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Abstract

When a Borehole Heat Exchanger (BHE) array is coupled with heat pump
to provide cooling and heating to the buildings, thermal interaction between
BHESs may occur in the subsurface. In the long term, imbalanced seasonal
thermal load may lead to low or high temperature zones accumulating in the
centre of the array. In this study, numerical models are configured according
to areal BHE array project in Leicester, UK, and verified against monitoring
data. Based on this reference model, a series of numerical experiments are
conducted to investigate the response of circulation fluid temperature to
different settings of imbalanced thermal load. It is found that over long-term
operation, the sub array with a larger number of installed BHEs is shifting
its thermal load towards the other branch with less BHEs installed. Within
each sub array, the heat injection rate on the central BHEs is gradually
shifted towards those located at the edge. A linear correlation is also found
between the working fluid temperature increment and the amount of the
accumulated heat injected into the subsurface.
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Nomenclature

Roman letters

b

&% T

h

85N

<

v

wall thickness of pipe installed in the BHE (m)
specific heat capacity (Jkg=' K1)

diameter of the BHE (m)

diameter of the pipe installed in the BHE (m)
roughness coefficient of the pipe (m)

length of the BHE (m)

length of the pipe (m)

flow rate of the circulating fluid (kgs™!)
hydraulic pressure of the circulating fluid (bar)
heat extraction rate on the BHE (W)

amount of heat (MWh)

Reynolds number (—)

adjacent distance between BHEs (m)
temperature (°C)

time (—)

penalty temperature (°C)

volume of the BHE array (m?)

flow velocity in pipelines (ms~1)

Greek Letters

Ui

dynamic viscosity of circulating fluid (Pas)
thermal conductivity (Wm~=! K1)

mathematical constant Pi (—)
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p density (kgm™3)

¢ Darcy friction factor as used in Eq. (1) (—)
Operators

A difference operator

1l integral operator

) summation operator
Subscripts

f fluid

g grout

) index of BHE as used in Eq. (4)
m inlet pipe

mni initial time

out  outlet pipe

p pipe
s solid or soil
Abbreviations

1U single U-shape pipe

BHE borehole heat exchanger
COP coefficient of performance
GSHP ground source heat pump

PSTL proportion of the shifted thermal load (%)
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1. Introduction

Geothermal heat, due to its wide availability, has been considered as a re-
newable and sustainable energy source for building cooling and heating [1, 2].
Shallow geothermal exploitation is even favourable in urban areas, because
the accelerated heat fluxes from the warm basement often lead to elevated
temperatures in the subsurface [3, 4]. In modern building projects, a com-
mon practice is to install dozens of Borehole Heat Exchangers (BHE) prior
to the building construction and then connect them through a pipe network
to form a BHE array. This array is later connected with heat pumps to
extract or inject thermal energy out of or into the shallow subsurface [5, 6].
A recent trend in the industry is to build large BHE arrays with hundreds
or sometimes thousands of BHEs to meet the high demand from commercial
buildings and residential neighbourhood [7].

Despite of minor differences, most countries follow the same design proce-
dure for large BHE array as the guideline recommended by the American So-
ciety of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [8].
It is based on the well known line source method originally developed by
Carslaw and Jaeger [9] and later promoted by Ingersoll and Zobel [10]. First,
the thermal load of the building is quantified. This load is divided into
three successive pulses, i.e. the peak load, the monthly average load, and
the annual average load (in kW). When the heating and cooling load is in
equilibrium, the total length of all BHEs are then calculated based on the
short-term peak load and the effective thermal resistance of the ground. In
the second step, the total length is equally divided based on the depth of
each BHE, so that the number of BHEs to be installed on site can be de-
termined accordingly. If the heating and cooling load is not balanced, then
the penalty temperature 7}, and the total BHE length will be calculated in
an iterative manner. Based on the ASHRAE procedure, several alternative
methods have been developed in recent years, to improve the calculation
of T}, in particular [11, 12]. Ahmadfard and Bernier [13] have presented a
comprehensive review on the available BHE array designing procedures. In
both the original ASHRAE guideline and all the extended procedures, the
minimum borehole separation distance S is always defined as an empirical
parameter to reduce thermal interference between individual boreholes, and
it is also used in the calculation of penalty temperature 7}, (cf. Chapter 35.1
in [8]).

When looking into different countries, the regulation on this minimum
distance S is not exactly the same. The ASHRAE guideline in United States
fix the S value at 6 m [8]. Switzerland requires a minimum distance of 5m
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(cf. Miglani et al. [14]). In Germany, this value has been increased from
5m to 6 m in the 2019 updated VID guideline [15, 16]. In China, a distance
between 3m to 6 m is recommended [17]. In Sweden, a much larger distance
of 20m is enforced (cf. Haehnlein et al. [18]). Due to the fact that differ-
ent countries have varying climate conditions and initial soil temperatures,
this minimum distance .S value remains a parameter that is empirically de-
termined. Another issue in the ASHRAE and other guidelines is that the
specific heat extraction rate is assumed to distribute equally on each BHE
and spread evenly along the entire borehole length. This assumption holds
true under the ideal condition where no thermal interference exists among
BHEs. However, during the long-term operation, thermal interaction is dif-
ficult to avoid and it often varies in space and also over time. Details about
this shifted thermal load behaviour could be found in our previous work
(Chen et al. [19]) through numerical simulation, or from the work of You
et al. [20] through an analytical analysis. Furthermore, if the BHEs are
connected in a sequential manner, it is not possible to have identical heat
extraction rate on each borehole [21].

