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Abstract

In a recent article published in this journal, a series of design optimization
was executed for a ground source heat pump system. The optimization was
conducted based on a COPall index, which considers both the hydraulic loss
on the buried pipe network, as well as the soil thermal balance over a one-
year period. In that article, it was concluded that a borehole spacing of 4 m
is the optimal value. In this short communication, the comprehensive COPall

index is re-evaluated with the same system setup with both the TRNSYS
and OpenGeoSys-TESPy software, but over a 20-year period. The results
show that the borehole heat exchanger array with a spacing of 4 m will
suffer severe heat accumulation over a 20-year operation. This causes the
soil temperature to rise by 5.68 °C, along with a decrease of COPall from 4.59
to 4.18. Due to the smaller increase of ground-loop temperature and lower
electricity consumption from heat pumps, a larger spacing of 6 m will bring
better COPall value over the long term, and thus should be recommended.
The extended numerical study in this work suggests that when evaluating the
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performance of a ground source heat pump system, different time duration
will lead to different results. Therefore, the variation of long-term ground-
loop temperature needs to be quantitatively evaluated in advance, and the
system optimization is recommended to be conducted over the entire life
cycle of the system.

Keywords: Shallow geothermal energy utilization, Borehole heat
exchanger array, Ground-loop temperature, Soil thermal balance, System
optimization
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Nomenclature2

Roman letter3

Bs borehole spacing (m)4

COPall comprehensive COP of GSHP system (-)5

Nm accumulative electricity consumption of the circulation pump (W)6

Nz accumulative electricity consumption of the heat pump (W)7

Q accumulative annual thermal load (W)8

T temperature (°C)9

Subscripts10

c cooling11

h heating12

Abbreviations13

BHE Borehole Heat Exchanger14

COP Coefficient of performance15

FEM Finite Element Method16

GSHP Ground Source Heat Pump17
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1. Introduction18

In the article of Zhang et al. [1] recently published in this journal, an19

optimal design method for the Ground Source Heat Pump (GSHP) system20

was proposed, in which the hydraulic loss on the buried pipe network is21

considered together with the soil thermal balance in the objective function.22

In most real-world GSHP projects, Borehole Heat Exchangers (BHEs) are23

often connected through a buried pipe network. In Zhang et al. [1], a buried24

pipe network was built in TRNSYS by taking an actual GSHP system as25

the blueprint, and a series of simulations were conducted to find the optimal26

design for the system. By taking the hydraulic resistance into consideration,27

a comprehensive coefficient of performance (COPall) index was proposed to28

present the overall efficiency of the GSHP system in their work. This index29

is defined as the ratio of thermal energy output over the total electricity30

consumption over one-year period:31

COPall =
Qc + Qh

Nz,c + Nz,h + Nm(tc + th)
(1)

where Qc and Qh are the accumulative annual cooling and heating de-32

mand of the GSHP system respectively. Nz,c and Nz,h are accumulative33

electricity consumption used by the heat pump unit in summer and winter.34

Nm is the electricity consumption used by the circulation pump. tc and th35

are the accumulative operating hours of the system in summer and winter,36

respectively.37

By applying this index into the optimized procedure for buried pipe38

network, Zhang et al. showed in their simulation results that the COPall39

value will reach maximum with a minimum borehole spacing of 3 m (Fig.40

4.15 in [1]). They also concluded that with the increase of borehole spacing,41

the maximum COPall gradually decreases.42

It is known to the GSHP community that, when annual heating and43

cooling load is unbalanced, the accumulation of heat in the subsurface may44

lead to the change of the circulation temperature during the life cycle of the45

system [2, 3]. This effect can determine the variation of the heat pump effi-46

ciency over the long term, and eventually also alter the system performance.47

In recent publications, there have been a series of research reported on48

the performance evaluation and optimization of GSHP system. To avoid the49

tremendous cost in long-term in-situ measurement, the experimental tests50

on the actual performance of practical GSHP system are always performed51

in short term, typically one year [4, 5]. During the long-term operation52

of GSHP equipped with BHE array, many researchers point out that the53
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imbalance of ground thermal load yields to heat/cold accumulation in the54

