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Abstract: While heat pumps have been acknowledged as a key enabling technology to achieve Net
Zero goals, their uptake is limited by their performance and cost. In this paper, a simulation-based
study is conducted to analyse the performance of ground source heat pumps (GSHPs) utilising
high thermal conductivity materials for the borehole heat exchanger (BHE) pipe (1 W/mK) and
grouting (3 W/mK) developed in the GEOCOND project. Exergy analysis is conducted to account
for energy quantity and quality with a focus on BHE performance. An annual hourly simulation was
performed using DesignBuilder V5.4 and Earth Energy Designer (EED4) for representative cool and
hot locations in Europe—Stockholm and Valencia, respectively. For a constant BHE length, the results
for Stockholm show that the high conductivity materials result in an increase of about 13% BHE
exergy extraction compared to the standard grout and pipe, but no such improvement was observed
for Valencia. The difference between outdoor temperature and its dynamic variation from the indoor
setpoint is identified as a key factor in the overall GSHP exergetic performance. In future research,
we propose a thorough life cycle analysis across diverse locations and varying indoor comfort criteria
to pinpoint areas where the high thermal conductivity material can enable cost-effective, sustainable
heating and cooling.

Keywords: ground source heat pumps; exergy analysis; low carbon heating; Net Zero; buildings
energy modelling

1. Introduction

Heat pumps are a mature technology that can be coupled with renewable energy
to deliver low carbon heating and cooling. Thus, they have been identified as a key
enabling technology to decarbonise buildings space conditioning towards achieving Net
Zero goals [1]. Typical heat pump installations are air source heat pumps (ASHPs) that
suffer from relatively lower efficiencies owing to weather fluctuations and low winter air
temperatures. Ground source heat pumps (GSHPs) are comparatively more energy efficient,
as they take advantage of fairly stable underground temperatures, but the relatively higher
cost over their lifecycles is a key barrier for their uptake.

The complete life cycle of the GSHP includes production, manufacturing, the use
phase, and finally end-of-life disposal [2]. The dominant phase within this life cycle of
a heat pump in terms of energy use and environmental impact is the “use phase” [2,3].
This is because heat pumps have a long useful life (>20 years) during which the heating
and cooling energy demand may be delivered to the building continuously. In the use
phase, the environmental impact and cost is dependent on the GSHPs’ thermodynamic
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performance, as greater efficiency translates to delivering the required heating or cooling
with less electricity input and a lower cost and carbon footprint.

Grout thermal conductivity is widely recognized as a crucial parameter for the per-
formance of ground source heat pump (GSHP) systems. This observation is evidenced by
numerous studies, with Dong et al. [4] highlighting the need for in-depth theoretical investi-
gation of material properties that impact thermal conductivity, including the dual influence
of water-to-cement and sand-to-cement ratios. Badenes et al. [5] conducted a numerical
study to identify target physical properties of grout and piping for enhanced GSHP perfor-
mance. They showed that enhanced thermal conductivity has a positive impact on system
performance. Similarly, Zhou et al. [6] developed a numerical model to probe the effect
of grout thermal conductivity on heat transfer performance in borehole heat exchangers.
Frac et al. [7] further developed grouts with a novel binder characterized by high thermal
conductivity specifically designed for low-temperature geothermal applications.

Despite this focus on grout thermal conductivity and GSHP performance, most of the
existing studies—including those by Dong et al. [8], Huang et al. [9], and Zhou et al. [6]
—present analysis workflows that treat the GSHP system as an isolated unit separate
from the building energy demand it is intended to service. This creates a discrepancy, as
GSHP systems are essentially integrated systems designed to meet the heating and cooling
demands of buildings.

The studies by Mahon et al. [10], Zhou et al. [6], and Deng et al. [11] explore GSHP
systems from various angles such as seasonal thermal energy storage, techno-economic
optimization, and ventilation rate influences on GSHP efficiency. Nevertheless, they do
not integrate these analyses with building energy modelling (BEM), which is critical for
a holistic understanding of GSHP performance in real-world applications. Furthermore,
while some investigations such as those by Habibi et al. [12] and Tang and Nowamooz [13]
have carried out energy and exergy analysis of heat pump systems and borehole heat
exchangers respectively for a more rigorous thermodynamic treatment, there is limited
evidence of such analysis in the context of grout thermal conductivity, especially analysis
that incorporates BEM.