In most BHE array projects, the annual cooling and heating load is often
not fully balanced. This means thermal plumes can form and accumulate in
the subsurface, causing the working fluid temperature to gradually increase
or decrease over time. In extreme cases, this may lead to freezing in the
vicinity of the BHE or causing the failure of the heat pump [22, 23, 24].
Instead of the adjacent distance S and penalty temperature T}, the size of
a BHE array is more constrained by the outflow temperature of the circu-
lation fluid. In cooling applications, this temperature normally should not
exceed 35 °C, otherwise the heat pump will not be working efficiently. When
operated in heating mode, the circulation temperature has to be kept above
0°C [13], in order to mechanically protect the heat pump and avoid ground
freezing. As mentioned above, engineers who are designing the BHE array
would like to have a calculation procedure, in which the change of circula-
tion fluid temperature can be accurately estimated. In order to do that, a
scientific question has to be answered first, i.e. how will the circulation fluid
temperature change in response to the imbalanced thermal load, when the
thermal interaction in a BHE array can not be avoided?

One obstacle preventing the exploration of the above scientific question is
the lack of monitoring data. In order to fully capture the system behaviour,
both the annual amount of imbalanced heat imposed on the BHE array and
the responding ground loop temperature have to be quantified. This means,
sensors and flow meters have to be installed on the inlets and outlets of
the building loop, the heat pumps, and also different branches of the ground
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loops. Continuous monitoring has to be conducted for several years, in order
to catch the trend in circulation fluid temperature. Fortunately, Naicker et
al. [25] has recently carried out such an intensive monitoring campaign and
made the data available to the general public. Their BHE array project
is located in Leicester, UK (hereafter as Leicester Project). The building
thermal load, heat pump operation, and also ground loop temperatures have
been monitored for over 3 years with minute-wise data readings. Detailed
introduction of the project is available in Naicker’s PhD thesis [26], as well
as in his following publications [27, 25]. Interested readers may also access
the monitoring data set from the Research Data Archive at the University
of Leeds [28].

In this study, we investigate the BHE array behaviour under imbalanced
annual thermal load by conducting a series of numerical experiments based
on the Leicester project monitoring data. In Sec 2, the mathematical back-
ground of the numerical model is introduced. In Sec 3, the numerical model
is set up based on the Leicester project and validated against the moni-
tored data set. Analysis on the modelling results reveals the thermal imbal-
ance and thermal interaction among BHEs. In Sec 4, a series of extended
numerical experiments are designed and simulated, aiming to investigate
the relationship between the circulation fluid temperature change and the
amount of imbalanced thermal load. Since the form and accumulation of
thermal plume is a critical issue for the long-term operation of a BHE array,
the amount of stored thermal energy in the subsurface has been carefully
analysed and quantified. Discussions (Sec 5) are also given on the potential
implications of our findings.

2. Method

As discussed in our previous work [19], most analytical approaches have
difficulties in quantifying the thermal interaction in large BHE arrays. In
comparison, numerical models offer more flexibility, by considering different
boundary conditions, thermal recharge from the ground surface, groundwa-
ter flow and also the geothermal gradient effects [29, 30, 31, 32, 33]. For
the large BHE array considered in this work, a pipeline network is always
present, coupling the BHEs and the heat pump. The thermal behaviour
on each BHE will be affected by this network over the long-term opera-
tion. Recently, we have presented the OpenGeoSys (OGS) model that takes
the above-mentioned factors into account ([19]). In the HeatTransportBHE
module of the OGS software, the variation of BHE outlet temperature and
surrounding soil temperature field can be simulated by the dual-continuum
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approach. In the finite element mesh, the BHE is considered as line ele-
ments, while the surrounding soil is represented by prisms. The heat fluxes
between BHE wall and the surrounding subsurface are quantified by the
coupling term. Readers who are interested in this numerical scheme may
refer to Al-Khoury et al. [34] and Diersch et al. [35, 36] for more detailed
explanation.

For the coupling of a pipeline network, the open-source simulator Ther-
mal Engineering Systems in Python (TESPy) is introduced. Developed by
Witte [37], TESPy is capable of simulating a pipe network with both the
thermal and hydraulic balance equations. The nonlinear feature of the cou-
pled equations require the Newton-Raphson iteration, in order to solve for
pressure, mass flow and fluid enthalpy at each conjunction point. In OGS,
the Python interface library pybind11 is embedded and used for the commu-
nication between OGS and TESPy. In this study, the OpenGeoSys version
6.2.2 and the TESPy version 0.2.0 is used accordingly. For more informa-
tion on the coupling between OGS and TESPy, please refer to Chen et al.
[19], and also the online documentation [38], in which detailed tutorials are
available to the general public.

