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Abstract: This study evaluates low-temperature district heating (LTDH) networks with different
geothermal heat sources under thermo-economic criteria. In particular, the heat and cold supply of
modern neighbourhoods are taken into account in a dynamic simulation model built on the modelling
language Modelica. Both horizontal and vertical ground heat exchangers (GHE) were investigated
in respect to the load profiles of the consumers, depending on dimension as well as location. The
selected base case represents a LTDH network near Stuttgart (Germany). The corresponding results
of an annual simulation show that a horizontal GHE is suitable for pure heat supply and can reduce
costs by up to 12% compared to a vertical system. This economic advantage remains when the cooling
demand is considered. Subsequently, a variation of the system location was carried out. It is shown
that horizontal GHEs operate more economically in northern regions, whereas vertical ones are more
advantageous in regions with increased cooling demand. For both cases, possible savings of between
3.0% and 4.2% resulted from the simulations. The heating-to-cooling demand ratio was used as a first
decision criteria to weigh-up between the two systems. Vertical GHEs were more economical than
horizontal systems as soon as the ratio dropped below 1.5.

Keywords: low-temperature district heating; near-surface geothermal energy; decentral heat pumps;
thermo-economic analysis; transient simulation; geothermal heating and cooling

1. Introduction

Within the European Union, the heating and cooling demand of residential buildings
accounts for more than 40% of the overall final energy consumption [1,2]. At the same
time, renewable energy sources are responsible for only 22% of the whole heating sector.
This is in clear contrast to the EU’s ambitious climate targets for 2050. The forecast for the
European heating sector illustrates two trends for the coming decades. Firstly, a threefold
increase of the cooling sector compared to 2006 values is expected by 2050 [2]. This outlook
is confirmed by the 600% increase of cooled floor area between 1990 and 2010 and the
expansion of installed space cooling units by 24 times over the same period [3]. Secondly, a
reduction in heat demand between 20% and 30% is predicted due to the energy efficiency
of new buildings and the refurbishment of the existing building stock [2]. This goes hand
in hand with falling temperature levels in modern heating systems. In particular, these
developments can be responded to by integrating central low-temperature district heating
(LTDH) systems into modern quarters

This work is focused on heating networks that are operated at supply temperatures
between 0 and 20 °C. A suitable heat source for such a temperature level is shallow
geothermal energy. As it is already commonly used for a large number of buildings, its
combination with a central heating grid offers the advantage of reducing the power of
the heat source compared to the sum of the individual solutions [4]. In addition to the
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heating supply, geothermal LTDH systems can be used for passive cooling. Due to the
low temperature profile, such networks are particularly suitable for new buildings and
renovated existing buildings. Both residential buildings and commercial premises are
potential areas of application. In addition to geographical location, building construction is
also relevant here. New buildings in particular tend to have an increased cooling demand,
which is often not considered. [5]

Here, LTDH networks can play a key role in realising cooling in an environmentally
friendly way. In this context, Connolly et al. [6] outlined the importance and potential of
these systems for achieving the ambitious climate goals of 2050. Firstly, the systems enable
the use of a wider range of renewable energy sources. This leads to the targeted reduction of
greenhouse gases without subjecting consumers to the pressure to strongly reduce heating
demand. Furthermore, if the use of fossil fuels is unavoidable, heat networks can improve
efficiency by approximately 15%. As modern heating and cooling networks are moving into
the focus of academic research, a wide range of studies are being carried out, addressing
numerous aspects. It is noticeable that, although these LTDH systems are considered to
capable of heating and cooling applications, the cooling aspect or the combination of both
plays only a minor role in the studies. Furthermore, specific simulations and analysis
considering the architecture of the system, its cooling capacity, and its limitations are
scarcely available.

Ruesch and Haller [7] investigated the impact of passive cooling of buildings on the
regeneration of geothermal bore fields. The authors showed that the heat input from
passive cooling only takes up a small contribution to the regeneration of the geothermal
heat source, between 6% and 20%. However, the study does not consider the interaction
between the shallow geothermal heat source and cooling demand in detail, such as in terms
of the temperature profiles within the system. Annual simulations for a LTDH system
coupled with an artificial heat source under the consideration of cooling were performed
by Bilardo et al. [8]. The study shows the potential of the LTDH systems and supports
their possible contribution to the decarbonisation of the heating sector. However, the
transferability of these outcomes to the use of geothermal heat sources remains open, as
they were not the focus of this work. Wang et al. [9] investigated the cooling potential
of a geothermal system for multifamily dwellings in Stockholm (Sweden). This potential
was simulated based on a real application for the warmest season of the year. The authors
showed that a vertical GHE is able to reduce indoor temperatures by nearly 3 °C. The
transferability to a central network and the concrete load profiles of the consumers were
not within the focus of this work. Li et al. [10] performed a long-term simulation on
ground source heat pumps based on real applications in Changzhou (China). The soil
temperature, as well as the heating and cooling capacity of the geothermal system, were
investigated for two different multifamily apartment blocks. The study shows that the
heating capacity increased over a period of 15 years, whereas the cooling capacity decreased
due to increasing temperatures in the system. The transferability of the results to a heating
network and the exact load profiles of the consumers were not discussed.