In essence, there is a clear need for research that integrates GSHP performance analysis
with BEM, and simultaneously incorporates an exergy analysis for a rigorous thermody-
namic evaluation. Such research would provide a comprehensive understanding of GSHP
system performance, taking into account its interaction with the serviced building under
varying weather conditions and considering the quality and quantity of energy involved.

To address this knowledge gap, in this paper, a simulation-based study is conducted
to analyse the performance of ground source heat pumps (GSHPs), utilising high thermal
conductivity materials for the borehole heat exchanger (BHE) pipe and grouting developed
in the GEOCOND project [5]. This process is performed for the two representative hottest
and coolest locations in Europe, Stockholm and Valencia.

2. Exergy Analysis for Thermodynamic Performance Analysis of GSHPs

When energy is delivered to buildings, it undergoes various transformations depend-
ing on the technology used. For the case of heat pumps, electrical energy is supplied
and transformed to low-grade thermal energy, fulfilling a building’s heating and cooling
demand. While the quantity of energy remains conserved through the various transfor-
mations, its quality is degraded due to the loss of useful work that can be extracted from
it. Indeed, a similar quantity of electricity is more useful as compared to low-grade ther-
mal energy [14-16]. Unfortunately, this loss of energy quality is not considered in energy
analysis. However, exergy, a thermodynamic property of the system and surroundings,
accounts for both energy quantity and quality. Thus, it has been amply used for buildings
thermodynamic performance analysis, including energy systems such as GSHPs [17-21].

Exergy is defined as “The maximum theoretical useful work (shaft work or electrical
work) obtainable as the system is brought into complete thermodynamic equilibrium
with the thermodynamic environment while the system interacts with this environment
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only” [22,23]. It represents the variation of a mass or energy flow from the equilibrium
state, which is effectively a representation of its useful work potential, and is measured
in the same units as energy is. While exergy can be calculated for any mass or energy
flow [24], for the case of buildings it is typically electricity and heat flows. As electricity is,
by definition, pure work, its energy and exergy content are the same (Equation (1)).

AEelec = AExelec (1)

For heat flows, the exergy content depends on the quantity of thermal energy (Q), the
outdoor dry-bulb temperature (Ty), and the temperature of the heat flow as it crosses the
system boundary (T) (Equation (2)).

T
ExXpeat flow = Q(l - ]9) (2)

The “LowEx” approach was developed to improve the exergetic performance of
buildings, which aims to match the quality of energy supply and demand, thus minimising
thermodynamic losses [25-27]. Equation (3) provides the exergy balance equation in which
the exergy lost due to loss of energy quality is termed as exergy destruction [23]. In
the equation, Ex;, is the exergy entering the system, Exy is the exergy leaving system,
AEx is the exergy change, while Exg,g; is the exergy destruction due to thermodynamic
irreversibilities (such as loss of energy quality).

Exj, = AEx + Exout + EXjpst 3)

In Figure 1, the illustration depicts different energy sources and their respective
applications within buildings, accompanied by an indication of energy quality. For instance,
the utilization of high-quality energy sources such as oil for low-quality energy demands
like space heating results in a significant reduction in energy quality. Alternatively, the
utilization of ground heat for the same purpose mitigates the loss of energy quality and
reduces exergy destruction, thus improving the matching of energy quality between the
supply and demand in the building.

Sources Quality Uses
ail
Coal High Lighting
Uranium
{fossil Fuels)
Electrical

Wind energy appliances
High temp

. waste heat, e.g . Cooking
from indusirial Medium

processes
[200°C)
Washing machine

Low temp.
wasfe heat, e.g DHW
from CHP
{50-100°C) Low

Ground heat Space healing

Figure 1. Examples of variation in energy quality in supply and demand for buildings [28].