3. Modelling Leicester Project

3.1. Project description

In the Leicester Project [25], a large BHE array was installed. It is se-
lected in this work as the reference to validate our numerical model. This
system is configured to provide both heating and cooling to the Hugh Aston
building with a total floor area of 16,467 m?. The designed peak cooling
capacity of this project is 360 kW through the Fan Coil Unit (FCU) and Air
Handling Unit (AHU). The corresponding peak heating capacity is 330 kW
through a underfloor heating system. The source side is equipped with 56
borehole heat exchangers, each of which has a depth of 100 m and a diameter
of 125 mm. In the basement of the building, there are four water-to-water
heat pumps which are all reversible for both cooling and heating application.
A single variable speed circulation pump is installed for the ground loop, so
that it is able to adjust the flow rate according to the operation condition
of the heat pumps. Before construction, a thermal response test (TRT)
was carried out on site and the result was evaluated based on the conven-
tional line-source model. The geotechnical characteristics, including initial
ground temperature, thermal conductivity and volumetric heat capacity of
the subsurface were determined by the TRT. All detailed parameters and
array layout could be found in Table 1 and Fig. 1, respectively.
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3.2. Model setup

A comprehensive 3D numerical model (Fig. 1(a)), which comprises a
BHE array, the surrounding subsurface, and a coupled pipeline network, is
established according to the design of Leicester project described above [25].
The model domain is shown in the left part of Fig. 1(a). The subsurface
domain around the BHE array has a size of 280 x 220 x 151 m. In it, the soil
part is discretized with prism elements, while the BHEs are represented by
lines. In total, the mesh contains 69,275 nodes and 130,128 elements. The
56 BHESs are placed in the centre of the domain according to their real-world
location. Each BHE has a single U-shape pipe (1U type) installed in it. The
BHE top is set at a depth of 1 m from the surface. The arrangement of the
array is illustrated in Fig. 1(b), which is in consistence with the original
planning. Most of the BHEs have a distance of 5m to its adjacent ones.
However, BHE #11 is only 2m away from its closest neighbour, exactly
following its coordinates reported in Naicker et al. [25].

According to the ground loop configuration, a simplified closed-loop
pipeline network is configured in the TESPy software (see the right part
of Fig. 1(a)). Pre-defined components in the network are borehole heat ex-
changers (BHEs), water pump and heat pumps. Since in this study only
the working condition on the ground side is investigated, the measured and
reported ground loop thermal load in Leicester project is directly imposed as
the thermal boundary condition in the BHE array model. The black lines in
the network denote to the connection pipes between the components. And
the arrows indicates the flow direction of the circulating fluid. After lifted
by the water pump, the circulating fluid flows into the array with 56 paral-
lelly connected BHEs. As shown in Fig. 1(b) the entire array is divided into
two parts, which is achieved by adding two sub-splitter and merge compo-
nents in the network (see Fig. 1(a) right). After circulating through each
sub-array, the outflows are mixed at the merging point and then flow back
to the heat pump, where the heat is either extracted to or injected based on
the load profile from the building side. The physical configuration of each
BHE pipe in the TESPy network are assigned with the same parameters as
those used in the OGS model. They are listed in Table 1 for reference.

Since there is no detailed information for the connection pipes on the
ground side from the report of Leicester project, we have configured the
model in a way that only the hydraulic and heat loss within the U-pipe in
the BHEs are considered, while those loss along the connecting pipes are
assumed to be negligible.
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Figure 1: (a) Left: 3D model domain representing the Leicester project in OGS; Right:
56 BHEs pipeline network model; (b) Arrangement of 56 BHE array.



Table 1: Model parameters

Parameter Symbol Value Unit
Initial soil temperature Tini 11.7 °C

Soil thermal conductivity As 3.4 Wm1K™!
Soil heat capacity (pc)s 2576 kJm3 Kt
Length of the BHE L 100 m
Diameter of the BHE D 0.125 m
Pipe inner diameter dp 0.026 m
Wall thickness of pipe by 0.003 m
Wall thermal conductivity of pipe Ap 0.4 WmK™!
Grout thermal conductivity Ag 0.656 Wm1K!
Grout heat capacity (pc)g 2700 kJm?3 K1
Circulating fluid density pf 1020 kgm™3
Circulating fluid heat capacity (pc) s 3962 kJm3 K—!
Circulating fluid thermal conduc- Y 0.485 Wm1K™!
tivity

Circulating fluid dynamic viscos- n 0.0024 Pas

ity

Length of the pipe for BHEs in l 200 m

the network

Diameter of the pipe for BHEs in dp 0.026 m

the network

Pipe Roughness coefficient for ks 0.00001 m

pipes in the network

10
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3.8. Initial and boundary conditions

Subsurface Part

Initially, the soil temperature is set to 11.7 °C in the whole model domain. A
Dirichlet-type boundary condition is assigned on the surface of the domain
with a ground surface temperature curve, which follows the corresponding
measured daily mean air temperature in Naicker et al. [25]. The lowest
air temperature reaches —5°C in the winter and the peak temperature in
summer is about 24 °C.

BHE Array Part

In TESPy, the Darcy-Weisbach equation (Eq. (1)) is adopted to quantify
the hydraulic head loss caused by the friction in the U-pipe within the BHE.

pr o C(Re ks dp)-1

Pin — Pout :? A dp X
78.m12n'l'C(Reak57dp) ( )
py - dy’

where the calculating flow velocity v is deduced through the pipe’s di-
mensions, the fluid’s density and mass flow rate rn in TESPy. The fluid’s
density p depends on pressure and enthalpy. The Reynolds number Re is a
function of pressure, enthalpy and flow rate.

At each time step, the measured inflow temperature and flow rate (Eq. 2)
are assigned as the boundary conditions for the simulation in TESPy. In
the Leicester project, the measured inflow temperature and flow rate are
given by every minute. These measured values can not be directly imposed
in the numerical model, as the time step size is fixed to be 1 hour (see our
description in the following section). To resolve this discrepancy, minute-
wise monitoring data is aggregated. First, those noise readings, the values
of which are way beyond a reasonable range, are removed. The date set,
containing ca. 1.02 million entries altogether, are aggregated to an averaged
value per hour. The average is achieved by calculating the weighted mean
of the measured inflow temperature values,

60
> T
i=1
Taver = 1607’ (2)
> i
i=1
where T; and m; are the measured inflow temperature and flow rate at each
measurement interval (A7 = 1min). At the same time, the average flow

11



284

285

286

287

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

rate is calculated by the arithmetic mean of the measured values.