The described literature illustrates open research questions with regard to the interac-
tion of energy systems and geothermal heat sources in the case of simultaneous heating
and cooling supply. This combined case will be an increasing phenomenon due to cli-
matic conditions and modern building standards [5]. For this reason, an understanding
and assessment of such scenarios is of great interest, reinforced by the range of possible
applications. Therefore, this study focused on the following main aspects:

e  Holistic simulation of the heating network, consumers, and geothermal heat sources
using resilient user profiles;
Investigation of geothermal heat sources with respect to the heating and cooling capacity;
Evaluation of these heat sources for various scenarios in terms of thermodynamic and
economic aspects.

In this context, a transient model of a geothermal LTDH system was developed in
order to simulate the entire energy system considering fluctuating heating and cooling
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demand during the year. The corresponding load profiles of the consumers were developed
for a modern building standard on an annual basis. A vertical and a horizontal ground
heat exchanger (GHE) were considered as potential geothermal heat sources. The selected
concepts were finally evaluated on thermodynamic and economic parameters. In Section 2,
the transient simulation model is described. Furthermore, the development of the load
profiles is presented. Section 3 shows the results and discussion for selected cases.

2. Methodology

For the annual simulation of a LTDH system, a dynamic model was developed using
the software Dymola [11] in combination with the Modelica-based Buildings library [12].
The design and characteristics of the simulated district network were based on a real appli-
cation currently under construction in the region of Stuttgart (Germany). This comprises
around 650 m of pipes and 41 detached homes as consumers. The annual heat demand is
estimated as 350 MWh. A horizontal GHE with 200 kW extraction capacity is used as a heat
source for the neighbourhood. In principle, the network offers the possibility to provide
cooling. In addition to the mass flow and temperatures in the heating network and the
electrical power consumption of the heat pumps, all data required for a thermo-economic
evaluation were taken into account. As the main economic parameter, the levelised cost of
heat (LCOH) of the entire system was determined. The input and output parameters of the
dynamic model are as follows:

Inputs:

e  Location and Weather: The weather data used in this model consist of the dry bulb tem-
perature, which is provided by ASHRAE [13] for the investigated region of Stuttgart.
In addition, all parameters that characterise the ground of the considered location,
such as density, heat capacity, and thermal conductivity are considered;

e Distance: The distance between users is necessary for the calculation of pressure and
heat losses or gains within the pipeline;

e Consumers: Each user is described by three thermal demand profiles for heating,
cooling, and domestic hot water. Furthermore, the characteristic curves of the heat
pump for each load case are implemented.

Outputs:

e  Global outputs represent the energy balances that concern the entire network, such as
total energy imported or exported from the pipeline and the effect on the geothermal
heat source.

e  Local outputs show the effects on the consumer, such as electrical power consumption
of the heat pump and sufficient supply of the load profiles.

The simulative implementation of the individual model groups such as heat pump,
geothermal heat source, and others is described in detail below. Furthermore, the input
parameters are characterised and quantified as follows.

2.1. Distribution System

The energy system consisting of the geothermal resource and consumers is connected
by a central distribution network. The pipe elements used in this modelling approach
are based on a dynamic-hydraulic pipe model developed by van der Heijde et al. [14]. In
contrast to the dynamic pipe model included in the Modelica Standard Library (MSL), this
model offers the possibility to represent complex thermal network behaviour, including
zero mass flow and flow reversal. The model calculates the individual pressure drop of a
pipe section depending on the material roughness, as well as the pressure losses due to
geodetic elevation differences according to the Darcy—Weisbach equation

02,
Apfric = /\pipe'lpipe'Pmedium' Mﬂ (1)
i, pipe
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with pgi. and pge, being the pressure losses due to friction and geodetic elevation, A, the
friction factor of the pipe, [, the length of the pipe, and d; ;. the inner diameter of the pipe.
Pmedium represents the density of the fluid, vy, the velocity, z the geodetic elevation, and g
the gravitational acceleration. These elements characterise the total pressure drop within
the pipeline. The properties of the polyethylene pipes such as length and diameter, as well
as the thermal and hydraulic properties of the pipes, can be adjusted in the parameters.
The assumptions used are shown in Table 1. Due to the very low mass compared to the
ground and the heat transfer fluid, the heat capacity of the pipes was neglected in order to
reduce the calculation time [15].

Table 1. Properties of the pipe system.

Parameter Value Unit
Material Polyethylene 100
Inner diameter 25-150 mm
Wall thickness 3-6 mm
Thermal conductivity 0.42 W/(m-K)
Pipe roughness 0.0014 mm

The heat transfer fluid used in the system is a water-ethylene glycol mixture (brine).
The assumed physical properties of the brine at a reference temperature of 10 °C are shown
in Table 2.

Table 2. Physical properties of the used water-ethylene glycol mixture at a reference temperature of
10 °C, own representation according to [16].

