply-
ing that the entire BSS demand over the simulation pe-
riod is provided solely by the heat pump.

Figure 6 shows different simulation results of the dis-
trict system. A greater understanding of the network
demand profiles can be attained from Figure 6(a) and
Figure 6(b) which present the cumulative sum of annual
hourly power demand and energy for all eight build-



Table 3: Parameters for the building substation

model.
Parameter Value Unit
Heating maximum supply temperature 45 °C
Heating minimum supply temperature 35 °C
Cooling maximum supply temperature 12 °C
Cooling minimum supply temperature 7 °C
Heat pump 47T over building loop 4 K
Heat pump AT over district loop 4 K
Heat pump Carnot effectiveness 0.5 -
Heat pump nominal pressure drops over
condenser and evaporator 30000 Pa

ings. It can be seen that the network requires varying
and simultancous heating and cooling demands
throughout the year. The heating peak power demand
occurs first in February and later in November with a
value of about 4 MW. Almost throughout the year,
there is a constant cooling power demand of 0.5 MW,
where the peak cooling power occurs in July with about
6 MW. From an energy perspective, the network has
annual energy demands for heating and cooling of 8 and
5 GWh, respectively. These values suggest that the pre-
sented demand profile may increase the potential for
exchanging energy flows between connected buildings
while also balancing the bore field by injecting the sum-
mer excess heat into the ground after a continuous heat
extraction in winter.

The amount of heat extracted and injected from/into the
ground is illustrated in Figure 6(c). By contrasting Fig-
ure 6(a) with Figure 6(c), one can notice that heat ex-
traction from the ground takes place when the network
heating demand is dominant. On the contrary, network
cooling demands dominate in winter and therefore ex-
cess heat is injected into the ground. Simulation results
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g
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of the corresponding mass flow circulating through the
bore field are shown in Figure 6(d). The amount of
mass flow in the bore field varies based on the extracted
or injected heat and according to the GSHP design tem-
perature difference over the bore field loop. This, in
turn, influences the bore field entering and leaving tem-
peratures as shown in Figure 6(e). Here, the starting
temperature of the fluid leaving the bore field is equiv-
alent to the undisturbed ground temperature. In winter
months when heat is extracted from the ground, the heat
carrying fluid enters the bore field after exchanging
heat with the evaporator of the GSHP. In spring and au-
tumn, heat extraction and heat injection occur repeti-
tively in short periods, causing rapid changes in the
bore field entering temperature. The entering tempera-
ture to the bore field becomes higher as heat injection
into the ground becomes more salient in summer.

The temperature of the fluid in the distribution pipe is
presented in Figure 6(f) according to the sensors’ loca-
tion shown previously in Figure 5. In a heating mode
during winter, the heat carrying fluid leaving the bore
field enters the evaporator of the GSHP. At the conden-
ser side, the GSHP maintains the temperature of the
warm district pipe such that it does not fall below a
heating setpoint of 18 °C. The fluctuations in the simu-
lated fluid temperature in the distribution pipes are at-
tributed to the heat losses to the surrounding ground and
the heat exchange between the two pipes. The opposite
of the previous process takes place in summer months
when the GSHP operates in cooling mode. The evapo-
rator of the GSHP maintains the temperature of the cold
pipe at a cooling setpoint of 20 °C. Rapid changes in
the fluid temperature in the distribution pipes occur
when network heating and cooling demands are almost

Borefield mass flow
2004
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of year
——Bore field leaving temperature —— Bore field entering temperature
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Month of year
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Figure 6: Simulation results for different component models and output variables.
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Figure 7: Annual cumulated Seasonal Performance
Factor of the entire district system.

similar in quantity to each other, as is case during spring
and autumn. This leads to quick changes in the type of
dominant demand in the network and, hence, quick
changes in the operating mode of the GSHP.

As for the system performance, Figure 7 shows the cu-
mulated seasonal performance factor (SPF) for both
heating and cooling. The boundaries for calculating the
system SPF include the electric power use in all circu-
lation pumps and compressors installed in the GSHP
and the eight building substations. A superior heating
and cooling SPF of 6 and 15 was possible to achieve
compared to traditional individual heating and cooling
systems that have lower performance. The simulated
system performance is based on the abovementioned
network operating conditions and the given parameter
values. Two main reasons are related to the obtained
high performance. The first of which is the use of the
demand-based temperature control curves in all build-
ing substations. Such a controller has a significant im-
provement on the performance of the local heat pumps
when compared against using conventional outdoor
temperature-compensated control curves that usually
force the heat pump to operate at higher supply temper-
atures for longer periods of time. The second reason is
related to the low temperature difference between the
fluid in the bore field and the network setpoints. This,
ultimately, causes the GSHP to operate at low temper-
ature lifts and therefore improves its performance.
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Figure 8: Computational time for annual simulation
of the district system.

The final presented result in this example shows the
computational time required to perform an annual sim-
ulation of the entire district system including eight con-
nected buildings and a geothermal bore field. A desktop
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computer with 12 physical cores and a maximum speed
of 3.5 GHz and 32 GB of RAM was used to run the
simulation. As Figure 8 shows, the simulation of the
entire district system took about two and a half minutes
to perform. About half of the time (71 seconds) is re-
lated to the initialization time where the bore field g-
function is evaluated. The g-function is stored locally
in the model subdirectory and is recalled when another
simulation using the same bore field design data is per-
formed. Thus, the revaluation of the g-function is not
needed, and the time required to perform the new sim-
ulation can be reduced by half.

4. CONCLUSIONS

A modeling framework to evaluate and assist further
research and development on the integration of ground-
source heat pumps in combined district heating and
cooling networks was presented in this paper. The
framework is based on the Modelica language which
supports the free use and edit of existing robust compo-
nent models for building and community energy sys-
tems. The paper briefly described the main component
models that are used when simulating a geothermal
bore field connected to a district heating and cooling
network. An example was presented to show the mod-
eling of a geothermal district heating and cooling net-
work consisting of eight buildings with varying heating
and cooling demands and a bore field of 200 boreholes.
Simulation results indicate promising potentials for a
wider implementation of low-temperature district net-
works integrated with shallow geothermal energy.
Moreover, the ability to conduct model-based research
on similar systems is increased since the annual simu-
lation of the presented example took about one minute
to perform.
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