As mentioned in Sec 3.2, since the time step size in this model is set to 1
hour, the model is not capable of predicting short-term behaviour of the BHE
array. However, despite of more than 130,128 mesh elements and a total
of 17,237 time steps, it is possible to complete the two-year long validation
simulation (cf. Sec 3.4) within 129 hours using a small workstation equipped
with a 3.40 GHz CPU and 16 GB of memory.

3.4. Model validation

To validate the OGS-TESPy numerical model, the two years long op-
eration phase of BHE array is simulated with the aforementioned config-
urations. The simulated outflow temperature, as well as the amount of
exchanged heat, is compared with the corresponding measurements and pre-
sented in Fig 2. The exchanged amount of heat in each month is estimated
using the following equation,

Q = /Cfm(Tzn - Tout)dta (3)

where ¢ is the specific heat capacity of the circulating fluid. As men-
tioned in Sec 3.1, although the measured inflow temperature has been ag-
gregated in order to be used as the model input, the simulation predicted
outflow temperature evolution still fits the monitored values very well. As
stated in [25], a modest year-by-year increase in the outflow temperature
is observed between the first and second year. This phenomena can also
be seen in our modelling results. Moreover, both the calculated and mea-
sured amount of heat have a consistent tendency in the temporary evolu-
tion, which corresponds well to the evolution of the outflow temperature.
The slight discrepancies between the measured and computed amount of
heat in some months, e.g. in the 15-th, 16-th, 20-th and 21-st month, are
most likely caused by the averaging of the measured inflow temperature val-
ues. Quantitatively speaking, the accumulated amount of heat injected in
the simulation (using the processed data) is about 3.2% higher than in the
original data measured data.

3.5. Analysis of the Model Predictions

3.5.1. Subsurface Thermal Imbalance

Through the two-year long operation of Leicester project, the subsurface
part was dominated by heat injection process, which can lead to thermal ac-
cumulation especially in the centre field of the BHE array. In Fig. 3, the

12
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Figure 2: Comparison of the numerical result for the the evolution of the outflow temper-
ature over 2 years with the original data.

computed soil temperature distribution after 2 years of operation is illus-
trated. Our suspicion is confirmed by the model prediction, as the elevated
temperature in the centre area of the array can be clearly recognised. In
Fig. 3 lower figure, the maximum temperature increment in the centre is
about 2.6°C. Obviously, the thermal accumulation in the right array is
more intensive than that in the left array, as the former part has more
BHE:s installed than the latter one.

To investigate the temporal evolution of the soil temperature over time,
five points (#P4, #P7, #P11, #P40 and #P56) (Fig. 3) are selected. They
are located at a depth of 2z = —51m, and 1m away from their closest BHEs
(BHE #4,#7,#11,#40 and #56 in Fig. 1(b) accordingly).

Fig. 4 illustrates the soil temperature at all five points at the end of each
month over 2 years’ operation. Compared to the temperature evolution
at points #P4 and #P56, the temperature increase at #P7 and #P40 is
more intensive. This indicates that the thermal accumulation effects are
concentrated in the centre of each array, where #P7 and #P40 are located.
After 2 years’ operation, a 1°C temperature difference is predicted between
#P4 and #P7 in the left array, while a greater difference of 1.3 °C is found
between #P40 and #P56 in the right array. Meanwhile, #P40, which is

13
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located in the centre of the right sub-array, is predicted to have a slightly
higher temperature of 0.3 °C than that at #P7, which locates in the left sub-
array. This strong variation at #P40 could have resulted from the influences
of BHEs from both sub-arrays sides. It can be seen from the upper part of
Fig. 3 that thermal accumulation does happen between the left and right
arrays. Overall, the modelling result indicates that the array with more
BHESs could produce more intensive imbalance in the underground. Among
the five points, the strongest temperature variation is found at #P11. It
increases more intensively during the first 6 months since it is affected by two
nearby BHESs at the same time. To sum up, the soil temperature is not solely
affected by the nearby BHEs. Further, the accumulative thermal process in
a BHE array could have strong influence on the temperature distribution as
well in the long term.
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Figure 4: Evolution of the soil temperature on the selected points in the end of each month
over 2 years.

8.5.2. Load shifting behaviour

As stated in our previous work (Chen et al. [19]), the interactions among
the BHEs during long-term system operation can lead to load shifting in the
BHE field. The monitoring data obtained from Leicester project provides an
excellent opportunity for us to further investigate the trend of load shifting

15
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under realistic conditions. The heat injection rate at four represent BHESs,
i.e. BHE #4, #7, #40 and #56 is quantified based on the simulated inflow
and outflow temperature on each BHE. In Fig. 5, the percentage of the
shifted thermal injection rate (hereafter as PSTL) on BHE is calculated by

mean

PSTL; = x 100, (4)
where 7 refers to the index of the BHE. Ql and Qmean are the heat injection
rate at +-th BHE and the mean heat injection rate, respectively.