Parameter Value Unit
Share of ethylene glycol 20 vol%
Freezing point -8 °C
Density 1028 kg/ m3
Specific heat capacity 3.97 kJ/(kg-K)
Viscosity 2x 1073 Pa's

In order to simulate the heat losses or gains more accurately, a model of the surround-
ing soil based on thermal resistors and capacitances was applied. This structure describes
the cylindrical heat transfer and thermal storage effect in the soil surrounding the pipe.
In contrast to static design methods, dynamic models take into account changing soil
temperatures during the year. The annual profile of the undisturbed soil temperature at a
specific depth Ty, is calculated according to Florides et al. [17] and Perpar et al. [18], in
accordance with Equation (3)

[ T 27 z /365
Tsoit = Tinean — Tamp- €xp (_Z 365-0() o (365 <tym ~ Fahift = 2 M)) ®

with Tyeqn as the mean surface temperature and Tjyp as the amplitude of the surface
temperature. D describes the depth below the surface and « is the thermal diffusivity of
the soil, while #,,y and tg,; represent the current time and the day of the year with the
minimum surface temperature. For the buried pipe, two heat transfer mechanisms are
dominant: heat conduction and heat convection. One-dimensional heat conduction after
Fourier is taken into account according to Equation (4)

AT

Qcond =AA- T 4)
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Heat convection is relevant between the fluid and the pipe wall triggered by the
movement of fluid particles. A general equation for the heat transfer between a moving
fluid and a wall can be written as

Qconv = “'A'(TFluid - TWall) %)

The radial heat transfer from the fluid to the outer pipe wall in this model are calculated
according to Equation (6)

o 270 Lpipe- AT ©
- 1 Tpipe,outer 1 1 Ts0il
Api L — Nooq 7
pipe pipe,inner soil pipe,outer

with Ay and Ay as the heat conductivity of the pipe and the soil, and Tpipe,outer, Tpipe,inners
and r,; as the radius of the inner pipe, the outer pipe, and the surrounding cylindrical
soil cell.

The governing heat transfer mechanism in the soil is heat conduction. Therefore, heat
convection and heat radiation are neglected in the soil, and the heat exchange between
pipe and soil was only calculated according to heat conduction. In this way, the heat gains
as well as heat losses of the pipe system were analysed. Dalla Santa et al. [19] present an
extensive collection of data on this subject, specially adapted for near-surface geothermal
energy. The chosen parameters for the region of Stuttgart are shown in Table 3.

Table 3. Physical properties of the soil, own representation according to [19].

Parameter Value Unit
Ground thermal capacity 2.6 MJ/(m3K)
Ground thermal conductivity 1.5-3.5 W/ (m-K)
Ground thermal diffusivity 9.77 x 1077 m/s?
Depth where the temperature gradient starts 10 m
Vertical temperature gradient 0.03 K/m

2.2. Consumer

The main component for the consumer is the heat pump, which is not modelled as a
physical cycle, but by means of real characteristic curves of an existing system by a German
manufacturer [20]. This allows a significant reduction of the simulation time without
affecting the overall results. The curves used in this approach can be found in Figure 1.
The characteristic curves show the heat output at full load, as well as the minimum part
load, for different temperature levels. A temperature of 35 °C was used for the provision of
room heat, and 55 °C and 65 °C for the provision of domestic hot water. Figure 1b shows
the corresponding electrical power consumption of the heat pump. From the imposed load
and the brine temperature, the electrical power consumption of the heat pump and the
coefficient of performance (COP) is calculated by Equation (7)

cop = Qeat @)
Pel

At the same time, the required amount of heat taken from the grid is calculated. In
case of cooling, a passive concept is applied. Therefore, only the power for the circulation
pumps on the primary and secondary side is taken into account. As the reference grid is
designed as a passive system, the substations contain a pump that represents the circulation
pump on the primary side of the heat pump. A schematic visualisation of the consumer
substation can be found in Figure 2.
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Figure 1. Characteristic curves of the used heat pump for heating power (a) and electrical consump-
tion (b) according to flow temperature, own representation according to [20].
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Figure 2. Scheme of a single consumer unit.

2.3. Load Profiles

Consumer behaviour was implemented by annual load profiles including the heating
and cooling demand based on hourly values. As real data is not available, a simula-
tion was conducted to obtain reliable consumer profiles. A schematic illustration of the
determination of the load profiles can be found in Figure 3.

The energy specifications for the buildings were set according the Stuttgart project case.
The specifications were derived from the KfW-153 standard and refer to the heat transfer
coefficients of the building components [21]. For buildings in accordance with the KftW
Efficiency House 55, clearly defined requirements apply to the heat transfer coefficients of
the building components. The specifications can be found in Table 4.
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Figure 3. Schematic illustration of the determination of the load profiles using the Hourly Analysis

Program (HAP).

Table 4. Used building components with corresponding maximum thermal transmittance, own
representation according to the KfW-153 standard [21].

Building Component Thermal Transmittance [W/(m?-K)]
Roof surfaces, top floor ceiling 0.14
Transparent building components 0.9
Opaque components 0.25
Basement 0.2
Exterior walls 0.2
Cellar and exterior doors 1.2

In addition, the maximum permissible space heating requirement of the buildings
is specified with 35 kWh/(m?a). A heated floor area of 150 m? was assumed, whereas a
cellar was not taken into account. Furthermore, occupancy profiles were created for the
individual rooms, but also for lighting and the use of electronic devices. A corresponding
approach for this is provided by Jeong [22]. In addition, comprehensive data on factors
influencing the air conditioning of buildings can be found in Polinder et al. [23] and are
applied as well.

The calculation of annual load curves was carried out using the software “Hourly
Analysis Program (HAP)” from Carrier [24]. This software calculates according to ASHRAE
“Residential Cooling and Heating Load Calculations” [13]. The calculated load curves for
the reference building can be seen in Figure 4.

