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A combined simulation-optimization procedure is presented to regulate the operation of borehole heat
exchangers (BHEs) in a multiple BHE field when groundwater flow exists. Such fields are of increasing
interest for large-scale geothermal heating energy supply of buildings, but so far strategic adjustment
of energy extraction rates (loads) of the individual BHEs has not been considered in practice. Groundwa-
ter flow means an additional advective energy supply, which is advantageous but also complicates proper
BHE adjustment. In the presented procedure, the field is simulated by temporally and spatially superim-

g(e)}rlzv;g]d::heat exchanger posed moving line source equations. The optimization goal is formulated in an objective function to min-
BHE field & imize the thermal impact in the ground, to avoid extreme temperature anomalies, and by this, ultimately

improve heat pump performance. For a given seasonal energy demand and total operation time, linear
programming efficiently delivers optimized BHE operation patterns. For an examined square lattice of
25 BHEs, the optimized radial load patterns characteristic for conduction dominated conditions change
to patterns that are oriented at the groundwater flow when advection dominates. Through this, optimi-
zation always levels the temperature distribution in the ground. Also, in comparison to routine practice,
mean BHE outlet temperatures can be increased. For the small study case, numerical simulation reveals
that already more than 1 K can be achieved, given a seasonal energy demand oriented at common con-
ditions in central Europe. However, for a fixed energy demand, advective heat supply towards the BHEs
increases with groundwater flow velocity and thus mitigates the benefits from optimization.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Vertical ground source heat pumps (GSHPs) are routine devices
of shallow geothermal energy use. In the most common case, they
are employed for space heating of buildings. Alternatively GSHPs
may also serve cooling purposes. The prevalent variants, such as
in the dominating markets of Europe, are mini-systems that supply
individual residential houses with an installed power ranging be-
tween 10 kW and 12 kW [1-3]. One, or a small number of adjacent
boreholes are drilled down to a depth of typically 50-150 m, and
by continuous circulation of a carrier fluid, heat is collected from
the ambient underground. The heat is transported to a heat pump
in the building to feed the space and/or hot water heating unit, and
then the heat carrier fluid is returned to the ground loop. This
ground loop most often represents a piped circuit system installed
within the borehole, the borehole heat exchanger (BHE), which is
separated from the ground and extracts heat solely by conduction.
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Meanwhile, large-scale applications to supply hotels, green-
houses, schools, big office buildings or district heating systems
are growing in number [4-6]. A higher energy demand is supplied
by extraction of heat from larger volumes of the subsurface. This is
achieved by running galleries of multiple BHEs. In contrast to the
design of single BHE systems, such multiple neighboring BHEs
can interact and influence each other. This could have an effect
on the overall system’s performance and hence, should be either
avoided or integrated in the operation strategy [7,8]. Proficient
operation of BHE fields often also has to account for the effects of
seasonal use. This means that the ground chilled in the cold sea-
sons needs intermittent summer periods to slowly recover and at
least partly “recharge the battery”. In fact, the lower the tempera-
ture in the ground, the less efficient the GSHP is. In order to guar-
antee sustainable use, i.e. at lower than maximum possible
production level but with satisfactory performance [9], the inten-
sity of local temperature anomalies in the BHE field needs to be
minimized while recharge during the recovery period is
maximized.

Identifying an optimal BHE field design for given subsurface
conditions and specific annual energy requirements is challenging,
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Nomenclature

C volumetric heat capacity (J m~3 K1)

c specific heat capacity (J kg! K1)

d borehole diameter (m)

E, total energy demand for each time step (W)
K hydraulic conductivity (m s~1)

k running index of BHEs (-)

L length of the BHE (m)

L characteristic length (m)

m number of time steps (-)

n porosity (=)

Pe Péclet number (-)

p number of BHEs (-)

Q volumetric flow rate (m3s~1)

q power demand/load (W)

q heat extraction rate per unit length (W m™1)
R, internal thermal resistance of the borehole (MK W)
Rp thermal resistance of the borehole (mK W~1)
r running index of the time steps (-)

T temperature (K)

T, undisturbed temperature (°C)

AT mean temperature change (K)

Tout temperature at the BHE outlet (°C)

Tout mean mixed outlet temperature for all BHEs (°C)
t time (s)

u specific discharge (Darcy velocity) (ms™')
Va seepage velocity (ms™!)

w weighting factor (-)

Xk coordinate of BHE k in x-direction (m)

Y coordinate of BHE k in y-direction (m)

z coordinate in z-direction (m)

0 density (kg m~3)

u dynamic fluid viscosity (kg m~!s~1)

A thermal conductivity (W m~' K1)

o dispersivity (m)

13 integration variable (-)

10} response factor (-)