In Fig. 5(a), a general trend can be observed that the thermal load is
gradually shifted away from the centre to the outer edge of the array. The
heat injection rates on the centre BHEs (#7 and #40) are lower than the
designed average value (PSTL < 0), while they become higher than the
mean value (PSTL > 0) at the edge BHEs (#4 and #56). The reason
behind is that the soil temperature in the centre part is generally higher
than that in the outer area (cf. Fig. 3). Moreover, the thermal shifting is
found to be stronger in the right sub-array (BHE #56 and #40) than in
the left part, as more BHEs are installed in the right area. In Fig. 2(a),
the most intensive shifting (PSTL value of 60.7%) is found in the 12-th
month of the first year, where the system has the lowest thermal demand.
This phenomena is consistent with the observations reported in our previous
work [19].

In Fig. 5(b), the load shifting phenomenon between the left and right sub-
array is further investigated. If there is no thermal interaction, each BHE
should deliver same amount of heat, as they are connected in a parallel
manner. Following this assumption, the rate of extracted heat from the
left or right sub-array should be according to the corresponding number of
installed BHEs, i.e. following a ratio of 19 : 37. Using this proportion as
a reference, the amount of shifted heat AQ of the left or right sub-array
can be quantified by first integrating the amount of extracted heat on each
BHE, and then comparing it with the reference value. In Fig. 5(b), the
monthly change of AQ and its corresponding percentage of deviation PSTL
is depicted for each sub-array. It can be found that, after 4 months of heat
injection, the heat extraction rate shifts gradually from the right towards
the left array. The reason behind is the soil temperature difference in the
left and right part during the system operation. As shown in Fig. 3(b), a
higher soil temperature can be found in the right array after 2 years. This
is mainly caused by the more number of BHEs on the right side. As the
inflow temperature is kept consistent by the pipe network for all BHESs, the
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actual heat injection rate on each BHE is dependent on the temperature
difference in comparison to the surrounding soil. By comparing the actual
simulated value with the design reference, the shifting phenomenon is well
observable. With regard to the shifted percentage, the maximum value is
found to be about 8.6% in the left sub-array and it is observed in the 12-th
month. This is in good agreement with the result shown in the Fig. 5(a).
The amount of heat shifted away from the right array is fully transferred to
the left part. Therefore, due to the fact the original designed load on the left
is only about half (19 : 37) of that on the right, the percentage of elevated
extraction rates on the left is about twice as much as that on the right side.

Fig. 5(c) shows the performance of two BHEs, i.e. BHE #40 and #56 at
two selected moments. At time t1 = 17,007 hour, the system is dominated
by heat injection, while at t2 = 17,011 hour heat extraction is the main
process. BHE #40 is located at the centre of the right sub-array, while
BHE #56 is at the edge. At t1, the heat injection rate of BHE #40 drops
by about 39%, while it increases by about 43% on BHE #56. In the heat
extraction dominated period (¢2), the corresponding values at BHE #40
and #56 are switched to +56% and -62%, respectively. It indicates that in
the long-term operation of a BHE array, when both heating and cooling are
applied, the thermal recharge of the subsurface can partially mitigate the
shifting phenomenon.

4. Extended numerical experiment

4.1. Scenarios description

In the Leicester project reported by Naicker and Rees [25], the cooling-
dominant system was designed with a 360 kW peak capacity. However, if
one looks into the monitored data, it can be found that the maximum heat
injection rate imposed on the BHE array was only 73 kW, which accounts
for only 20.3% of the peak designed capacity. Considering the energy con-
sumption on the heat pump, this rate could be much lower with respect to
the actual thermal load at the ground side during the system peak cooling
capacity. Since there is no reported information for both the actual COP
curve and the peak cooling capacity of the BHE array in the project, we
assumed the (360 kW) peak cooling capacity of building as the peak cooling
load on the BHE array at the ground side. Therefore, it is interesting to
see the long-term behaviour of the system, if the actual heat injection rate
is gradually approaching the designed peak. In this context, five additional
scenarios (numbered from #1 to #5) are numerically simulated with grad-
ually increasing heat injection rates. We choose to lift the total amount
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of exchanged heat imposed on the array to 100%, 197%, 296%, 395% and
493% of the real observed value in the first year operation of the Leicester
project. Under these conditions, the original designed peak capacity could
be reached, while the characteristics of the load profile remains unchanged.
From the second year forward, the annual system thermal load profile is
specified to follow that of the first year and repeats itself until the end of
20-th year. All five scenarios are then simulated to reveal the long-term
behaviour of the BHE array.

Since the simulation aims to investigate the long-term behaviour and
does not focus on its short-term responses, a monthly averaged system ther-
mal load is specified in each scenario. The original measured values are
reported in every minute, thus a conversion calculation is performed. By
executing two steps, the resulting load profile specified in scenario #1 (The
red line in Fig. 6(b)) is generated. The minute-wise extracted (heating mode,
in negative MWh values) or injected (cooling mode, in positive MWh) heat is
integrated separately over each month using the equation (Eq. (3)). Sum-
ming the absolute values of heat exchanged in these two modes into the
total amount of heat exchanged (Qezchanged = Qcooling+ | Qheating |) in each
month. Subsequently the monthly averaged system thermal load Q(wemge is
obtained dividing by the duration of the month ¢,, (Eq. (5)). The positive
and negative of this averaged value are then defined as the cooling and heat-
ing loads in that month, respectively. The duration of the cooling or heating
period in each month could be calculated using equation (6), where Qcooling:
Qheating> a0d Qezchanged are the amount of the injected heat, extracted heat
and total exchanged heat of the system in one month, respectively.