5 5
a) b)
4 4
z
X
3 § 34 ]
3]
Py
o0
2 ‘ | Zj
‘ 3
f 1] o]
14 | u 14
04 ‘]I “ |n J |“ I\“ T ; I 0
2000 4000 6000 8000 0 2000 4000 6000 8000

Time (h) Time (h)

Figure 4. Calculated heating (a) and cooling (b) load profile according to ASHRAE.
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In addition, load profiles for hot domestic water are required. In their study, San-
tiago et al. [25] present an approach for generating artificial load profiles, which was
transferred to the present work. The determined values have also been confirmed by
Braas et al. [26].

2.4. Geothermal Heat Sources

One of the central aspects of the investigation is the shallow geothermal heat source.
Both a vertical borehole heat exchanger as well as a horizontal heat exchanger were investi-
gated. The performance of any GHE depends largely on the surrounding soil. Studies such
as Blum et al. [27] show a median specific heat extraction rate of 48 W/m for a borehole
heat exchanger. Horizontal systems are often 10 to 40 W/m, strongly depending on the
climatic conditions [28,29]. Each vertical borehole heat exchanger and the surrounding
elements were modelled by a resistance-capacitance model, as proposed by Bauer et al. [30]
and modified by Laferriere et al. [31]. The modifications allow a free division of the bore-
holes in the area, as well as the consideration of more precise heat flows within the field.
In this work, a double U-Tube is assumed. The temperature response of the ground to
heat injection can be calculated using the g-function according to Equation (8), defined by
Eskilson [32].

Q

=l 0N,

with Ty(t) as the borehole wall temperature, T, the undisturbed ground temperature, ks
the ground thermal conductivity, and H as the borehole length. N, means the number of
boreholes in the field and g(t) represents the g-function. The g-function was calculated
according to the finite line source solution, using the method by Cimmino and Bernier [33]
and Cimmino [34]. Since this g-function is based on line sources of heat rather than
cylinders, the g-function was corrected to consider the cylindrical geometry. As correction
factor, the difference between the cylindrical heat source solution and the infinite line source
solution according to Equation (9) was applied, as proposed by Li et al. [35].

Ty(t) g(t) 8)

g(t) = gris(t) + (8cus(t) — girs(t)) )

where, grrs(t) represents the g-function evaluated for the finite line source solution, gcys(t)
represents the g-function evaluated for the cylindrical geometry, and g r(f) represents
the evaluated solution for the infinite line source. According to Equations (7) and (8), the
wall temperature of the borehole for every segment and hence, the heat exchange with the
surrounding soil, can be calculated. The physical parameters for the GHE simulation are
shown in Table 5.

Table 5. Physical parameters used for modelling the ground heat exchanger.

Parameter Value Unit
Diameter geothermal pipes 32 mm
Wall thickness pipe 3 mm
Heat conductivity pipe 0.42 W/(m-K)
Type of vertical GHE Double U-pipe -
Distance between U-pipes 5 m
Maximum drilling depth 100 m
Borehole radius 75 mm
Density grout 1600 kg/m3
Heat conductivity grout 0.81 W/(m-K)
Heat capacity grout 800 J/(kg-K)
Depth of the horizontal GHE 15 m
Distance between horizontal pipes 0.7 m

In addition, a model was developed for the horizontal heat exchanger. The single pipe
model is analogous to the models presented above. The horizontal spacing of the pipes is
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0.7 m and the installation depth is 1.5 m. The soil temperature was also calculated according
to Equation (3) for the corresponding depth. In contrast to the vertical GHE, a horizontal
GHE is strongly affected by changing temperatures on the surface. Therefore, the dry bulb
temperature calculated alongside the load profiles was taken into account. The model itself
was set up according to the approach of Sangi and Miiller [36] and uses a configurable
discretisation of the soil cell. The horizontal GHE can be varied in its performance by
adding any number of parallel lines.

For simplification, it is assumed that the entire mass of a cell is concentrated in one
point. Furthermore, mass transfers such as rain and underground flows through the system
boundary and associated heat inputs and outputs are neglected [31,32].

Heat transfer between the soil cell and the wider environment therefore takes place
due to the temperature difference between the cell and the far field temperature, which is
calculated according to Equation (3).

2.5. Economical Assessment

The economic analysis was based on the guideline VDI 2067 “Economic efficiency
of building services systems” [37]. The economic feasibility was calculated in terms of
equivalent annual cost (EAC), which represents the annual cost of owning, operating, and
maintaining the system components. The EAC was calculated by Equation (10)

EAC=) .R—) .Pi—) .(OM;bom) — ) (Qi-bo) (10)

with R as the annual revenues, P; as the annualised capital cost of investment of the
specific component I, and OM;i as the sum of annual cost for operation and maintenance.
Furthermore, Q; means the annual amount of energy used and b; is the cash value factor.

Thereby, the annualised capital cost of investment of the specific system component i
is calculated by the following Equation (11)

-1
Pi=Py 1 (11)
1— q_ obs
where Py means the investment amount of the specific component, g the interest factor, and
Tops the observation period in years. Increases in costs for operating and maintenance, as
well as energy, are considered via the cash value factor b; according to Equation (12)

T
1—(r
bi_ng) (12)

with r being the price change factor, which has to be specified beforehand.