surrounding subsurface [6, 7]. With proper layout of the BHE array, includ-55

ing the geometric arrangement [8] and borehole spacing [9], this phenomenon56

can be alleviated to maintain the stable system performance. Besides, as57

for the performance criterion, the COP of heat pump is usually used as58

an index when evaluating the performance [3]. In the last few years, some59

researchers [10, 11] proposed to consider both electricity consumption of60

heat pump and circulation pump in the performance evaluation. In this61

context, it is important to quantify the amount of electricity consumption62

by both the heat pump and circulation pump, as well as their sensitivity63

to the change in borehole spacing, ideally over the entire life cycle of the64

system. In Zhang et al. [1], the comprehensive COPall index is proposed to65

evaluate the performance of GSHP system. The impacts of borehole depth66

and spacing of BHE array are investigated over a one-year operation in their67

work and the optimized suggestions are given.68

Inspired by Zhang et al.’s work, our main intention of this short com-69

munication is to show whether different duration will have a strong impact70

on the system performance evaluation and hence influence the optimization.71

Our work intends to answer the following question: what determines sys-72

tem performance variation over the long term? The method applied in this73

short communication is a series of case studies based on the same settings74

as in Zhang et al. [1]. Rather than evaluating the system efficiency based75

on the one-year simulation result, long-term numerical modeling of soil and76

circulation temperature evolution is conducted over a period of 20 years.77

The corresponding electricity consumption and comprehensive performance78

index are also re-evaluated accordingly. Based on the new results and eval-79

uations obtained in this work, a different perspective is shown on how the80

performance of GSHP system varies in the long term.81

2. Methodology82

Considering the flexible boundary condition of the GSHP system, ver-83

satile numerical software is usually chosen to serve as the simulation tool84

by the researchers. In the work of Zhang et al. [1], the GSHP system and85

the coupled BHE array are modeled by the TRNSYS software. In this short86

communication, the same GSHP system is simulated both in TRNSYS and87

OpenGeoSys numerical software during the long-term operational duration.88
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2.1. DST model in TRNSYS89

In the TRNSYS software, the component type 557 adopts the Duct Heat90

Storage Model (DST) proposed by Hellström [12], which predicts the behav-91

ior of BHE with a line-source based analytical solution. It is further coupled92

with the heat transfer process in the surrounding soil, which is modeled by93

the Finite Difference Method (FDM). The thermal effect produced by each94

BHE is superimposed in TRNSYS and produces the resulting soil tempera-95

ture values used for the calculation of heat flux between the BHE and the96

soil. Owing to the rapid deployment and fast calculation speed of TRNSYS,97

it has been a popular choice for many researchers to simulate the GSHP98

system (c.f. Bernier [13], Garber et al. [14], Kavian et al. [15]).99

2.2. OpenGeoSys-TESPy100

OpenGeoSys (OGS) is an open-source scientific modeling software, de-101

signed for the numerical simulation of coupled Thermal, Hydro, Mechanical102

and Chemical (THMC) processes [16]. It has been widely applied in geotech-103

nical engineering [17], energy storage [18] and waste repository research [19].104

In the field of shallow geothermal energy utilization, OGS implements the105

Dual Continuum Finite Element Method (DC-FEM) to simulate the ther-106

mal interaction between BHEs and the surrounding subsurface. Following107

the DC-FEM approach, the simulation domain is divided into two com-108

partments, while governing equations are respectively imposed on 1D line109

elements for the boreholes and 3D prism elements for the surrounding sub-110

surface. The heat flux between the boreholes and the surrounding subsurface111

is set as the Neumann-type boundary conditions. The detailed mathemat-112

ical framework and discretized approach can be found in the publication113

of Al-Khoury et al. [20] and Diersch et al [21, 22].114

Besides, the modeling of the real-world GSHP project has to consider115

the dynamic heat exchange behavior of the BHE array connected to it. For116

this purpose, the Thermal Engineering Systems in Python (TESPy) [23]117

has been coupled with OGS to depict the thermal-hydraulic features in the118

buried pipe network. More detail about the calculating logic between OGS119

and TESPy can be found in our previous work [24, 25]. In this work, both120

TRNSYS and OGS-TESPy models are employed to simulate the same sce-121

narios as described in Zhang et al. [1], and both model results are compared122

to reveal long-term accumulated thermal plumes in the subsurface, as well123

as its impact on the COPall value.124
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2.3. Model validation125