Subscripts

s solid

w water

m porous media (solid and water)

l longitudinal

t transversal

considering the degrees of freedom in design and operation mode.
Available design software such as EED, GLHEPRO or TRNSYS-DST
[10-12], provide solutions with simplifying assumptions. For
example, the underlying concepts ignore the potential of individu-
ally adjusting BHE operation. In de Paly et al. [13], we demonstrate
for a hypothetical case that temporally and spatially variable en-
ergy extraction of BHEs can improve the overall system’s perfor-
mance and mitigate long-term temperature decline. Temperature
changes in the underground are simulated by superimposed line
source equations that only consider conductive heat transport.
For a given configuration, the optimal operation mode is searched
for by linear programming. The present study builds up on this
work, and extends it to those conditions where groundwater flow
in the subsurface cannot be neglected. The particular questions
are: How does groundwater flow influence optimal BHE field de-
sign, and can the efficiency be improved if the effect of advective
heat transport by moving groundwater is pro-actively included in
the developed operation strategy? A real-case oriented setup is
used to derive general conclusions on optimal individual BHE oper-
ation depending on the location of BHEs and hydrogeological con-
ditions. In the following, related works are shortly reviewed, which
particularly discuss the role of groundwater flow for shallow geo-
thermal systems. Note that instead of the term “advection” often
“convection” is used. Here, we prefer advection, as it exclusively
relates to heat transport by moving groundwater, whereas convec-
tion includes all effects from fluid motion including density-driven
transport.

In one of the first studies on the influence of heat advection for
BHEs, Eskilson [14] concluded that the effect of groundwater flow
is negligible. For a simple example, the borehole wall temperature
is estimated using a groundwater flow velocity (specific discharge)
of 1.5 x 1078 m s~!, showing a change of 2% in comparison to a
pure conductive scenario (no flow). The used flow velocity is con-
sidered a representative average value for rocks. However, flow
velocities in porous media can vary among several orders of mag-
nitude. Recently, others have shown that the presence of ground-
water flow indeed can be relevant for the heat transport around
BHEs. Sutton et al. [15], Diao et al. [7] and Molina-Giraldo et al.

[16,17] developed a transient analytical solution based on the
moving line source theory [18] that accounts for conductive and
advective heat transport. A common conclusion is that tempera-
ture distribution obtained by simulating conduction only produces
errors that substantially rise with increasing groundwater flow
velocity.

The modelling studies by Chiasson et al. [19] and Haehnlein
et al. [20] show that when groundwater flow is present, the tem-
perature changes in the underground surrounding the BHE are
invariant after shorter operation time (i.e. steady state is reached
faster). Chiasson et al. [19] also compare the performance of a
BHE field adjusted by advection-free BHE design software to that
simulated by the numerical model with groundwater flow. Their
results indicate large differences among the predicted ground tem-
peratures. Fan et al. [21] evaluate the performance of multiple
BHEs connected to a hybrid GSHP system, using a finite volume
simulation method. They find that the influences of the groundwa-
ter on the heat transfer between the BHE and the surrounding soil
depends on the system operation mode and the flow velocity. The
numerical modelling study by Lee and Lam [22] is dedicated to the
influence of groundwater flow direction on BHE fields. They con-
clude that square BHE configurations are likely to be less affected
than non-square setups. Wang et al. [23] quantifies the heat trans-
fer enhancement due to the presence of groundwater flow in an
in situ BHE field experiment. Average fluid temperatures within
the BHE were measured for two heat extraction and two heat injec-
tion operation conditions. Comparisons with numerical results of a
conductive scenario show a heat transfer rate improvement by
12.9% and 9.8% for energy extraction and injection, respectively.

In contrast to these previous, mostly process-based studies, our
purpose is on integrating the potentially beneficial effects of natu-
ral groundwater flow, in order to optimize the performance of
GSHP systems. Only one study, by Fujii et al. [4], is found that sim-
ilarly focuses on optimization of GSHP systems, including ground-
water flow. In their work, four different heat extraction and storage
schemes are examined to optimize the performance of a field of 75
BHEs installed in Akita, Japan. Ground temperatures are simulated
for a period of 50 years. Although the prevalent groundwater flow
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velocity is insufficient to remarkably enhance the heat transfer to
the geothermal system, it influences the temperature distribution
and the heat extraction rate of the BHEs. Depending on operation
scheme and BHE spacing, BHEs located upstream of the flow direc-
tion show higher energy extraction rates than those at down-
stream locations.

As shown, for instance, in Fujii et al. [4] and de Paly et al. [13],
ground temperature changes in BHE fields are spatially variable,
and may become significant in the long term. Control and minimi-
zation of the overall underground temperature change is in favor of
the entire GSHP system performance (e.g., [24]). At the same time,
regulations often constrict the maximum allowed temperature
changes, in order to keep the induced temperature variations with-
in a range that is not of environmental concern [25,26]. Groundwa-
ter flow adds complexity to simulation and control of the ground
thermal regime. The heat supplied by advection is an attractive
additional source, which, if used strategically, may enhance the
overall system’s efficiency and regeneration. In the present work,
the optimization procedure developed by de Paly et al. [13] is
extended for considering the effects of the groundwater flow. The
approach consists of three steps: (i) fast analytical simulation of
heat transport in the ground; (ii) application of iterative optimiza-
tion procedure with analytical calculations; and (iii) detailed
inspection of the optimized solutions with more precise numerical
model.