For the final determination of the levelised cost of heat (LCOH) and the levelised
cost of cold (LCOC), the EAC are related to the total annual heating and cooling demand
according to Equation (13)

LCOH/LCOC = — A€ (13)
QHeat /Cold

The general assumptions regarding the economical assessment can be found in
Table 6. It should be noted at this point that no state subsidies are taken into account
in the calculations.
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Table 6. Assumptions for the economical assessment.

Parameter Value Unit Reference

Installation of LTDH network 230 €/m [28,38]
Maintenance of LTDH network 1 % of total invest/a [37]
Installation vertical GHE 1050 €/kW [27]
Installation horizontal GHE 450 €/kW [38]
Consumer heat pump 1000 €/kW [27]

Substation and installation 4000 € -

Interest factor 1.05 - [37]
Price change factor 1.03 - [37]
Observation period 40 a [37]
Electricity tariff for heat pumps 22.5 ct/kWhy [39]

3. Results

In this chapter, simulation results are presented and discussed. First, a general com-
parison between the two geothermal heat sources for the region of Stuttgart (Germany)
was carried out. Here, both the sole heating case and the combination with cooling were
taken into account. The parameters of the original design case are shown in Table 7.
Subsequently, the location of the system was varied and the corresponding weather data
was implemented. Oslo was chosen as a more northerly region and Bordeaux as a more
southerly variation.

Table 7. Parameters of the original design case.

Parameter Value Unit
Number of consumers 41 -
Total length of the grid 650 m
Geothermal extraction power 200 kW
Room heating demand per consumer 5224 kWh/a
Domestic hot water demand per consumer 3276 kWh/a
Calculated cooling demand per consumer 3938 kWh/a

3.1. Sole Heating Case

In the initial case, a horizontal and a vertical GHE were considered. The total costs for
the LTDH network itself amount to around €150,000. Based on the studies by Blum et al. [27],
average costs for the borehole heat exchangers of 1050 €/kW are assumed. This means
installation costs of €210,000 for the standard case with 200 kW extraction capacity. Ac-
cording to Brennenstuhl et al. [28,38], the horizontal GHE can be assumed with mean
costs of around 450 € /kW. This results in installation costs of €90,000 for the standard case.
Near-surface geothermal systems in combination with heat pumps are dependent on the
opposing effects of investment costs and operating costs. Keeping all other parameters
equal, a reduction in the size of the heat source leads to reduced temperatures in the
network, which increases the electricity demand of the heat pump.

The overall COP values determined for the sole heating scenario with respect to both
geothermal sources are shown in Figure 5a. It can be seen that borehole heat exchangers
are advantageous in the cold season and collectors are advantageous in the summer. This
is due to the pronounced weather dependency of the collector, which is more dependent
on external influences. Therefore, it cools down more in winter than a comparable vertical
GHE, but also heats up more in summer. The use of horizontal systems thus leads to a
reduced electricity demand of the heat pumps, but increases the demand in winter. For
this reason, vertical GHEs have a higher averaged COP over the year than comparable
systems with a horizontal collector. However, the savings in electricity cannot compensate
for the significantly higher investment costs. It can be found that the horizontal GHE
is the more economical option in the design case. The calculated LCOH amounts to
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19.8 ct/kWhy, when using horizontal systems and 22.3 ct/kWhy, in the case of a vertical
systems. Accordingly, horizontal systems result in significant savings of around 12%.

5.0 25

gl Horizontal GHE a) —=a— Horizontal GHE b)
L] Vertical GHE 244 —e— Vertical GHE
44 523
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38 \ 5 21
O
3.6 = 20|
3.4
19 -
3.2
30—+ 18 T T T r T T T r
1 2 3 4 5 6 7 8 9 10 11 12 25 -20 -15 -10 0 +10 +15 +20
Months Dimensioning Heat Source (%)

Figure 5. Overall COP for the design case (a) and LCOH for various dimensioning of the geothermal
heat source (b).

In the second step, the dimensioning of the heat source was varied originating from
the extraction power of the design case described above. Figure 5b shows the LCOH for
the individual consumer, taking all prices into account. The simulation demonstrated that
a standard procedure for the dimensioning of GHEs does not lead to the most feasible
design under economic aspects. It can be shown that an enlargement of the collector by
10% enables a cost reduction of the LCOH by 1.5%. In the case of a vertical GHE, reducing
the system by 15% leads to savings of 3.8%, although the average COP drops by 8.5%
due to the decreasing temperature in the distribution system. In this case, increasing the
horizontal GHE leads to the minimum cost of all cases evaluated. The main indicators for
the standard design and the cost minima are shown in Table 8.

Table 8. Main indicators for the LCOH calculation.

Vertical GHE Horizontal GHE
Design case 0% 0%
Total invest heat source (€) 210,000 90,000
Mean value COP 4.15 3.98
Electricity demand (kWhg)) 2048 kWh 2135
LCOH (ct/kWh) 22.28 19.80
Optimal case —15% +10%
Invest cost heat source (€) 178,500 99,000
Mean value COP 3.79 4.17
Electricity demand (kWhy) 2242 2036
LCOH (ct/kWhy,) 21.43 19.56
Savings (%) 3.8 15

The optimised dimensioning illustrates the conflict between investment costs and
operating costs. A smaller heat source can be realised more cost-effectively, but due to the
lower capacity, it leads to reduced flow temperatures and thus to an increased electricity
demand of the heat pump. In the case of the horizontal system, a reduction of 25% leads to
an undercutting of the permissible minimal supply temperature in winter. For this reason,
the case was not considered in more detail.