While ground source heat pumps (GSHPs) require electricity, they also harness the
heat from the ground, aligning energy quality more effectively with the demands of space
heating and cooling. In a comparative study by Lohani and Schmidt [29], which evaluated
ground and air source heat pumps and a conventional boiler in a typical residential setting,
GSHPs emerged as the most energy and exergy efficient technology. The importance of
borehole heat exchanger (BHE) performance in GSHP systems is underscored, as it directly
influences the extraction of low-grade thermal energy from the ground.
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Kizilkan and Dincer [16] delved into the thermodynamic performance of a borehole
thermal energy storage system integrated with a GSHP, focusing on a university building
in Ontario, Canada. Their findings indicated an overall exergy efficiency of 42.35%, with
significant exergy loss attributed to declining energy quality. Similarly, Hu et al. [30]
conducted an exergy analysis of a GSHP system for a Canadian public building, enhancing
its exergy efficiency from 9% to 10.4% through an improved heat pump control strategy.
Verda et al. [31] examined the design of a horizontal shallow GSHP system, revealing a
60% increase in BHE-extracted exergy when the ground loop depth was elevated from
1m to 2m. Shifting focus to industrial contexts, Erbay et al. [32] scrutinized a GSHP
utilized for food drying, achieving a remarkable exergy efficiency of 77%. This result
stemmed from effective energy quality matching between supply and demand, particularly
notable given the high heat requirement (70 °C) and cool ambient temperatures (10 °C)
in the region. Ally et al. [33] analysed a vertical BHE application for residential space
conditioning, showcasing that over 75% of the necessary energy was extracted from the
ground. However, exergy efficiency for the GSHP was not computed. It is worth noting
that due to the inherently low energy quality of space conditioning, the converted exergy
value of the extracted energy could be significantly smaller.

Turning to building cooling, Menberg et al. [34] conducted an exergy analysis of a
hybrid GSHP system, revealing higher efficiencies for heating (30%) compared to cooling
(15%). Similarly, Kayaci, N. [35] pursued the design of a GSHP for an office building in
Istanbul, utilizing exergetic and economic analyses. They deduced exergy efficiencies
ranging from 36% to 39% over a decade of dynamic simulation data.

This brief review indicates the use and importance of exergetically analysing GSHP
systems. The performance metrics (i) BHE exergy extraction and (ii) exergy efficiency have
been used to assess thermodynamic performance. The exergy efficiency of the GSHP in
the reviewed studies has ranged from 9-42% for building space conditioning applications.
This low exergy efficiency is an indicator of the need to minimize electrical energy supply,
which could be done by maximizing the BHE exergy extraction. Therefore, this paper aims
to quantify the improvement achievable in a typical vertical U-tube BHE through the use of
novel grouting and pipe materials developed in the GEOCOND project to provide valuable
information in the use phase of the GSHP life cycle.

3. Methodology
3.1. Scope of Work and Simulation Approach

The scope of this study is limited to the use phase of the GSHP lifecycle, analysed
using annual dynamic simulations (Figure 2). The analysis is conducted based on hourly
data that includes (i) the weather conditions (hourly weather data from [36]), (ii) BHE
design (iii), and building characteristics. The need to consider hourly variations in exergy
analysis arises from the fact that exergy is also a function of the environment, and exergetic
results are sensitive to the reference environment temperature. In addition, for the ground
thermal response, the 10th simulated year was used to ensure that steady conditions in the
BHE are reached. The system boundary for the heat pump system corresponds to “seasonal
performance factor H; (SPFH;)” [37], which includes the heat pump only and is well suited
for analysis in the use phase. Consequently, the performance of the system is assessed in
terms of (i) the exergy extracted from the BHE as an indicator of the BHE performance and
(ii) the exergy efficiency of the house heating/cooling system.

The energy demand of a typical European residential house was generated using
DesignBuilder V5.4 [38]. Using the hourly demand profile, the BHE was sized using
the software EED 4.20 [39], while the exergy analysis was completed in MS Excel. The
Earth Energy Designer (EED) software is a standard tool for designing energy systems
using borehole heat exchangers (BHE) and has been extensively used in European projects.
The EED 4 as used in this study offers hourly resolution for heating/cooling loads and
output. While validated against full numerical simulation tools, EED’s speed advantage
over numerical simulations enables handling the high case and iteration demands of
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GEOCOND exergy analysis (Bohne et al. [40] and Sanner et al. [41]). Moreover, the results
generated in this study are taken from the simulated 10th year of operation, so that stable
ground conditions are reached, and the initial transient effects of ground heating or cooling
do not impact the analysis.
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Figure 2. Analysis system boundary with a focus on the use phase.

Figure 3 depicts the simulation workflow, along with the data inputs/outputs at each
step of the process. Initially, a fixed typical heat pump coefficient of performance (COP)
was taken. This was varied iteratively until there was no change in the heat pump COP
and the energy supplied by the GSHP which matched the demand profile of the building.

Repeat HP
COP iteration

Energy demand Generate BHE
profile of a typical Load curve | T TR : HP COP
house (Stockholm) — Earth Energy stable?