A two-dimensional transient analytical approach, which de-
scribes conductive and advective heat transport in porous media,
is included in a simulation-optimization procedure. Based on the
superposition principle, temperature changes in the underground
due to multiple BHEs are evaluated using monthly variable energy
loads. As an objective we define the minimization of the maximal
underground temperature change for given total operation time.
Concurrently, the BHE field has to fulfill a given annual and
monthly variable heating energy demand. Equivalent to de Paly
et al. [13], the optimization procedure is applied to a case with
25 BHEs. For this case, optimized solutions are investigated for a
range of different groundwater flow velocities.

2. Mathematical background
2.1. Heat transport in porous media
The governing equation for transient heat conductive and

advective transport in porous media, based on the principle of heat
conservation, is [27]:

PmCm aT . Jm ; q —
(nﬂwcw> En dw{(nPwa + otva)gradT} +div(v,T) £ . 0

The first term is the storage term, and the second term de-
scribes heat conduction and dispersion, with an added advective
component that represents heat transported at seepage velocity,
v,. The last term accounts for the energy source given as a heat flux
or thermal load, g. In Eq. (1), thermal equilibrium between the so-
lid and fluid phases is presumed.

Assuming an infinite homogeneous porous media at a constant
uniform initial temperature, T,, Metzger et al. [28] introduced a
two-dimensional transient analytical solution for Eq. (1), based
on the line source model. By this, the transversal temperature dis-
tribution, due to an infinite line source aligned with the z-axis can
be estimated. At the source a constant heat flux per unit length q is
assigned. Molina-Giraldo et al. [16] applied this equation to simu-
late the thermal anomaly from single BHE operation. The temper-
ature difference (AT=T — T,) for a time t is:

AT(Ax,Ay,t) =

q P Cwll Vg AX
4rL/ Alhe exp ( 2)[ )
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where Ax = (i — x;) and Ay = (j — yx) are the distances to an arbitrary
location (i, j) with respect to a BHE centered at (x;, V). Further
parameters are
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as the effective thermal conductivity in the longitudinal (Eq. (3))
and transverse direction (Eq. (4)), respectively [16,29]. Since Eq.
(2) is linear, and assuming that the ground thermal properties do
not depend on temperature, this equation can be spatially and tem-
porally superimposed, similar to the approach in [13] for the infi-
nite line source analytical solution without groundwater flow.
This allows flexible simulation of multiple BHE fields at temporally
variable loads:s
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where p is the number of BHEs and m is the number of time steps.
The temperature difference at a location (i, j) is obtained by the sum
of the temperature differences exerted by each individual BHE k,
with load q, (with g, = q,/L) applied during time step r. Using Eq.
(5), the ground temperature change from multiple BHEs, each with
different time variable energy loads, including advective heat trans-
port, can be estimated.

The term cok” represents the response factor of BHE k at a posi-
tion (i, j) within the BHE field at time step r € {1,...,m}, with refer-
ence to the current time step te({1,...,m} and r<t, given

Ax = (i — x) and Ay = (j — yx). By merging q;, and a)k’rf into vectors

of the form G = (q;....,q,y,..-.q),,) and @' = (wﬁ'{,w;'{,
.., w54y, Eq. (5) is rewritten as:
ATij(t, ) = (&) 6)

where AT; i(t,q) is the actual temperature change in the under-
ground at position (i, j) and time step t, derived from the superpo-
sition of all BHEs in the field with the temporal load pattern §.

2.2. Linear optimization procedure

The prime objective is to keep the maximum observed cooling
of the underground max(AT; j), caused by heat extraction through
BHEs, as small as possible for the entire time span t. If extreme lo-
cal cooling is avoided, the temperature distribution in the subsur-
face becomes smoother. This ideally results in a better efficiency of
the heat pump, which is heavily influenced by the heat carrier fluid
temperature of the BHE field, and consequently is controlled by the
subsurface temperature. Another goal is the mitigation of the envi-
ronmental impact of the system, which can play a role in case of
environmental constraints for the design of BHE fields. Thus the
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objective function of the proposed load assignment optimization
reads

minimize(max(AT}J)) (7)

With reference to the definition of AT,-_J-(t, G) given in Eq. (6), the
objective function can also be expressed as:

argmin (max(Aﬁ it zj))) V(ijt)eS (8)

where § is the decision variable and S is a set of all spatial and tem-
poral reference points defined by coordinates (i, j, t).

In some cases the maximum overall temperature change in the
subsurface may not be influenced by the load assignment for cer-
tain time steps, depending on the field thermal parameters, the gi-
ven load pattern and the inertia of the system. To capture these
special cases, a secondary objective is introduced, which addition-
ally minimizes the maximum temperature change within every
single time step r of the defined load pattern:

arg min (zm: max(AT(r, (j))) V(i,j,t)eS t=r 9)

r=1

To obtain a single objective function, which is sufficient for the
given optimization problem, both Eqgs. (8) and (9) are combined to

arg min (W -max(ATy(t,q)) + Xm: max(ATy(r, d))) V(i,j,t) €S

r=1

(10)

where the second objective is only subsidiary and thus the primary
objective is assigned a higher weight w than the secondary objec-
tive. In this study, w is set to 100.