As shown above, several cost rates for the horizontal collector from Brennenstuhl
et al. [28,38] were used in the modelling, which is why the LCOH observed there are
compared with the results from the simulation. Brennenstuhl determined a LCOH of
21 ct/kWh in the existing quarter, resulting in a cost deviation of 6%. Due to the high
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overlap between the simulation and the real grid, this results in a good comparability of
the two systems.

The accuracy of the simulated results is also relevant for classification and evalua-
tion. Deviations can occur due to the discretisation of the calculation area into smaller
segments [40]. For this reason, the design case was simulated 15 times with identical
initial parameters and the influence of the discretisation errors on the overall result was
determined. Here, a mean deviation of the LCOH of 1.07% can be determined for systems
with a horizontal GHE. When considering a vertical GHE, the mean error of the LCOH is
1.41%. The increased deviation may be due to the higher complexity of the vertical model
compared to the horizontal model, as more modelling nodes are used. The error results in
an LCOH between 19.59 ct/kWh and 20.01 ct/kWh for the horizontal GHE. For the vertical
system, the LCOH is between 21.97 ct/kWh and 22.59 ct/kWh.

3.2. Heating and Cooling Scenario

If only the heat supply is considered, the lowest possible temperature spread between
the flow and the heating temperature at the heat pump is favoured. This reduces electricity
demand, and thus the operating costs. When passive cooling is considered, new challenges
arise. In this case, a low spread is disadvantageous, as it reduces the cooling capacity or
even inhibits cooling from reaching a certain point. In this context, a supply temperature in
the network of a maximum of 15 °C is assumed to be permissible. At higher temperatures,
the temperature gradient is too low to guarantee cooling with respect to the dew point
inside the dwelling. Figure 6 shows the flow temperature profiles for both the horizontal
collector and the borehole heat exchanger array in the design case. The simulation shows
that the horizontal collector (Figure 6b) regularly exceeds the temperature limit for 11 days.
On these days, passive cooling of the buildings is not assured. On the other hand, the
borehole heat exchanger field can ensure passive cooling even if the area is reduced.
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Figure 6. Flow temperature profiles for a vertical (a) and a horizontal (b) GHE during the cooling season.

LCOH and LCOC for LTDH providing heating and passive cooling were determined.
At this point, the calculation differs from the sole heating scenario. The cooling was
therefore seen as an additional option and the LCOC were calculated separately. For this
purpose, the existing infrastructure of the LTDH was considered. Since heat pumps with
additional capabilities cause higher investment costs, a price increase for passive cooling of
20% was assumed. Furthermore, the additional electricity costs of the circulation pumps
were taken into account. The calculated LCOH are shown in Figure 7a. It can be seen
that a slightly reduced LCOH is associated with the heat input from cooling. As already
explained, this is due to the overall improvement in COP and the resulting reduction
in electricity demand. Only scenarios that can provide both heating and cooling over
the entire year are listed here. For this reason, horizontal GHEs were considered with a
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dimensioning of +15%. Nevertheless, the economic advantages of horizontal GHEs remain
for the case of heating.
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Figure 7. LCOH (a) and LCOC (b) for various dimensioning of the geothermal heat source.

The simulated LCOC are shown in Figure 7b. Since the costs of the network as well
as the heat pumps in general are already fully taken into account in the LCOH, the LCOC
are significantly lower. First of all, it can be seen that horizontal GHEs cannot provide
reliable cooling in the design case. Only when the collector area is increased by at least 15%
does the flow temperature permanently remains below 15 °C during the cooling period.
Therefore, scenarios that cannot guarantee cooling are not evaluated. It can be seen that
a vertical GHE leads to significantly lower LCOC. This is due to the temperature profile
being favourable for cooling. A reduction of the source leads to reduced temperatures in
summer, whereas an increase keeps the temperature almost constant at the level of the
ground. The temperature profile reduces the mass flow in the pipe system necessary for
cooling, and thus the power requirement of the pumps. This reduces the LCOC for vertical
systems by around 22% compared to a horizontal collector.

For a precise evaluation, it is necessary to determine equivalent annual cost (EAC).
Therefore, the LCOH and the LCOC were offset against the annual demand. The con-
sumer’s heating and cooling requirements remain constant for all cases. The results are
shown in Figure 8. It can be seen that the economic advantage of the horizontal GHE
remains even when cooling is taken into account. Increasing the horizontal GHE results
in a saving of 2.7% per year compared to the economically most feasible vertical system.
Nevertheless, it is remarkable that the systems with cost-intensive borehole heat exchangers
are also competitive. For these cases, the possible savings in electricity leads to significantly
improved economic efficiency in contrast to the pure heating case. Due to the significantly
more favourable LCOC of vertical GHEs, the economic efficiency of these systems will
increase with increasing cooling volume compared to horizontal GHEs.

At the same time, horizontal GHEs offer higher flexibility with regard to changes in
heating or cooling demand. The simulations show that they can provide both heating and
cooling over a wide range of dimensioning.
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Figure 8. Total cost for heating and cooling per consumer for each case in the region of Stuttgart.

