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ARTICLE INFO ABSTRACT
Keywords: Unmanaged heat extraction, as well as the adjacency of multiple borehole heat exchangers (BHEs) in a field, can
Low-enthalpy geothermal energy lead to undesirable thermal conditions in the ground. The failure to properly control induced thermal anomalies

Closed-loop
Mathematical optimization
Uncertainty

is perceived as a severe risk to closed-loop geothermal systems, as the detrimental effects on the ground can
substantially deteriorate performance or nullify the compatibility of an operating system with regulatory man-
dates. This paper presents a flexible framework for the combined simulation-optimization of BHE fields during
the entire lifespan. The proposed method accounts for the uncertainties in subsurface characteristics and energy
consumption in order to minimize the temperature change caused by the heat extraction during the operation.
The descriptive uncertainty is introduced as a deviation of the monitored temperature from the simulated
temperature change, whereas the variation of the energy demand appears as over- or under-consumption against
the scheduled demand. The presented new sequential procedure, by updating the thermal conditions of the
ground with temperature measurements, continuously executes the optimization during the operation period and
enables the generation of revised load distributions. In this study, two fields with five and 26 BHEs are
considered to demonstrate the performance of the proposed method. Sequential optimization outperforms single-
step optimization by providing the basis for more strategic load-balancing patterns and yielding lower tem-
perature anomalies of about 2.9 K and 8.9 K in each BHE configuration, respectively, over 15 operational years.

Since the subsurface thermal processes are normally slow, unman-
aged energy harvesting can yield undesired local cooling, and in the
worst case trigger thermal shocks that the ground cannot fully dissipate.
Imbalanced operation of multiple BHEs or disproportionate extraction
or injection can cause environmental and technical issues that may
jeopardize the efficiency and even the feasibility of operation. Exem-
plifying this issue, Chen et al. (2021) have assessed the under-
performance of a field of 56 BHEs in Leicester, UK, by comparing
numerical simulation with monitoring data. They found that the studied
BHE field can be efficiently operated for a maximum of 20 years under
the designed scenario due to heat accumulation in the central BHEs. In
addition to a potential technical malfunction, long-term performance of
BHE systems can result in subsurface thermal anomalies that violate
local environmental regulations. In most countries with geothermal
plants (Blum et al., 2021; Gil and Moreno, 2020; Haehnlein et al., 2010;
Tsagarakis et al., 2020), there is a defined maximum threshold for the
tolerable induced temperature anomalies in the ground, which is the
basis for the design and operation of such systems.

1. Introduction

Environmental concerns, climate change, and global energy crisis are
all among the reasons that compel us to use renewable energy resources.
In recent decades, shallow geothermal energy has emerged as one of the
potential resources to achieve this goal, especially for heating and
cooling purposes. Worldwide, geothermal resources provided approxi-
mately 108,000 MW of thermal energy in 2019 for 88 countries, rep-
resenting a growth of about 52 % compared to 2014 (Lund and Boyd,
2016; Lund and Toth, 2021). Shallow geothermal energy as an omni-
present resource can be accessed by means of drilling boreholes to a
depth of a few tens of meters to a couple of hundred meters in the
ground. The boreholes equipped with tubes are borehole heat ex-
changers (BHEs) that circulate a heat carrier fluid connected with an
aboveground heat pump to supply a given heating (or cooling) demand
(Gil et al., 2020). The energy supplied by a BHE for a given time can be
termed as “load”.
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Nomenclature

X Coordinate in x-direction (m)
y Coordinate in y-direction (m)
z Coordinate in z-direction (m)
r Distance to the BHE axis (m)
P Auxiliary variable

L Length of borehole (m)

Ngue Number of BHEs

N; Number of time steps

Ny Number of optimization time steps

t Time (s)

S Field domain

q Heat extraction/injection rate (Wm™1)
T Temperature (K)

AT Temperature change (K)