The BHE array model implemented in OpenGeoSys-TESPy software has126

previously been verified against analytical solution [24, 26]. The same soft-127

ware module has already been applied in real-world projects and its results128

have been validated against monitoring data from actual GSHP projects in129

Cologne [27], Leicester [7] and Xi’an [25]. As for the COP of the heat pump,130

it can be dynamically calculated based on the ground-loop temperature in131

the OpenGeoSys software [2, 28]. These previous work ensure that the BHE132

array model in OpenGeoSys is capable of reproducing the evolution of cir-133

culation temperature over the long-term operational duration and thus can134

be applied in investigating the long-term performance variation of the BHE135

array coupled GSHP system.136

3. Model Configuration137

In Zhang et al. [1], the authors proposed to optimize the GSHP system138

design based on the COPall index. They concluded that the COPall value139

will achieve its maximum when the borehole spacing is 3 m. They also140

suggested that when the hydraulic resistance of the pipe network and soil141

thermal balance are both considered, the recommended range for borehole142

spacing is from 4.0 m to 5.0 m.143

In order to verify the conclusion of Zhang et al. [1], several independent144

GSHP models are built up and re-simulated by TRNSYS and OGS-TESPy145

respectively. In the first step, two single-BHE scenarios are set up to verify146

the simulation results from the two different software. Secondly, two GSHP147

models with a spacing of 4.0 m in buried pipe network were configured to148

manifest the inter-BHE thermal interaction among BHE array. It needs149

to be mentioned that the GSHP models established in this work contain a150

buried pipe network with 25 BHEs, which is scaled down from the 140 BHEs151

in Zhang et al. [1]). This was designed to accelerate the model simulations.152

Finally, the borehole spacing is extended from 4.0 m to 6.0 m, and both153

TRNSYS and OGS-TESPy models were repeated, in order to investigate154

the impact of spacing on the system efficiency. In total, six scenarios were155

executed to examine the performance variation of GSHP system in response156

to long-term operation.157

Following the configuration in Zhang et al. [1], the 25-BHE array is158

placed in a 216 × 216 × 200 m model domain, with a 4.0 m inter-borehole159

distance. These BHEs are connected through a buried pipe network to160

transfer heat from the subsurface to the heat pump installed in the building.161

Fig. 1 illustrates the schematics of the GSHP model in TRNSYS, as well as162
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the model domain in OGS. The annual system thermal load is assumed to be163

cooling-dominant as the case in Zhang et al. [1]. The BHE and subsurface164

parameters are set to be the same as in Zhang et al. [1]. The duration of165

the model simulations is set to 20 years rather than one year, so that it can166

reflect the typical behavior of a GSHP system over its entire life cycle.167

Considering the specific performance curve of the heat pump is not given168

by Zhang et al. [1], the curve in Hein et al. [2] is adopted to calculate the heat169

pump electricity consumption Nz,h and Nz,c, using predicted outlet temper-170

ature from the ground loop as the input. Moreover, the same method as used171

in Zhang et al. [1] is repeated to calculate the hydraulic loss and electricity172

consumption Nm by the circulation pump. By inserting Nz,c, Nz,h and Nm173

into Eq. (1), the corresponding COPall values can be estimated over twenty174

years instead of just one year. For the conciseness of this manuscript, details175

on the model settings are provided along with the input files, and provided176

as the supplementary material attached with this manuscript. Interested177

readers may access them to reproduce the simulation results presented in178

the next section.179
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Figure 1: (a) Schematic diagram about calculating logic in TRNSYS; (b) Modeling domain
for the BHE array simulated by OpenGeoSys
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4. Results180

(a)

(b)

Figure 2: (a) Outlet temperature of a single BHE over the 20-year operation; (b) Overall
outlet temperature of BHE array over the 20 years