DesignBuilder Y B Designer (EED)
Mm “

Hourly outdoor air temperature, C:X"e‘::;t

energy demand for Heating, Cooling i analysis

Figure 3. Simulation approach workflow.

3.2. Scenarios Definition

Keeping the building, location, and heat pump the same, performance comparison
between the conventional BHE design and GEOCOND interventions was conducted.
For the heat pump, a typical market available technology has been chosen in this study,
specifically the Ochsner 10-12 kW dual heating and cooling mode heat pump [42]. Two
locations, representative of cool and warm climates in Europe, were considered, namely
Stockholm and Valencia, respectively. The considered building is a typical house, detailed in
Section 3.3. A typical U-tube BHE was considered (about 100 m depth [43]). Corresponding
to the building energy demand, BHE sizing in EED4 resulted in BHE lengths 2 x 107 m and
1 x 190 m for Stockholm and 2 x 100 m for Valencia. The two variations for Stockholm were
considered to analyse the effect of increased BHE depth. Table 1 provides the details for the
BHE characteristics used in the baseline scenario for Stockholm. For each location/BHE
length, the following GEOCOND interventions were defined:

1.  Baseline: This reference scenario is representative of the material and performance
achievable using state of the art materials for BHE construction. Specifically, this
includes the BHE pipe and grout. Badenes et al. [5] document the developments
in pipe and grouting material achieved in the GEOCOND project. The baseline
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corresponds to the PE100 pipe (thermal conductivity of 0.42 W/mK) and a grout with
thermal conductivity of 2 W/mK.
2. Semi-GOECOND: The pipe used is the standard PE100 but with the improved GEO-
COND grout (thermal conductivity of 3 W/mK).
3. GEOCOND: In this scenario, both the pipe and grouting used GEOCOND materials,
with thermal conductivity values of 1 W/mK and 3 W/mK, respectively.

Table 1. BHE characteristics for Stockholm 2 x 107 m in the baseline scenario. For the other cases,
the grout and pipe conductivity and BHE depth were varied according to the information provided

in Table 2.

Stockholm 2 x 107 m

Ground
Thermal conductivity 3.5 W/(m-K)
Heat capacity 2.16 MJ/(m3-K)
Surface temperature 7.6°C
Geothermal heat flux 0.05 W/m?
Borehole
Configuration 1 x 2line
Depth 107 m
Borehole Spacing 10
Borehole Installation Single U
Borehole Diameter 120 mm
U-pipe diameter 32 mm
U-pipe thickness 3 mm
U-pipe thermal conductivity 0.42 W/(m-K)
U-pipe shank spacing 60 mm
Filling thermal conductivity 2W/(m-K)
Contact resistance pipe/filling 0m-K/W
Thermal Resistances
Number of multipoles 10
Heat Carrier Fluid
Thermal conductivity 0.48 W/(m-K)
Specific heat capacity 3795]/(Kg-K)
Density 1052 Kg/m3
Viscosity 0.0052 Kg/(m-s)
Freezing point —14°C
Flow rate per borehole 2L/s

3.3. The Modelled Building

The typical European residential house as defined by the EU ENTRANZE project was
considered in this study [44]. The modelling of the house was performed in DesignBuilder
using the building geometry and characteristics from the same project. The overview of
the DesignBuilder model and building plans for first and ground floors are presented in
Figure 4, Figure 5, and Figure 6, respectively.
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Figure 4. Model overview of a typical house in Europe, as defined by the European EN-
TRANZE project [44].

Bedroom 1

Bedroom 2

Bathroom 1

wc
Bedroom 4

8.5m

Figure 5. First floor plan view.

Domestic circulation
Domestic Lounge 7
Domestic Kitchen

Lounge

Circulation
=~
NN

\ /
o

Figure 6. Ground floor plan view.

The model was validated using data published in the ENTRANZE project’s results,
for a warm climate (Madrid), where the cumulative annual heating and cooling demand
was 151.6 kWh/m?2. The modelled heating and cooling demand were 40 kWh/ m? and
108.5 kWh/m?, respectively. This corresponds to a difference of 3 kWh/m? (or 2% error)
in the cumulative space conditioning energy demand. The modelled cooling demand
for Valencia based on calibration for Madrid is presented in Figure 7. For Stockholm, a
similar calibration was carried out and is shown in Figure 8. The figures clearly depict
the difference in the two climates considered—Stockholm has negligible cooling, while for
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Valencia, it is cooling that is the greater space conditioning demand over the year. The total
space conditioning energy demand for Valencia and Stockholm accrues to 101.8 kWh/m?
and 123.3 kWh/m?, respectively. The hourly load profiles are then used in EED to size the
BHE to fulfil this demand as described in the following section.