Subscripts

k Counter index of Npyg
l Counter index of N;

m Counter index of N,

i Counter index of x

j Counter index of y
meas Measured

sim Simulated

DU Descriptive uncertainty

[0} Thermal response coefficient (-)
p) Thermal conductivity (W m~' K1)
E Energy demand (W)

a Thermal diffusivity (m? s1)

w Weighting factor (-)

e All-ones vector

To counteract the shortcomings in the performance of BHE fields and
to mitigate the thermal anomalies, accurate subsurface characterization
and simulation of the long-term system performance are needed. In
order to properly design and operate BHE systems, it is crucial to have a
thorough knowledge of the thermal properties of the ground, such as
thermal conductivity and borehole resistivity (Erol and Francois, 2014;
Heim et al., 2022; Hein et al., 2016). The most straightforward approach
in practice for obtaining these parameters is to conduct in-situ mea-
surements such as the thermal response test (TRT) (Gehlin, 2002; Spitler
and Gehlin, 2015). Given that TRTs are local measurements over a short
period of time before the start of operation, they only examine the in-situ
conditions in the vicinity of a borehole and they cannot resolve char-
acteristic subsurface heterogeneities (Boban et al., 2020; Lee, 2011; Luo
et al.,, 2014; Pasquier et al.,, 2019; Raymond and Lamarche, 2013;
Wagner et al., 2012; Zhang et al., 2022). Aside from this, multiple
further factors influence the performance of BHEs such as groundwater
flow (Antelmi et al., 2023; Previati and Crosta, 2024; Signorelli et al.,
2007; Zanchini et al., 2012), surface water bodies (Perego et al., 2022),
ground-surface thermal coupling (Bidarmaghz et al., 2016; Nguyen
et al., 2017), seasonal variations and consumer behavior (Yoshioka
et al., 2022), and the type or the arrangement of BHEs (Zhang et al.,
2021). This limited predictability of the system’s performance over the
operational lifespan motivates the use of optimization and control
techniques. The concept of individual load optimization in a BHE field
was introduced by Beck et al. (2010), and it was further developed to
also consider groundwater (Hecht-Méndez et al., 2013). Beck et al.
(2013) suggested a procedure for optimal BHE positioning and alloca-
tion of loads, and this was modified to detect the least effective BHEs and
put them out of service (Bayer et al., 2014). Several alternative solutions
have been presented to optimize irregular BHE spacing and minimize
their numbers while fulfilling a given energy demand (Cimmino and
Bernier, 2014; Egidi et al., 2023; Spitler et al., 2020; Spitler et al., 2022;
Noél and Cimmino, 2022). Notwithstanding, these optimization con-
cepts do not take into account the dynamics of the ground and possible
uncertainties that may arise due to the interaction of multiple BHEs (Ma
et al., 2020).

The general idea of optimal control techniques is to regularly
monitor the ground during operation to provide an automated mecha-
nism that compares the model-based simulations with the recorded data
at specific time intervals (BniLam and Al-Khoury, 2020; Shoji et al.,
2023). Some studies have presented several optimum operating sce-
narios, but the derived operational strategy is based on the comparison
of a limited number of selected scenarios (Liu et al., 2015; Yavuzturk and
Spitler, 2000; Zhou et al., 2016). Available control methods typically
focus on applying dynamic programming, model predictive control, or

artificial neural networks, while the adopted BHE and subsurface
simulation models are often simplified (Atam et al., 2016; De Ridder
etal., 2011; Gang et al., 2014). As pointed out by Ikeda et al. (2017), one
of the main concerns with optimal control strategies is that the devel-
oped methodologies mostly fail to properly account for the thermal
conditions and response of the ground.

The main motivation of this paper is to enhance the flexibility of
combined simulation-optimization for computing the heating load pat-
terns in order to efficiently prolong the operational life and simulta-
neously comply with regulatory requirements and environmental
concerns. Although this study only focuses on cases with heating ap-
plications, the proposed framework is also applicable to cooling pur-
poses. Our approach is to simultaneously monitor the subsurface
temperature evolution and actual energy demand at the particular time
steps to be able to update the subsurface thermal conditions for opti-
mization of load balancing in an iterative framework. Hence, initial
postulates and rough estimations are used to initialize the operation in
an optimal way. A schematic illustration of our methodology is shown in
Fig. 1. In the following, we first present the governing equations for the
simulation of the temporal temperature change caused by multiple BHEs
in a field. Thereafter, the objective function and the relevant optimiza-
tion constraints are defined. For demonstration of the new proposed
procedure, two theoretical case studies are developed, and in the next
section, the maximum temperature changes in both fields are compared
when single-step and sequential optimization are applied. The results
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Fig. 1. Conceptual diagram of sequential optimization.
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section proceeds with a comparative study on the optimal load distri-
butions, and the capability of the new sequential optimization procedure
to deal with uncertainties in energy demand is evaluated.
2. Methodology
2.1. Simulation of a borehole heat exchangers field