Fig. 2 illustrates the long-term evolution of inlet and outlet temperature181

from the ground loop. For a single BHE (Fig. 2(a)), the results simulated by182

TRNSYS and OGS are very close to each other. The maximum temperature183

difference is only 0.51 °C (1.60 %). Over 20 years, the trend of both mod-184
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eling results remains similar, with maximum temperature value over 33 °C185

and the minimum about 16 °C. As for the 25-BHE array (Fig. 2(b)), the186

maximum difference between TRNSYS and OGS-TESPy simulation results187

is 1.51 °C (3.81 %). Considering the circulation temperatures predicted by188

OGS-TESPy match well with that from TRNSYS, the correctness of both189

numerical models can be verified. This also means the one-year model pre-190

diction made by Zhang et al. [1] is valid. Different from the single BHE191

scenario, it is noticed that the ground loop temperature shows a gradually192

ascending trend, which is caused by the accumulation of heat in the subsur-193

face and the thermal interaction among multiple BHEs. For a typical heat194

pump unit, the upper-threshold of inlet temperature for the cooling mode195

is usually around 38 °C [29]. Beyond this temperature, the heat pump unit196

may be shut down. As shown in Fig. 2(b), both TRNSYS and OGS-TESPy197

predict that the temperature of the ground loop will exceed 38 °C after 5198

years of operation. This suggests that, the design of the BHE array with199

4.0 m spacing actually can not be operated sustainably over the long term200

with the given cooling-dominated thermal load.201

In the DST model used by TRNSYS, the surrounding soil is regarded as202

an entire body. Fig. 3 manifests the TRNSYS predicted average soil tem-203

perature and COPall for the BHE array over 20 years. It can be found that204

the accumulated heat in the subsurface causes the temperature to increase205

from 19.8 °C (the initial value) to 30.6 °C (the maximum soil temperature)206

after 20 years. Due to this cyclical increase over time, the temperature207

of circulating fluid will also lift itself so that the cooling demand from the208

building side can be satisfied. Meanwhile, the nominal COPall of the sys-209

tem also suffers an obvious decrease from 4.59 to 4.20 during the long-term210

operation. Actually, Fig. 2(b) already suggests that the system will be shut211

down after 5 years because the circulation temperature exceeds the upper212

limit of the heat pump. In Zhang et al. [1], the authors performed the TRN-213

SYS simulation for only one year. As a result, they were not able to catch214

the ascending trend in ground-loop temperature as illustrated in Fig. 2(b).215

The lesson to be learned here is that the long-term behavior of the ground216

loop is the determining factor when evaluating the COPall index, as well217

as the system sustainability, especially when an unbalanced thermal load is218

imposed over the years.219
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Figure 3: Variation of the average storage temperature predicted by TRNSYS over 20
years

In comparison to TRNSYS, the subsurface temperature is treated as220

discrete values by OGS-TESPy both in space and over time. Fig. 4 illustrates221

a clip view of soil temperature distribution in the subsurface at the end222

of the 20-th cooling season. A distinguishable heat accumulation can be223

found within and around the BHE array. It demonstrates that the 4.0 m224

BHE spacing will lead to severe heat accumulation over long-term operation.225

Furthermore, the temperature distribution along A-A’ profile in Fig. 4 is226

illustrated in Fig. 5. It shows that the heat accumulation gradually enhances227

itself over the years, and this phenomenon can be observed in the TRNSYS228

result as well.229
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Figure 4: Soil temperature distribution at the end of the 20-th cooling season
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Figure 5: Soil temperature profile at the end of 5th, 10th, 15th, and 20th year, along
y = 108 m and the depth of 100m