To fulfill the energy demand required from the BHE field and to
bar the optimizer from converging to the trivial solution, which is
simply a complete switch-off of the BHE field, the adherence to the
given energy demand is defined as a constraint. The sum of the
loads g, for each time step r has to equal to the required energy
E, for the given time step:

p
E =) g, r=1,..,m (11)
k=1

A more detailed explanation of the structure of the resulting
equation system can be found in [13].

3. Application case
3.1. Parameter settings and analytical model set-up

In our case-study, 25 BHEs are arranged in a square lattice that
is analytically simulated by the superposition of Eq. (5) (Fig. 1). The
distance between the BHEs is 10 m (Ax=Ay=10m) and the
installation depth is 100 m. The subsurface is approximated as
homogeneous isotropic media, with given properties as listed in
Table 1, and a constant groundwater flow velocity is assumed in
the x-direction (W-E). The annual energy load pattern, which has
to be fulfilled, is given in Fig. 2. It was elaborated assuming a heat
transfer rate of 50 W m~!, with an annual runtime of 1800 h, which
results in a total energy extraction of 225 MW h per year. The total
energy extraction is subdivided into 12 monthly energy demands
that reflect a seasonal operation mode in Central Europe, with
exaggerated BHE use during the winter. The load pattern is re-
peated throughout the 10 years of simulation. The optimization
procedure distributes the monthly loads among the individual
BHEs while minimizing the relative temperature changes in the
ground as estimated by the analytical solution.

groundwater flow

20r 0 0O O O O

1o 0 0O 4O 4O O

% o O @ O O O
0 20 pO 4O 41O 4O
20 20 0 20 O O

-ZIO -1I0 CI) 1I0 2.0
x [m]

Fig. 1. Geometric arrangement and indices of simulated and optimized 25 BHEs.

Table 1

Parameter specifications for application case.
Parameter Value
Porosity (n) 0.30

2,65 x 10°kg m3
1.00 x 10° kg m 3
192 x 106 ] m 2K~
419 x 10°]m 3K

Density of solid (ps)

Density of water (py)

Volumetric heat capacity of solid (C;)*
Volumetric heat capacity of water (Cy,)

Thermal conductivity of solid (Js)? 32Wm ' K!
Thermal conductivity of water (4,) 06Wm 'K!
Thermal conductivity of porous media (/) 24WmK!
Longitudinal dispersivity (o) 1.0m
Transverse dispersivity (o) 0.1m
Length of the borehole (L) 100 m

Only used for the numerical model

Undisturbed temperature (T,) 12°C

Borehole diameter (d) 0.15m

Volumetric flow rate® (Q) 4x104m>s!
Dynamic fluid viscosity® (u) 114 x 103 kgm 's!

Density of circulating fluid® (p,,) 1x10°kgm™3
Borehole thermal resistance (Ry) 0.07KW m™!
Borehole internal thermal resistance (R;) 0.25KW 'm!

a [26].

b Circulating fluid is water [40].

€ At 15°C.

As the role of advective heat transport due to groundwater flow
is in the focus of this study, the influence of different groundwater
flow velocities on optimized solutions is further scrutinized. A set
of 15 scenarios is defined, which are considered representative of
conditions found in sedimentary aquifers with moderate ground-
water flow velocities (Table 2). The rationale is to create a variety
of scenarios from conduction to advection dominated conditions,
which can already be found within one order of magnitude velocity
difference. In natural aquifers, velocities can vary over several or-
ders of magnitude (e.g. [27]). Very small velocities of significantly
less than 1 cm per day (sc. 1: 5.8 x 10> md !, 6.7 x 10 8 ms™!)
are not inspected, since these are strongly conduction-dominated
systems that may be approximated by assuming conduction only.
The highest groundwater flow velocity is depicted by sc. 15, and
it reaches 0.08 md~! (8.7 x 10~ m s™!). This is still not an extraor-
dinary value having in mind that flow velocities of several meters
per day are still realistic for some hydrogeological regimes.
However, already noticeable advection-dominated conditions are
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Fig. 2. Monthly energy demand of the BHE field assuming a specific energy
extraction of 50 W m~! and 1800 operating hours per year.

Table 2
Scenario-specific groundwater seepage velocities, 7, corresponding hydraulic con-
ductivity values, K, and Péclet numbers, Pe.