Heating and cooling demand of a typical residential house in Valencia, Spain

— Cooling Energy Demand (Wh/m?)
175 —— Heating Energy Demand (Wh/m?)

Energy Demand (Wh/m?)
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Figure 7. Simulated demand profile for Valencia based on a calibrated model. Cooling demand:
53.5 kWh/m?2/ year, heating demand: 48.3 kWh/ m2/ year.

Heating and cooling demand of a typical house in Stockholm, Sweden
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Figure 8. Simulated demand profile for Stockholm based on a calibrated model. Cooling demand:
0.8 kWh/m?, heating demand: 122.5 kWh/ m2.

Exergetic Indicators for Performance Analysis

The following exergetic performance metric were used to assess thermodynamic performance:

BHE exergy extracted: Heat can flow into or out of the BHE depending on whether
heating or cooling is required in the building. As exergy is the variation from a ther-
modynamic reference, which in this case is the local weather, heat flowing into the BHE
during winter and heat flowing out the BHE during summer can both be counted as exergy
extracted by the BHE. The return fluid temperature in the borehole is considered the BHE
boundary temperature, while the outdoor air temperature is the reference temperature Ty.
Using these assumptions and definitions, the exergy extracted by the BHE is calculated
using Equation (2), where “Q” is the heat transfer to or from the BHE. The exergy efficiency
of a system in general is given by:

Useful output exergy
Supplied input exergy

NEx =

4)

For the GSHP case, the supplied input exergy is electricity, which is pure work (quality
factor of one). The useful output is the delivered heating and cooling, which corresponds
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to the exergy demand of the building. Based on a setpoint temperature of 18 °C, the exergy
efficiency is calculated as follows:

_ Exergydemadn  Energy demand (1 — 2927015) 5)
TEx = P Electricity input _ HP Electricity input

4. Results and Discussion

Utilizing the methodology presented earlier, the results were generated for the two
locations. A summary of the results for the exergy analysis are presented in Table 2. The
exergy efficiency of the GSHPs ranged from 11.6-25.9% across the different scenarios,
which is similar to studies reported in the literature review (Section 3). Moreover, it can be
observed that the location with cooling dominated climate had a higher exergy efficiency,
which is also in agreement with previously reported work [34].

Table 2. Results of the exergy analysis based on annual hourly simulation data.

Energy Exergy BHE Exergy BHE Exergy Extracted = BHE Exergy Electricity =GSHP Exergy
Demand Demand Extracted Improvement Proportion = Demand Efficiency
kWh kWh kWh % % of total kWh %
Stockholm 2 x 107 m
Baseline 17,833 1166 235 0 20.15 4596 25.37
Semi-
GEOCOND 17,833 1166 247 5.11 21.18 4554 25.6
GOCOND 17,833 1166 265 12.77 22.73 4497 25.93
Stockholm 1 x 190 m
Baseline 17,833 1166 333 0 28.56 4786 24.36
Semi-
GEOCOND 17,833 1166 349 4.8 29.93 4763 24.48
GOCOND 17,833 1166 376 12.91 32.25 4727 24.67
Valencia 2 x 80 m
Baseline 14,366 378.22 229 0 60.55 3655 10.35
Semi-
GEOCOND 14,382 384.9 219 —4.37 56.9 3591 10.72
GOCOND 14,398 407.7 209.8 —8.38 51.46 3513 11.61

The observed exergy efficiency is notably low, which stems from the substantial exergy
destruction during the conversion from electricity to low-grade heat. Taking the Stockholm
baseline scenario as an illustration, an annual energy demand of 17,833 kWh translates to
merely 1166 kWh of exergy, which is met using 4596 kWh of electricity. This conversion
process results in most of the electrical exergy, specifically 3430 kWh annually or 75%, being
lost to what is termed as exergy destruction due to energy quality degradation. In the
context of Valencia, this exergy destruction is even more pronounced, accounting for 88.6%
of the provided electricity.