3.3. Variation of the Region

In the following, two alternative locations for the heating and cooling system are
examined. Weather data from Oslo (Norway) and Bordeaux (France) were used for the
calculations. The design parameters and assumptions were kept constant in order to
maintain comparability. Only the power of the geothermal heat source for the base case
(0%) was adjusted to fulfil the load profiles of the corresponding neighbourhood. The main
parameters determined for the systems at the selected locations are shown in Table 9. It is
assumed that the demand for domestic hot water remains constant regardless of the region.

Table 9. Comparison between the three locations.

Stuttgart Oslo Bordeaux
Annual mean ambient temperature (°C) 10.1 7.0 13.9
Annual amount of heating energy (kWh) 5224 8839 1729
Annual amount of cooling energy (kWh) 3938 3057 6294
Annual domestic hot water load (kWh) 3276 3276 3276
Design installation cost vertical GHE (€) 210,000 296,100 123,900
Design installation cost horizontal GHE (€) 90,000 126,900 53,100

The results for the calculated LCOH and LCOC for the Oslo location are presented in
Figure 9a,b. The increased demand for space heating by around 60% compared to Stuttgart
leads to an increased extraction capacity of the geothermal heat sources and therefore to
increased investment cost, as is shown above. In general, the specific LCOH is reduced by
the overall increase in heat demand, which leads to more economic geothermal heat sources.
For the design case, the LCOH can be reduced by 6% in the case of a horizontal GHE. The
conducted calculations show that both smaller and a larger dimensioning result in higher
cost. For the vertical GHE it is shown that the development of the cost is analogous to the
case described above. Smaller dimensioning leads to reduced cost, and again, the reduced
investment cost exceeds the additional demand for electricity. Reducing both GHEs by
15% leads to a turning point where the vertical system is slightly more economical than the
horizontal collector. This results from the significantly increasing electricity demand for
the horizontal GHE due to the sharply falling temperature profile. The specific LCOH is
reduced by the overall increase in heat quantity. The specific LCOC is slightly increased
because the additional investment costs are allocated to an overall 25% reduction in the
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amount of cooling. This illustrates that the flat-plate collector, if undersized, reduces the
LCOC due to the low temperature profile. As in the case of Stuttgart, an increase in size
leads to increased costs due to the rising temperature level. Once again, the vertical GHE
shows a nearly constant cost development. Due to the constant temperature profile, the
mass flow and therefore the electricity demand of the pumps remain nearly the same. An
evaluation of the cases in terms of total annual costs id shown in Figure 10. It can be seen
that the horizontal GHE can reduce costs by around 4.3% due to an increased heat demand
in combination with a reduced cooling demand. This leads to a cost advantage for the
horizontal GHE, which is also reflected in a wider range of advantageous dimensioning.
Nevertheless, shifting the region further north may lead to problems as the temperature
near the surface drops too far for a horizontal collector.
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Figure 9. LCOH (a) and LCOC (b) for various dimensioning of the geothermal heat source for the
region of Oslo.
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Figure 10. Total cost for heating and cooling per consumer for each case in the region of Oslo.

The region around Bordeaux has overall milder climatic conditions. Therefore, the
heating demand is reduced, whereas the demand for space cooling increases. Once again,
only scenarios that can guarantee a constant supply of heating and cooling are presented.
The simulated results presented in Figure 11a show similar characteristics as the scenarios
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above. Due to the higher temperatures in the ground, a horizontal GHE is more econom-
ical in the case of heat demand. Furthermore, it can be seen once again that the LCOC
(Figure 11b) for the vertical GHE is significantly lower. This is due to the higher tempera-
ture in the flat-plate collector, which results from the overall higher ground temperature.
Although the LCOH is lower when a horizontal GHE is used, the calculation shows that
systems with borehole heat exchangers can be operated more economically when the pro-
vision of cooling is taken into account. Figure 12 shows the total costs per year for each
customer. Here, it can be seen that the vertical systems are now up to 3% more economical,
and are also able to operate over a wide range of dimensions. The horizontal GHEs, on the
other hand, lead to higher costs for the customer.
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Figure 11. LCOH (a) and LCOC (b) for various dimensioning of the geothermal heat source for the
region of Bordeaux.
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Figure 12. Total cost for heating and cooling per consumer for each case in the region of Bordeaux.

The evaluation of the results shows that, depending on the scenario, different system
configurations emerge as the most economical solution. Due to the low investment costs,
horizontal GHEs have a significant advantage, which, however, must be re-evaluated when
cooling is taken into account. Here, it is interesting at which point one system outweighs



Processes 2022, 10, 421

17 of 20

the other. According to the provided simulation results, the heating-to-cooling demand
ratio can be applied as a decision criterion by Equation (14)

RH/C _ QHeat + QDomestic hot water (14)
Qcold

Accordingly, the Oslo case shows a ratio of 4.0, whereby the horizontal systems are
preferred. In Stuttgart, the ratio is 2.2. In this region, horizontal and vertical GHE are almost
equal in their economic efficiency, and cooling can only be guaranteed by larger collectors.
Nevertheless, collectors are the more economical solution here as well. The region of
Bordeaux has a heating-to-cooling demand ratio of 0.8. In this region, vertical GHEs are the
more economical systems. An overview of the parameters is shown in Table 10. Studies for
the Madrid region are still being considered. In this region, however, the horizontal GHE
cannot guarantee passive cooling even with significantly larger dimensions due to the high
ground temperatures in summer. For this reason, only vertical GHEs can be used here.
Based on the results obtained, there seems to be a tipping point between both geothermal
systems depending on the respective loads. Here, regions with a heating-to-cooling demand
ratio below 1.5 seem to tend towards vertical systems. In contrast, horizontal GHEs become
more economical the larger the Ry becomes.