Since the heat accumulation phenomena are confirmed by both OGS-230

TESPy and TRNSYS models, two additional scenarios were added, with231

the borehole spacing set to 4 m and 6 m respectively. The former setting232

was recommended by Zhang et al. [1] and the latter one is added to reveal233

the general impact of borehole spacing on the system efficiency. Fig. 6(a)234

shows the evolution of ground loop inlet and outlet temperatures simulated235

by TRNSYS, and the corresponding COPall values (Fig. 6(b)). It can be236

found that with larger borehole spacing, the inlet and outlet temperatures237

will still increase over time (Fig. 6(a)), yet with a smaller magnitude. In238

the first year, the COPall values of both scenarios are nearly the same.239

As with the increasing operation time, the COPall values in both scenarios240

decrease, but at a different pace. Over 20 years, the COPall value with241

larger borehole spacing of 6 m will have a decrease of 6.6 % (from 4.58 to242

4.28), in comparison that the 4 m configuration suffers a bigger drop of 9.0 %243

(from 4.59 to 4.18). It should also be noticed that with 4 m spacing, the244

ground loop temperatures have exceeded 38 °C, indicating a potential risk245

of heat pump shut-down. Zhang et al. [1] concluded in their work that the246

4 m spacing will produce an optimal COPall value. However, their model247
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was simulated for only one year period. In comparison, similar simulations248

over 20 years in this work indicate that 4 m spacing is no longer optimal.249

When the effect of heat accumulation and elevated ground loop temperature250

is considered, larger borehole spacing (e.g. 6 m) will lead to better system251

performance and also lower operational costs over time.252

(a)

(b)

Figure 6: (a) Ground loop inlet and outlet temperature and (b) COPall values simulated
by TRNSYS with two different borehole spacing settings
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5. Discussion253

In a real-world project, the building thermal load does not equal the load254

on the ground loop. In the cooling scenario of GSHP projects, the electricity255

consumed by the heat pump will be added on top of the building cooling load256

and passed on to the ground loop. With the decrease in heat pump COP,257

the ground-loop thermal load will actually increase, because more electricity258

is consumed by the heat pump to move heat from the hot side to the cold259

side. This behavior can already be predicted by OGS-TESPy as in Hein260

et al. [2]. However, Zhang et al. [1] did not provide the performance curve261

of heat pump that was adopted in their simulation to calculate the heat262

pump COP. To make a fair comparison, it is decided to impose the same263

ground-loop thermal load in both the TRNSYS and OGS-TESPy models,264

and the interaction between building and ground-loop is neglected in this265

study.266

Despite of this simplification, the heat accumulation in the subsurface267

and ascending trend in ground-loop circulation temperature are predicted268

by both models in a similar manner. This allows us to adopt the same per-269

formance curve as in Hein et al. [2] in this study to produce the resulting270

COPall value in Fig. 3 and Fig. 6(b). Assuming that the dynamic shifting271

of the ground-loop thermal loop has to be considered, the subsurface tem-272

perature will drop even further, as more thermal load will be applied on the273

ground side, when the heat pump COP values are dropping. Overall, the274

assumption taken in the current simulations is conservative and it will not275

change the trend of COP over long-term operation.276

6. Conclusion277

In a recent article published in this journal [1], an optimal design method278

for the ground source heat pump system was presented considering both the279

hydraulic characteristics and soil thermal balance of the buried pipe network.280

The researchers concluded that an optimum COPall value will be reached281

with the minimum borehole spacing, and higher spacing will bring lower282

COPall after one year.283

In this short communication, similar scenarios were simulated by both284

TRNSYS and OpenGeoSys-TESPy for 20 years. The temperature variation285

of buried pipe network calculated by two software is very similar, which286

verifies the accuracy of both simulation tools. The new results show that the287

predicted COPall value with the 4.0 m spacing decreases from 4.59 after one288

year to 4.18 after 20 years, along with a ground-loop temperature rise from289
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24.93 °C to 30.61 °C over the same period. If the borehole spacing increase290

to 6.0 m, a similar trend is also predicted by the numerical modeling. Due291

to the smaller increase of ground-loop temperature and lower electricity292

consumption by the heat pumps, the larger borehole spacing of 6 m brings293

better COPall, and thus should be recommended in the system design.294

To answer the question raised in the introduction part, the circulation295

temperature in the ground loop, which is affected by the heat accumulation296

over the long term, is the most critical factor determining the performance of297

GSHP systems. As a result, the variation of long-term ground-loop temper-298

ature needs to be quantitatively evaluated in advance, and any optimization299

of GSHP system should be conducted over its entire life span.300
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