Scenario K(ms™1) vy (ms™1) Pe (-)
1 2.60 x 10°° 8.7 x 1078 0.4
2 3.00 x 10°° 1.0x 1077 0.5
3 4.00 x 10°© 1.3x 1077 0.7
4 5.00 x 1076 1.7 x 1077 0.9
5 6.00 x 10°° 2.0x 1077 1.1
6 7.00 x 10°° 23 %1077 1.2
7 7.50 x 10°° 25x 1077 13
8 8.00 x 10°° 2.7 x 1077 1.4
9 9.00 x 10°° 30x 1077 1.6

10 1.00 x 107° 33x 1077 1.8

11 1.15x107° 3.8 x 1077 2.0

12 130 x 10> 43x1077 2.3

13 1.60 x 10°° 53x 1077 2.8

14 2.00 x 107° 6.7 x 1077 35

15 2.60 x 107° 8.7x1077 45

evident in sc. 15, and temperature signals propagate downgradient
by several meters per season within the BHE field. The objective of
the developed optimization procedure is strategic control of the
dislocated BHE-specific thermal plumes.

Geological and, in particular, hydrogeological parameters are
often not accurately known. Our scenario-based approach with dif-
ferent groundwater flow velocities will reveal the role of this
parameter, which is governed by the effective hydraulic conductiv-
ity and the hydraulic gradient. The latter may vary during the year
in a seasonal flow regime, and under such conditions an implicit
representation of variability or uncertainty of this parameter, e.g.
by employing multiple equally possible realizations (e.g.,
[30,31]), is favorable. Still, hydrogeological field measurements
will be necessary to investigate the flow conditions. However, dur-
ing implementation of a BHE field, the drilled boreholes offer a
high resolution picture of the hydraulic gradient in the field. Ther-
mal response tests, which are commonly conducted for planning
BHE fields, can additionally be utilized to deduce the intensity of
advection in the aquifer (e.g., [32]).

The depth-averaging model approach, as common in many line
source applications for BHE simulation neglects potential ground
heterogeneities and aquifer layering. When non-negligible, depth
resolving numerical models may be preferred to the analytical
ones used in our study. Independent of the model concept, how-
ever, in most cases still the superposition step and the optimiza-
tion procedure can be applied given that the geometric BHE
arrangement is pre-defined (e.g. [33]).

The Péclet number, Pe, for heat transport [34], as listed in Table
2, is a measure for the intensity of advection. It is calculated by:

_vanl'p,cy
Jm

Pe (12)
with L’ as the characteristic length, which, in this work, is set to the
grid distance between the BHEs (10 m). Based on this definition, the
Péclet number indicates the ratio between the heat transported by
the moving groundwater and the heat solely transported by
conduction.

3.2. Numerical simulation

Even if line-source-based simulation of BHE is standard, it is
based on several simplifying assumptions. Among these are ideal,
homogeneous conditions in the ground, which never exist. A rele-
vant assumption for BHE field simulation is that the energy loads
assigned to each BHE is known. In reality, however, energy extrac-
tion is achieved by circulating a cold heat carrier fluid, and the
established temperature gradient forces conductive heat transfer
from the ground. This means that the ground temperature in a
BHE field is, to some extent, automatically balanced, and substan-
tial local temperature anomalies thus are mitigated by smaller heat
extraction from cold regions. In contrast, our approach is based on
computationally efficient simulation and the optimization of loads.
This presumes that working loads can be adjusted directly, e.g. by
controlling the temperature of the heat carrier fluid. Showing that
this control is reasonable depends on the benefit in comparison to
standard practice, which means that all BHE in a field are operated
similarly. To examine this in more detail, numerical simulations
are carried out that compare the load-optimized strategies to
non-optimized BHE operation.

Transient heat transport simulations for the fifteen scenarios
are performed using the finite element code FEFLOW (version 6)
[35]. A three-dimensional model with 100 layers of 1 m thickness
(200 m x 200 m x 100 m), representing a homogeneous confined
aquifer with steady flow, is set up. Twenty-five BHEs, each with a
length of 100 m, are implemented. An initial uniform undisturbed
temperature of 12 °C is assigned to the model, and further settings
are given in Table 1. We chose the implemented analytical method
of Claesson and Eskilson [36] for simulating the local heat trans-
port processes within single U-type BHEs. The BHEs are operated
using the single-load model [37,38]. Monthly loads are entered
by scheduling operative hours of each borehole per month. For
the non-optimized case, the operative hours per BHE are uniformly
assigned. In contrast, for the optimized scenarios, we iteratively
adjusted the operative hours for each BHE to achieve the
determined optimal loads. All scenarios are simulated for
10 years and temperatures of the entire field are recorded at the
end of each month. Additionally, the detailed numerical model
allows for the monitoring of temperatures at the inlet and outlet
of each BHE.

3.3. Simulation time and steady state condition considerations

The advective heat flow, in addition to conduction, further
compensates the deficit from permanent energy extraction. The
higher the groundwater flow velocity is, the less pronounced
the temperature changes close to BHEs are. As a result, the time
to reach steady state is shorter at high velocity [7,19]. This is
also relevant for the 15 scenarios inspected in our study. Due
to the different groundwater flow velocities, some scenarios
reach steady-state condition at early times, while others show
a transient temperature change until the end of the examined
total operation time of 10years. This is visualized in Fig. 3,
where the evolution of mean temperature changes for all scenar-
ios is compared.