Table 10. Parameters of the three regional cases.

Stuttgart Oslo Bordeaux Madrid
Annual heat demand per consumer [kWh] 8500 12,115 5005 4321
Annual cooling demand per consumer [kWh] 3938 3057 6294 9677
Heating-to-cooling demand ratio 2.2 4.0 0.8 04
Most economic GHE system Horizontal =~ Horizontal Vertical Vertical
Savings from next most economic GHE [%] 2.65 4.16 3.00 -

4. Conclusions

In this study, a dynamic model of a district heating network was developed using
the Modelica programming language. A complete heating network with 41 consumers
and over 600 m of piping was set up. Furthermore, heat pumps and two geothermal heat
sources were implemented in the simulation environment and integrated into the overall
model. Based on an annual simulation, selected concepts were technically and economically
evaluated. Therefore, load profiles for heating and cooling demand of potential consumers
were developed and applied to the simulation model. The results show that in case of
heating alone, a horizontal collector is preferable compared to borehole heat exchangers,
enabling savings of around 12%. The LCOH determined was 19.8 ct/kWh. Error analysis
shows a mean error for horizontal GHE of 1.07% and a mean error for vertical GHE of
1.41%. Sensitivity analyses with regard to the dimensioning of the respective geothermal
heat source show an optimisation potential regarding the sizing. For example, an increase
of 10% of the horizontal GHE leads to a reduction of the LCOH by 1.5%. When passive
cooling is taken into account, it can be stated that a horizontal GHE designed for the heating
load cannot guarantee passive cooling in general. For example, the limit temperature for
passive cooling is exceeded on 11 days in the design case of the horizontal GHE. In contrast,
vertical GHEs can ensure cooling over the entire summer period. Nevertheless, even if
oversizing is necessary, horizontal systems are the more economical systems and allow
annual savings of around 3%.

Depending on the geographical location, it can be recognised that the choice of a
suitable geothermal heat source is of great significance. Using climate data from Oslo
(Norway), it can be observed that horizontal collectors provide a favourable heat supply.
Furthermore, they are able to cover the small amount of cooling during the summer period.
The overall costs per year are reduced by 4.1% in contrast to vertical heat exchangers. In
the Bordeaux region, vertical systems are the more economical solution, as they can serve
the higher cooling demand cheaply. In this case, costs can be reduced by 3% per year.
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It can be concluded that vertical GHEs are advantageous in their wide range of applica-
tions. They can reliably provide both heat and cold over a wide variation of dimensioning,.
Nevertheless, their high investment costs represent a significant disadvantage compared to
other heat sources. Horizontal GHEs are particularly suitable for the cost-effective provi-
sion of heat. When considering the cooling supply, their dimensioning must be planned
more carefully, as undersizing can easily occur. The heating-to-cooling demand ratio can
be used as a decision indicator for selecting the respective geothermal system. It can be
seen that for ratios below around 1.5, vertical GHEs are the more economical option. If, on
the other hand, the heating demand predominates, horizontal systems are preferred. For
values in the transitional range between 2-1.5, detailed investigations must be carried out
with regard to the other boundary parameters such as soil properties, consumer behaviour,
etc. In future work, these criteria for the evaluation of the individual scenarios will be
determined. These will allow an assessment of the individual cases based on a variable
weighting of the factors independent of the system’s location.
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Nomenclature

Latin Letters

b; Cash value factor

D Depth below the surface (surface=0)

d; pipe Inner diameter of the pipe

g g-function

grrs(t) g-function evaluated for the finite line source solution
gcus(t) g-function evaluated for the cylindrical geometry
Qie(t) g-function evaluated for the infinite line source solution
H Borehole length

ks Ground thermal conductivity

Lyipe Length of the pipe

Ny Number of boreholes in the field

Omi Sum of annual cost for operation and maintenance

P; Annualised capital cost of investment pf the specific component i
Py Investment amount of the specific component

P, Electrical power

Pfric Pressure losses due to friction

Pgeo Pressure losses due to geodetic elevation

Q Heat flow

Q; Annual amount of energy

q Interest factor

R Annual revenues

T pipe,inner Inner radius of the pipe

Tpipe,outer Outer radius of the pipe
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Tsoil Radius of the cylindrical soil cell
Tamp Amplitude of surface temperature
Ty(t) Borehole wall temperature
Ty Undisturbed ground temperature
Tiean Mean surface temperature (average air temperature).
Tsoil Soil temperature at depth D and Time of year
tohift Day of the year of the minimum surface temperature
tyear Current time
Vpipe Velocity within the pipe
z Geodetic elevation
Greek Letters
o Thermal diffusivity of the ground (soil)
Pmedium Density of the fluid
Apipe Friction factor
Apipe Heat conductivity of the pipe
Asoil Heat conductivity of the soil
Abbreviations
cor Coefficient of Performance
GHE Ground Heat Exchanger
LCOC Levelised Cost of Cold
LCOH Levelised Cost of Heat
LTDH Low-temperature district heating
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