- Qexchanged
Qaverage = CEOnge (5)
tm

‘ Qcooling/heating ‘ )

Qezchanged

According to Ahmadfard and Bernier [13], the monthly total flow rate
could be set to 0.25 Ls™! per kW of the thermal load (Fig. 6(b)). By observ-
ing the data reported by Naicker et al. [25], the minimal and maximal flow
rates of the system were between 2Ls™! and 30 Ls™!, respectively. In our
numerical model, the circulation flow rate is then set to be linearly depen-
dent on the absolute value of system thermal load, while being kept within
the same minimum and maximum range. On the upper boundary of the
model domain, an averaged monthly air temperature curve is imposed as
Dirichlet boundary condition, based on the data reported in the first year

tcooling/heating = tm, (6)
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operation [25] (cf. Fig. 6(a), black line). Following the designed logic de-
scribed above, the annual system thermal load and flow rate in scenario #2
to #5 are adjusted proportionally, i.e. 197%, 296%, 395%, 493% based on
scenario #1. As a consequence, the monthly exchanged heat in each sce-
nario is also lifted proportionally, as illustrated in Fig. 6(a). In scenario #5,
the peak system thermal load is set to be 173.6 kW, which is still only ca.
half of the original design. All other settings of scenario #2 to #5 remain
the same as those presented in Sec 3.
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Figure 6: (a) Designed monthly heat exchange amount in the 5 scenarios and the annual
air temperature on the ground surface. (b) Profile curve of system thermal load and flow
rate specified in scenario #1.
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4.2. Results and analysis

Fig. 7(a) illustrates the simulated temporal evolution of the outflow tem-
perature in all five scenarios. To ensure a sustainable performance of the
BHE array, the temperature of circulation fluid at the inlet of the heat
pump should usually be kept below 35°C in the cooling mode [13]. This
35°C threshold is indicated with a dotted line in this figure. Since the sys-
tem is dominated by heat injection, a gradual but steady increasing trend
in the outflow temperature is observed in all five scenarios, although with
different magnitudes. Among the five scenarios, the lowest temperature of
16.3°C is observed after 20 years in scenario #1, where the amount of ex-
changed heat is minimum. The most intensive increase happens in scenario
#5, where the thermal load is the highest. After 20 years’ operation, the
highest outflow temperature in scenario #5 reached 34.5 °C, which is already
approaching the 35°C threshold. This suggests that the BHE array can be
sustainably utilised for 20 years, but not much longer, if the actual imposed
thermal load is close to the designed maximum heat capacity as reported
in [25]. However, in our model the peak cooling load at the ground site is
assumed to be identical as the reported designed peak load from the building
side. When considering the energy consumption on the heat pump, a higher
peak cooling load at the ground site could be expected. Therefore under
real working condition, the designed peak cooling load at building site may
cause an elevated outflow temperature from the BHE array to exceed 35 °C.

In Fig. 7(a), with the alternating cooling and heating load imposed,
the outflow temperature shows a monthly fluctuation pattern. In scenario
#1, with the lowest heat extraction rate (6.3 W m~! on each BHE), the
temperature fluctuation is found to be the weakest with a magnitude of
about 1.5°C. The strongest fluctuation is observed in scenario #5, with
the highest heat exchange rate in all 5 scenarios (31 Wm™!). The deviation
between the annual highest and lowest outflow temperature accounts for
11.5°C. As aforementioned, the imposed system thermal load is averaged on
a monthly basis, hence a much stronger fluctuation in the fluid temperature
could be expected in real operations, especially when a high peak cooling
load is imposed.

The maximum rise in outflow temperature from all five scenarios are
evaluated and presented in Fig. 7(b). Assuming the subsurface is thermally
not disturbed, i.e. there is no additional heat injected or extracted, then
the outflow temperature from the BHE array should equal to the initial
soil temperature. This reflects the physical meaning of the origin point
in Fig. 7(b). From scenario #1 to #5, the amount of additional heat is
gradually increased. As a result, the increment in outflow temperature is
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also rising accordingly. In Fig. 7(b), both the maximum and mean outflow
temperature rise in each scenario are plotted against the total amount of
accumulated heat at the end of 20-th year. It is interesting to find that,
the rise in both maximum (red dots) and mean (blue crosses) temperature
increments follow strict linear relationships with the amount of accumulated
heat injected into the subsurface through the BHE array. Meanwhile, it is
also noticed that the two slopes are distinctly different. This suggest that
even with the same amount of accumulated heat, the outflow temperature
can also be fluctuating due to the peak load imposed on the array. Based
on the simulated data, the correlation between AT and () can be fitted
perfectly with two linear regression lines with R-squared values of 99.989%
(maximum AT') and 99.982% (mean AT). Both temperature trends hint us
that when other factors, such as the distance between the boreholes and the
soil heat capacity is considered, it is possible to develop a simplified formula
to estimate the change of system outflow temperature in response to the total
amount of imbalanced heat accumulated over the years. Moreover, once
the linear relationship is identified, the acceptable amount of accumulative
imbalanced heat for a particular BHE array can be inversely estimated by
giving a threshold value of the working fluid temperature.

4.8. Temporal change of stored heat

In the previous part, it is clearly demonstrated that the elevated soil and
circulation fluid temperature, caused by the annually imbalanced thermal
load, are the controlling factors whether a BHE array can be sustainably
operated in the long-term. Since the elevated soil temperature reflects the
amount of heat accumulated in the subsurface, it is important to know how
much heat is stored in the subsurface, and also its percentage in comparison
to the amount of heat transferred to the building. The amount of stored heat
in the subsurface can be quantified by integrating the amount of sensible
heat in each element of the soil compartment in one time step, and then
comparing that total value with the one at the beginning of the simulation.