The mean temperature change is estimated by:
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Fig. 3. Time-dependent mean temperature changes AT within non-optimized BHE
field (area of 40 m x 40 m) at a depth of 50 m. Dashed lines correspond to sc. 1-5,
solid lines to sc. 6-10 and dash-dotted lines to sc. 11-15.

m

AT =(mxn)"" (ZiATU) (13)

i=1 j=1

where ATj; is the temperature change at each location (i, j) within
the area m x n where the BHEs are located. All the undulating time
series in Fig. 3 reflect the seasonal energy extraction, but those sce-
narios with high velocity are less affected. Temperature decrease is
less pronounced and, in particular for sc. 12-15, the trends stabilize,
which indicates that a steady state is (nearly) reached. We com-
pared the maximum difference of AT at the end of the last two suc-
cessive years. For these scenarios, this difference is smaller than 1%
after 72 (sc. 15), 84 (sc. 14), and 96 (sc. 13) months. With a criterion
of 2%, scenario 12 takes 108 months to reach a steady state. In sum-
mary, high flow velocities (Pe > 2.3) allow for a (quasi) steady-state
condition before the end of the considered period of 10 years is
reached, whereas conduction in scenarios 1 to 11 (Pe < 2.3) is signif-
icant enough so that transient conditions prevail.

4. Results and interpretation
4.1. Temperature fields and profiles

From the 15 scenarios, four are sampled that span the range of
inspected groundwater flow velocities: the two extremes with the
lowest (sc. 1, Pe = 0.4) and highest velocity (sc. 15, Pe = 4.5), as well
as intermediate cases sc. 5 (Pe = 1.1) and sc. 10 (Pe = 1.8). Fig. 4 de-
picts the central (z=50 m depth) temperature distribution from
numerical simulation for the optimized and non-optimized cases.
A total operation time of 10 years is simulated, and the plotted
temperatures reflect the conditions in December, that is, in the
middle of the heating season. All BHE fields supply the given sea-
sonal energy demand (Fig. 2), and accordingly, extract the same
amount of energy each month.

As expected, the temperature anomaly that is induced from
operating the BHE field is influenced by groundwater flow. At very
small velocity, the most pronounced ground cooling is observed
within the field, and it nearly symmetrically diminishes outside
the field. The temperature plume moves downgradient at increas-
ing velocity, is displaced from the center of the BHE field, and ap-
pears significantly elongated for the most advection dominated sc.
15.

For each scenario, the plumes have a comparable shape
independent of the operation mode. However, strongest cooling

is observed for the non-optimized cases. The optimization regu-
lates individual BHE operation in order to avoid local cooling in fa-
vor of smoother temperature changes. This is most beneficial for
conduction-dominated conditions. For instance, in sc. 1, the tem-
perature maximally decreases by 10.4 K without and by only
7.3 K with optimization, which means a difference of more than
3 K. This difference in max AT, as well as overall cooling, becomes
smaller the more groundwater flow balances the mounting energy
deficits by advection. For the conditions with highest velocity, sc.
15, max AT reaches 5.7 K without and 3.7 K with optimization. In
this non-optimized scenario, the center of the cold plume is found
around the last downgradient column (‘e’, Fig. 1) of the BHE array.
This center is smoothed when the BHEs are individually regulated,
and also shifted further downgradient, that is, if possible outside of
the BHE field.

A closer insight is provided by Fig. 5, which inspects the differ-
ences in max AT for the selected four scenarios in the x-direction of
groundwater flow and perpendicular to it, both along the center-
line of the BHE array. Negative values indicate that the tempera-
ture at a given location of the non-optimized scenarios is lower
than for the optimized ones and vice versa.

As expected, the temperature differences perpendicular to the
regionally uniform groundwater flow are symmetric (Fig. 5a). Since
optimization especially mitigates the energy extraction by the
BHEs in the center of the field, differences are most significant at
BHEs ‘cO’ and ‘c1’. The higher the groundwater flow velocity, the
more advective heat is supplied and thus the smaller the differ-
ences between optimized and non-optimized scenarios. For sc.
15, advection is exploited more by the optimized lateral BHEs,
‘c2’, which is reflected by the slightly stronger cooling at these
positions of the temperature difference curves.

Along the horizontal centerline (Fig. 5b), each trend is specific
for the simulated conditions with highest differences at the loca-
tions of the BHEs. The simulated cooling with optimal loads of sc.
1, 10 and 15 is always minor. Sc. 5 is special - it shows a stronger
cooling (difference > 1K) at the location of the first BHE (‘a0’,
Fig. 1). Apparently, this is compensated by the higher temperatures
at the other downgradient BHE locations (difference of nearly
—4K). The energy extraction rate of BHE ‘a0’ for this month is
32.66 W m™!, while for the downgradient BHEs ‘b0’-‘e0’ have opti-
mized rates of 25.18 Wm™!, 15.68Wm™', 11.33Wm™! and
11.45W m™'. The energy extraction rates for the same BHEs in
the non-optimized case are 22.88Wm~!, 22.88Wm,
2296 Wm!,22.88 Wm !and 22.96 Wm ! (‘a0’-‘e0"). Obviously,
the concerted BHE array takes advantage of the energy carried by
the groundwater more efficiently. This exemplarly shows that for
a given month in the optimal load pattern, each BHE is adjusted
depending on position, groundwater flow velocity and the current
time step.