This heightened loss in Valencia can be attributed to the disparity between the indoor
setpoint (established at 18 °C in this analysis) and the outdoor dry bulb temperature. As
portrayed in Figure 9, the outdoor temperature in Stockholm exhibits a more pronounced
deviation from the indoor setpoint, averaging 12 °C in contrast to Valencia’s modest 5.6 °C.
Stockholm’s larger temperature differential suggests a heightened energy quality demand,
fostering a more harmonious match between energy supply and demand. Furthermore,
Figure 9 underscores the pivotal role of indoor temperature setpoint selection. Although
18 °C might be a conventional choice, various strategies exist that advocate for a dynamic
indoor setpoint [45-48], which would undeniably have a profound impact on the exergy
destruction within the building.
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Temperature difference between indoor setpoint and outdoor air
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Figure 9. Indoor setpoint vs. outdoor temperature delta. Greater difference in Stockholm (12 °C vs.
5.59 °C in Valencia) implies higher energy quality demand for building space conditioning.

The efficacy of the borehole heat exchanger (BHE) from a thermodynamic standpoint
can be gauged by the exergy it extracts. As Table 2 illustrates, the proportion of exergy
the BHE extracts relative to the total fluctuates between 20.2% and 60.6% across diverse
scenarios. In Stockholm’s context, the introduction of GEOCOND materials amplifies BHE
extraction by 30 kWh/year and 43 kWh/year for depths of 107 m and 190 m, respectively.
This signifies a 13% enhancement in BHE extraction and a reduction of 99 kWh electricity
demand per year compared to the conventional baseline for both depth variants. Notably,
the deeper BHE variant (190 m) boasts a markedly superior exergy extraction capacity,
constituting 32% of the total supply compared to the 23% seen in the GEOCOND scenario.
Such efficiency is achieved in tandem with a 24 m reduction in BHE length, potentially
translating to cost savings during the installation phase. As for Valencia, a minor decrement
in the percentage of total energy input extracted by the BHE ensues, but this is offset by
a 0.84% enhancement in exergy efficiency. This subtle advancement likely stems from
the minimal temperature discrepancy between the outdoors and the indoor setpoint, as
depicted in Figure 9.

Figure 10 further sheds lights on the relationship between exergy efficiency and the
variance between outdoor temperature and the indoor setpoint. Specifically in Valencia, as
the outdoor dry bulb temperature converges with the indoor setpoint, exergy efficiency
tends to zero, stemming from the decreasing energy demand quality. This relationship is
further corroborated by an R? value of 0.96, showing the strong correlation between the two
metrics. Observing the temperature delta showcased in Figure 10, it is evident that space
conditioning is inherently a low-grade energy demand. This accentuates the significance of
indoor setpoint selection as a crucial determinant influencing the exergetic performance of
building space conditioning systems.

The findings of the present study offer an understanding of how high-thermal-
conductivity pipe and grout materials may impact the exergy efficiency in building space
conditioning systems. The thermal conductivity of grout and pipe has indeed been identi-
fied in several studies to be an important factor in BHE performance. For example, Kim
and Oh [49] investigated the effect sand and water proportion in cementitious grouts, with
a max thermal conductivity of 1.87 W/mK achieved. In an effort to identify the optimum
parameters for high performing BHEs, Tang and Nowamooz [13] conducted a numerical
simulation study and analysed 15 parameters that can affect BHE performance but also
the overall COP of the heat pump. Their grout and pipe thermal conductivity parameter
space were 0.8-3.2 W/mK and 0.25-16 W/mK respectively. Their results showed that
pipe thermal conductivity beyond 2 W/mK makes little difference, but increased thermal
conductivity in the grout does result in increased COP, even at values in excess of 3 W/mK.
In addition to these factors, they found that meteorological conditions, pipe configuration,
and the heat load level could influence the BHE’s annual performance significantly. In
line with this, Badenes et al. [5] conducted a comprehensive parameter study aiming to
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identify the best material specifications for both pipes and grouts, identifying various target
material properties. According to their numerical study, the required thermal conductivity
of the grout and pipe should be 2-4 W/mK and approximately 1 W/mK, respectively.
In an effort to achieve such values, Liu et al. [50] investigated the potential of quartz
sand-bentonite—carbon fibre mixtures for grout materials and reported a maximum of
1.98 W/mK. In a similar effort, Dong et al. [4] used the addition of silica in cementitious
grouts to achieve 2.1 W/mK. However, higher grout thermal conductivity values have
recently been reported in a study by Mascarin et al. [51], in which expanded graphite is
highlighted as a material which generally enhances thermal properties, with values of up
to 3 W/mK achievable.