Fig. 8(a) illustrates the evolution of the annual amount of stored heat in
scenario #3 and its percentage with respect to the total amount of system
imbalanced heat. The stored heat increases gradually over the years, from
360 MWh in the first year up to 5043 MWh in the 20-th year. Meanwhile,
its percentage drops from nearly 100% at the beginning and stabilises at
ca. 70% in the end. This suggests that there is an increasing proportion
of imbalanced heat dissipating to the atmosphere through the ground sur-
face. This trend is consistent as the behaviour found in our previous work
[30, 19], where a heating-only scenario was analysed. There the thermal
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recharge through the ground surface has a cumulative influence on the soil
temperature distribution in and around the BHE array. More specifically,
the area with elevated soil temperature will extend itself over the long-term
heat injection, thus enhancing the thermal gradient from the subsurface to-
wards the ground surface. Therefore, the amount and proportion of thermal
discharge are also elevated over time. Despite of the elevated thermal dis-
charge, analysis on the scenario #3 result reveals that there is still 67.2% of
the total imbalanced heat stored in the subsurface after 20 years. When the
amount of imbalanced heat increases from 2534 MWh to 12512 MWh from
scenario #1 to #5, the amount of stored heat is also increasing accordingly
(see the blue bars in Fig. 8(b)). However, due to the elevated thermal dis-
charge mentioned above, its percentage slightly drops from 70.8% down to
65.6%. Based on the above analysis, one can conclude that over the long-
term operation of a BHE array, the majority of the annual imbalanced heat
will be stored in the subsurface, and its percentage is less dependent on the
amount of heat injected.

4.4. Spatial distribution of stored heat

To further investigate the spatial distribution of the stored heat in the
subsurface, we have created two controlled spaces. Each contains a BHE
sub-array inside. The boundary of the space is drawn with a 2.5 m distance
from the BHE located at the peripheries of the array (see that dark grey
area marked in Fig 9(a)). This setup results in a space of 50000 m? for the
left sub-array and 158 000 m? for the right part. With both parts considered
together, the specific stored heat (kWhm™3) is quantified by normalising
the total amount of stored heat over the volume. These specific heat values
for 5 different scenarios are depicted in Fig 9(b). These values have been
also compared against the total amount of imbalance heat, and the resulting
percentages are presented in the same figure.

In the five scenarios, the specific stored heat values increase along with
the elevated amount of imbalance heat. In scenario #5, a maximal spe-
cific stored heat of 20.0kWhm™3 is achieved. According to the findings
in Sec 4.2, the temperature of the outflow fluid is already approaching the
35 °C threshold in this case. One can concluded that with the current system
design, 20.0kWhm™3 can be considered as the upper-limit in the capacity
of storing imbalanced heat in the subsurface. When normalising this value
by the total amount of imbalanced heat, its ratio remains at around 25%.
Combined with the analysis in the previous section, it can be concluded
that heat actually dissipates far way from the array location and the ther-
mal plume spreads into a much larger area. For all the heat stored in the
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subsurface, around 37% is stored in the array area, while the rest goes to
the surrounding subsurface.

Nevertheless, if the distance among adjacent BHEs is enlarged, the above
specific heat values and ratios may change as well. Here, a preliminary re-
lationship can be illustrated between the amount of stored heat and the
respective adjacent distance S. In scenario #5, a 7m instead of 5m BHE
distance is specified. After 20 years operation, a maximum outflow temper-
ature of 30.5°C is being predicted, which is lower than the 34.5°C value
when the model is specified with 5m distance. The reason behind this is
the decreasing of the specific stored heat value in the BHE array. As shown
in Fig. 9(c), the value decreases from 20.0kWhm™3 to 12.9kWhm~3 when
S is enlarged to 7m. Meanwhile, 32.2% of system total amount of imbal-
ance heat is stored in the enlarged BHE array, which is higher than the
25% value calculated in the 5 m model. Therefore one can conclude that the
adjacent distance has an important role in determining the long-term oper-
ation behaviour of a large BHE array. To be specific, the adjacent distance
is as important as the length of BHE. Thus, the subsurface volume around
the BHE array, which is determined by the adjacent distance as well as the
length of the BHE, should be considered as one of the characteristic factors
in the designing of the BHE array.

5. Discussions

5.1. Pipeline network design

As shown in Sec 3.2, a simplified pipeline network model is built ac-
cording to the ground loop design reported in the Leicester project. By
adopting this coupled feature, the hydraulic states within the entire ground
loop could be captured. In all scenarios stated in Sec 4, the average hy-
draulic loss in the entire BHE array is below 1% compared to the amount
of the system thermal load over the long-term operation. A transient max-
imum percentage with 2.2% can be found in scenario #5, due to the high
flow rate there. It should be noticed that all the connection pipes in the
circulation loop are assumed to have no hydraulic loss in this study. When
detailed information on the material and diameter of the pipes are avail-
able, it is more reasonable to consider the hydraulic losses when predicting
the long-term behaviour of a large BHE array. In reality, both the form
of BHE array and the system operation strategy varies greatly from each
GSHP project [39, 21]. Regarding this point, the present numerical model
shows its advantage, because it is capable to consider pipeline network with
arbitrary connections. In the TESPy network, the hydraulic states for each
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pipe is automatically computed based on the mass and energy conservation.
In addition, a temperature dependent heat pump COP curve can also be
specified in TESPy as one of the input parameters. With such information
at hand, a multiple BHE array system based on the amount of energy con-
sumption at building site can be predicted by our model in a more accurate
manner.