An important feature of Fig. 5, particularly in the direction of
groundwater flow (Fig. 5b), is the occurrence of four different curve
shapes. These four are also characteristic for the other scenarios.
Similar curves are observed for sc. 1-2 (Pe<0.5), sc. 3-6
(Pe=0.7-1.2), sc. 7-12 (Pe=1.3-2.3), and sc. 13-15 (Pe > 2.8).
They, apparently, reflect that a small number of optimized load
patterns exists, which is selected and adjusted depending on the
groundwater flow velocity and supplied energy demand.

4.2. Optimized load patterns

In Fig. 6, the spatial temperature distributions during the last
entire heating season (9th year) of the selected optimized scenar-
ios are shown. The relative contribution (i.e. monthly normalized
load) of each BHE is visualized by the gray scale of the circle
marker. The figures show the initial stage of the heating season
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(a0-e0, Fig. 1) in direction of groundwater flow.

(in September), the month with highest demand (in January) and
the last month of the heating season (in May).

At the beginning of the heating season, for the scenarios with
higher groundwater flow velocity (sc. 10 and 15), the BHEs located
downgradient (columns c-e; Fig. 1) are activated first. In order to
maximize energy extraction from outside the BHE field, the BHEs
at the fringe provide most of the energy demand. The upgradient

BHEs, as well as the central BHEs in the columns ‘c’ and ‘d’, are shut
off. An attractive strategy, evidently, is keeping the temperature
highest in the center and preparing the system for the higher en-
ergy demand scheduled for the next months. The energy demand
reaches its maximum in January, all BHEs in sc. 15 are on and al-
most all (23 of 25 BHEs) are activated in sc. 10. At this stage, the
upgradient BHEs in column ‘a’ have the highest energy extraction
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rates. This way, the system takes advantage of the surplus energy
brought by the moving groundwater. The extraction rates succes-
sively decrease downgradient. Then, at the end of the heating sea-
son in May, the load pattern of the BHEs is similar to that in
September.

For the scenarios with lower groundwater flow velocity (sc. 1
and 5), the operation strategy is different. At the beginning of the
heating season, again the BHEs in the center are off. However,
now, all BHEs at the lateral rows are activated. In sc. 1, the highest
loads are assigned to the BHEs in the upgradient corners (position
‘a2’) and they continuously shrink downgradient. In sc. 1 ground-
water flow is minimal, and the optimal load pattern accentuates
all corner BHEs (‘a2’, ‘e2’). This scheme is also kept for the peak
of the heating season in January. Both scenarios show a similar
use of the BHEs, with more upgradient energy extraction. In the
more conductive scenario (sc. 1), the highest energy extraction
rates are still in the corners and decrease towards the center.
Again, at the end of the heating season, a similar operation of the
BHEs is observed as in the beginning.

In general, two operation patterns for the 25 examined BHE
fields are identified. For high groundwater flow velocities, the
operation of the BHE follows a column-wise strategy. In all scenar-
ios 12-15, the optimal tactic for seasonal energy extraction is to
start with the downgradient BHEs, and then activate increasingly
the upgradient ones, while reducing the loads downgradient. The
downgradient movement of the cooled zones is strategically inte-
grated in the optimized load pattern. The optimal usage of a col-
umn thus depends on the energy demand of each consecutive
month.

For lower groundwater velocities, conduction comes more into
the fore and hence, a more radial pattern is observed. BHEs at the
corners are turned on first and run permanently, with a higher
emphasis on the downgradient ones depending on the role of
advection. Under low-advection conditions, these BHEs have least
interaction with neighboring BHEs. In contrast, central BHEs mean
strongest competition for conductive heat supply. Accordingly, the
interior BHEs are activated or deactivated in a radial way. For the
inspected total simulation time of 10 years, this radial pattern is
most apparent for the high conduction end members, sc. 1-3. In
particular, for sc. 4-11, a mixed pattern with column-wise and ra-
dial scheme is found.

4.3. Mean temperature in BHE field and heat carrier fluid

In order to compare optimized to standard operation mode, Eq.
(13) is applied for the 3 months of the final heating season.
Depending on the scenario-specific Pe, the induced mean temper-
ature changes AT for January is shown in Fig. 7a. In addition, the
difference of AT between optimized and non-optimized conditions
for September, January and May is depicted. This difference ap-
pears to be always positive, it reaches between 0.37 K and 1.96 K,
and it is nearly the same for the different months. This means that
BHE field optimization does not only mitigate local cooling but also
the average temperatures in the field are less altered. Since
groundwater flow compensates, to some extent, the deficits from
energy extraction, the difference shrinks in the more advection-
dominated scenarios. A nearly linear trend is observed, whereas
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for the most extreme cases, sc. 14, 15 (Pe > 3.5), this difference be-
comes very small and stabilizes.