Daily Average Exergy Efficiency (Full GEOCOND) and Absolute Temperature Difference over Time

—— Exergy Efficiency (Full GEOCOND) 17.5
Temperature Difference

254 Correlation: 0.96
15.0

= ~
w o
i —_—
—
e
—
= o
o N
° o]

Exergy Efficiency (Full GEOCOND)

« s
E———
——
= =
sl
e ——
————
_ ==
}
S—
==
&5 8 &

0.0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 10. Effect of outdoor temperature and its variation from setpoint on exergy efficiency for
Valencia. All data are 24 h averaged.

The grout and pipe thermal conductivity values thus achieved in the GEOCOND
project (1 W/mK and 3 W/mK for the pipe and grout, respectively) are certainly at the
higher end of the spectrum, where the impact of such high thermal conductivity values
has been assessed at the BHE and heat pump, using energy and exergy analysis. For
instance, in Stockholm, using materials with higher thermal conductivity could reduce the
required length of the system by 13% and increase its efficiency by the same amount, which
agrees with the literature [5,50,51]. However, in Valencia, despite the high conductivity,
the efficiency remained relatively low, between 10-12%. This difference between the
two locations shows that local weather and building temperature settings can greatly
influence system performance [13,45-48] and therefore should be considered carefully
when designing BHEs for GSHPs.

5. Conclusions and Recommendations

This study presents an analysis of the potential thermodynamic enhancements achiev-
able through the utilization of high-conductivity grout and pipe materials, as introduced in
the GEOCOND project, with the aid of computer simulations. The salient insights derived
from our analysis include:

e  Enhanced BHE Exergy Extraction: The adoption of pipe and grout materials boasting
thermal conductivities of 1 W/mK and 3 W/mK, respectively, can usher in notable
improvements in the exergy extraction capabilities of the borehole heat exchanger
(BHE). This assertion is substantiated by the observed 13% enhancement for the
Stockholm scenario. This uptick subsequently curtails the GSHP’s electricity requisites
by approximately 99 kWh/year, a factor with direct economic ramifications spanning
the entire use phase of the life cycle.

e Regional Variations in Exergetic Performance: For Valencia, the exergetic gains were
found to be rather marginal. Additionally, the average exergy efficiency in Valen-
cia trailed at roughly 11%, as opposed to Stockholm’s more robust 25%. A pivotal
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takeaway from our analysis underscores the dependency of exergy efficiency—and
the scope for thermodynamic augmentation via high-conductivity materials—on
external factors like the outdoor dry bulb temperature and its deviation from the
indoor setpoint.

e Advantages of Increased BHE Depth: A deeper BHE (1 x 190 m in contrast to
2 x 107 m) results in more potent exergy extraction. This depth increment not only
results in exergy efficiency that rivals the shallower BHE but also achieves this with a
24 m reduction in total BHE length. It is imperative to note, however, that this study
didn’t encompass potential variations in electricity demands due to pumping, which
could be influenced by the increased depth.

o  Exergy Loss Due to Energy Quality Degradation: Within the GSHP energy paradigm,
the most pronounced exergy drain stems from the inevitable quality degradation as
electricity morphs into low-grade heat. This accounted for a significant 77% loss
for Stockholm and an even steeper 89% for Valencia. These figures accentuate the
importance of energy quality alignment between supply and demand mechanisms.

These results provide useful information on the GSHP’s use phase part of the life cycle,
which can be utilized to derive costs over its operational lifetime and integrated into a full
life cycle analysis. However, these results are limited to only two locations, and it would
be beneficial to conduct an exploratory study to include various locations and climates in
Europe or globally. In terms of low carbon solutions, it would be useful to investigate the
amount of exergy (electricity) that solar PV (or a variant of it) could offset from the electricity
requirements of a GSHP system in the typical house with respect to different locations and
climates. As the location has a major impact on (i) the achievable exergetic improvements
using high conductivity materials, and (ii) the amount of electricity generated by solar
PV, this is recommended as future work. The results of such a study would indicate
where the high conductivity materials such as those developed in the GEOCOND project
would be most fruitful in terms of delivering cost effective environmentally friendly space
conditioning in buildings.
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