Besides, it should be noticed that the heat extraction rate shifting phe-
nomenon shown in Fig. 5 is the effect of current pipe network design. With
the parallel BHE array setup, all BHEs are receiving an identical inflow tem-
perature and then deliver different thermal load performances due to the soil
temperature imbalance in the array. It indicates that the pipe network itself
has an intrinsic feature of re-balancing the thermal load among different
BHESs. Therefore it is necessary to simulate a large BHE array system, with
the coupled pipeline network explicitly considered. Only in this way, the
system behaviour over the long-term operation can be correctly revealed.

5.2. Optimisation of the system operation

As shown in Fig. 5 and discussed in Sec 3.5.2, thermal shifting phe-
nomenon in a large BHE array system can be clearly observed over the
long-term operation. When the shifting happens, BHEs located at the edge
of each sub-array have larger heat injection rates than the mean designed
value, while those BHEs at the centre have lower rate. It should be noticed
that such seasonal shifting behaviour is not unique and has already been
reported by several researchers. For example, our previous research [19] has
investigated the shifting behaviour in detail. This phenomena has also been
confirmed in the study conducted by You et al. [20] through an analyti-
cal approach. Bayer et al. [40] observed similar pattern and developed an
optimisation strategy based on it. They suggested that a given number of
BHEs located at the centre of the array should be disconnected from the
pipe network in order to mitigate the thermal anomalies in the BHE array
subsurface.

Besides, as stated in Sec 3.5.2, when a heating phase is applied in between
the cooling seasons, the thermal recharge of the subsurface can partially
mitigate the shifting phenomenon. Based on our analysis in the previous
section, the heat dissipation pattern can be further utilised to improve the
array operation. More specifically, during the heating phase, only those
BHEs located at the array centre should be applied, because the elevated
soil temperature there allows them to deliver a higher specific heat extraction
rate. Also, the cold plume created by heating application can be utilised
later on by the BHEs at the peripheries. Such optimisation strategy requires
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a series of numerical simulations and is currently being investigated by our
team.

5.83. Unconsidered factors

As this study is based on the monitoring data from the Leicester project,
the amount of heat injected into the subsurface is more than that extracted.
Most findings in this work should be considered as only effective for cooling
application dominated BHE arrays. However, in heating dominated systems,
a similar but inverse trend can be expected. A similar correlation between
the drop in fluid temperature and the accumulative amount of extracted
heat can also be expected over the long term operation. There, the limiting
factor could be the 0°C temperature limit on the outflow circulation fluid,
which is imposed by the heat pump [13]. By considering this limit, the
acceptable total amount of extracted heat from the BHE array subsurface
for a sustainable system operation can also be estimated.

It is well known that groundwater flow could enhance the capacity of a
BHE array, by bringing in additional thermal recharge from the upstream
subsurface. In this work, information on groundwater flow is not reported by
Naicker et al. [25]. Although the OpenGeoSys code used here is capable of
simulating the BHE array under groundwater flow conditions (see e.g. Meng
et al. [41]), we assume that there is no groundwater present in the Leicester
site. For the majority of shallow geothermal GSHP projects, our assumption
is also conservative but safe. Therefore, the main findings and conclusions
achieved in this work are applicable to most BHE array projects.

6. Conclusion and outlook

In this work, the long-term behaviour of a large BHE array located in
Leicester, UK is investigated by conducting numerical simulations. The
model is validated against monitoring data through two years of operation
under real working conditions. It is found that heat starts to accumulate in
the centre of the BHE array due to higher amount of cooling load imposed
on the system. This results in the heat injection rate being gradually shifted
from the BHESs in the centre towards those at the edges. At the mean time,
the thermal load is also slowly transferred from the right-side array towards
the left side.

In the Leicester project, the actual heat injection rate is only 20.3% of
its peak designed value. Scenario simulation with gradually increasing heat
injection rates reveals that the BHE array can be sustainably utilised for 20
years even under the designed peak thermal load, but likely not any longer.
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It is more interesting to find that the rise in outflow temperature follows a
perfect linear dependency on the amount of accumulated heat injected into
the BHE array. Moreover, it is found that around 37% of the total imbalance
heat can be stored in the subsurface volume around the BHE arrays. When
the circulation fluid temperature is approaching the 35°C upper limit, a
maximum of 20.0kWhm™2 specific heat can be stored in the subsurface.
Nevertheless, when the distance among the adjacent BHEs increases from
5m to 7m, the corresponding outflow temperature decreases from 34.5°C
to 30.5°C, and the specific heat value also decreases to 12.9kWhm™3. It
indicates that the adjacent distance among BHEs has an important role to
determine how much imbalanced heat a multiple BHE array can sustain.

As discussed in section 5.2, based on the prediction of seasonal thermal
shifting, the operation strategies could be optimised to achieve a higher
specific heat extraction rate. More importantly, with the consideration of
other factors such as the distance between the boreholes and the soil heat
capacity, it is possible to develop a simplified formula to estimate the change
of system outflow temperature in response to the total amount of imbalanced
heat accumulated over the years. This relationship can help to prevent the
system from being overloaded in the long-term operation. However, the
exact relationship between the amount of imbalanced heat, the distance
between adjacent BHES, and the increment in circulation fluid temperature,
needs to be further investigated in the future.
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