The efficiency of a heat pump in GSHP systems strongly de-
pends on the temperature of the heat carrier fluid circulating
through the BHE (e.g., [24]). If aboveground thermal losses are neg-
ligible, this temperature equals the temperature at the outlet of a
BHE (T,y). Fig. 7b compares the mean (mixed) temperatures for
all BHEs T, for the optimized and non-optimized cases in January
of the 10th year. Also, similar to Fig. 7a, the differences between
both cases in January, as well as in September and May, are shown.
These temperatures are obtained by averaging the monthly BHE
outflow temperature predicted by the numerical model. Slight
numerical inaccuracies are reflected in the non-uniform curves in
Fig. 7b. The finite element mesh for this study was developed fol-
lowing the direct estimation of the nodal distance for BHE nodes
[39]. However, in order to keep the computational burden at a
minimum, the mesh was discretized in two different sections,
one very dense around the BHE field and a coarser mesh outside
of the BHE field. The slightly non-symmetrical distribution of the
elements probably causes small variations in the borehole wall
temperatures, which are used to calculate Toy,.

Optimized configurations result, although not explicitly in-
cluded in the optimization problem formulation, generally in high-
er output temperatures T, of the heat carrier fluid. The January
values show that the difference between optimized and non-opti-
mized depend on the groundwater flow velocity. Roughly, three
characteristic ranges for Pe can be distinguished: For Pe<1 (sc.
1-4), conduction dominates, the output temperatures are indepen-
dent of the flow velocity, and benefit from optimization is maxi-
mal. Here, the heat carrier fluid is more than 1 K higher. Between
Pe=1.1(sc. 5)and 2.3 (sc. 12), as observed for the average ground
temperatures in Fig. 7a, the impact from advection comes more
into the fore, and cooling of the ground is mitigated. Since, for
the study case, the seasonal energy demand is kept constant, dif-
ferences between optimized and non-optimized operation mode
decline. For very high velocities, sc. 13-15 (Pe > 2.8), we observe
no difference or the difference remains constant on a small value
as shown for September and May. However, note that the averag-
ing method used for estimating T, disregards local variations at
individual BHEs, which may be of relevance in practice when more
than one heat pump is operated.

5. Discussion and conclusions

Low enthalpy geothermal technologies are established and,
once installed, supply space heat and domestic hot water for

decades. Fields of multiple adjacent BHEs, which in the long run,
cool the ground over great volumes, often accomplish high-energy
demand. Often, aquifers exist, which are affected by the cooling,
while advective heat transport from flowing groundwater addi-
tionally balances the deficits. Integrating the advection into the
planning of BHE fields is not common, and it is only done indirectly
by introducing an effective thermal conductivity that is higher
than the actual one (e.g. [32]). The study here demonstrates that
for a given BHE field, case-specific individual BHE operation mode
offers benefits to standard applications, where BHEs are all oper-
ated the same. As an objective, we chose to avoid extreme local
cooling of the ground while guaranteeing a given seasonally vari-
able energy demand. An efficient linear-programming based solu-
tion procedure that combines superimposed moving line source
equations is developed, and the performance of optimized solu-
tions is inspected by post-optimization high-resolution numerical
models.

The major findings are that ideal adjustment of BHE-specific,
monthly energy extraction rates (loads) produces typical load pat-
terns that depend on time and groundwater flow velocity. The pat-
terns change from the beginning of the heating season to the peak
demand month, and those at the end are similar to those at the
beginning of the season. Formulating the optimization problem
for the entire operation period (in our study case 10 years) enables
pro-active management where, for example, the BHE active in the
early season prepares efficient operation in the peak time. Also,
long-term transient conditions, which exist in the low groundwa-
ter flow velocity scenarios of our study, provoke a slight change
in the patterns from year to year. If groundwater flow is small (here
Pe < 1), radial patterns are suggested, where most energy is ex-
tracted by the BHEs at the borders. Increase of flow velocity gener-
ates optimized patterns that, advantageously, are oriented at the
flow direction. For example, in the lattice BHE field in the study
case, a column-wise pattern is found, where the season starts
and ends, with downgradient BHE operation.

We inspected the role of increasing advection for a fixed energy
demand, and as a result, benefits from optimization decrease with
flow velocity. In practice, however, higher velocity may be ac-
counted for by a higher effective thermal conductivity, and thus
the specific energy extraction in standard applications is aug-
mented. Therefore, due to the assumptions particular to the study
case in this work, potential benefits from optimized BHE operation
patterns have to be clarified based on the individual conditions.
Even so, it is shown that improvements could always be achieved
by automatic optimization, with more balanced ground cooling
and mostly higher temperatures in the heat carrier fluid. These
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may be further improved also by considering the positioning of the
BHE in the optimization framework, and if energy injection for
cooling of buildings during the summer is included.
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