The spatial and temporal temperature change induced by a single

BHE can be approximated by a finite line-source (FLS) model (Beck
et al., 2013; Stauffer et al., 2013; Zeng et al., 2002):

L 0
_a (/! " Ve - [L "\t
AT(q,Ax, Ay, Az 1) = P {r erfc (\/@)dz /Lrerfc<\/m>dz

(€8]

This assumes conduction in a homogeneous and isotropic subsurface
medium with properties that are independent of the temperature. In the
equation, AT = T,, — T refers to the deviation from the ambient, un-
perturbed temperature distribution T,,. Since we are only concerned
with the evaluation of temperature change in this study and FLS assumes
a uniform and undisturbed temperature at t = 0 in the whole domain,
the absolute value of T, is not relevant for our study, and exclusively the
temperature change is attributed to operation. L is the length of the
borehole, 1 is the thermal conductivity, « is the thermal diffusivity, and r
represents the horizontal distance to the borehole axis Ax, Ay, and the

vertical axis of a borehole (z — %), such thatr = \/ AX2 + Ay + (2 — 2)°
q is the heat flow rate per length of the borehole, which is a positive
value in the case of heat extraction. If cooling is intended to be taken into
account, this is realized by heat injection rather than extraction and is
expressed by a negative sign.

The superposition principle can be applied to account for a set of
boreholes k = 1, ---, Ngyg at locations (X, yx) and a temporal variation of
the load as a series of I =1, ---,N; load pulses ¢q = (@115 QN1 "+
QN ---,qNBHE‘N[)T for each borehole (Abdelaziz et al., 2014; Bernier
et al., 2004; Cimmino et al., 2013; Cimmino and Bernier, 2014; Eskilson,
1987; Fasci et al., 2021; Lamarche, 2011; Lazzarotto, 2016; Lazzarotto
and Bjork, 2016; Marcotte et al., 2010; Marcotte and Pasquier, 2008;
Michopoulos and Kyriakis, 2009). This leads to an estimation of the
temperature change at any location relative to a borehole Ax;, Ay; at time
t

Ni Npue

AT(F, 80,8, 0) =30 g o (Axi, Ay, 1) @)
=1 k=1

with the response coefficient

r

L 0
1 1 r ] 1

Wy (Ax;, Ay, t) = — —erfc | ———— dz—/—erfc _—

k,l( Yi ) vy /r < 40!(l—111)> Lr < 4ot — 1)

0

where t is the current time t > t; (Beck et al., 2013). Due to the
assumption of temperature-independent parameters, the temperature
distribution can be formulated as a linear problem

—
AT (q,Ax;, Ay;,t) = @ (Ax;, Ay, 1) G (©)]
with 5’ = (w17]7 ©tty DN, 1y *** D1N, **° wNBHE‘NL)' As initial condition,

AT(q, Ax;, Ayj,to) = 0 holds for t; = 0.
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2.2. Optimization objective

The optimization procedure we use here is adopted from the method
that was proposed by De Paly et al. (2012). The objective is to avoid
local ground temperature decline in the field by minimizing the
maximum temperature change induced by all BHE operations. The un-
derlying rationale is that the ground heat exchange is optimal when
“cold” BHEs are avoided, and thus also the performance of the heat
pump is indirectly optimized. In the mathematical formulation this
means identifying the position in the considered region Ax;,Ay; € S
where the maximum temperature change occurs, and distributing the
loads temporarily and spatially such that the weighted sum of the
maximum temperature change of the entire operation period and the
timestep-wise maximum temperature change is minimized:

N,
argmin (w-max (ﬁ(?, Ax;, Ayj, tN,)) + Z max (A—T>(77 Ax;, Ayj, t,))) ,
=

6)
subject to
NpHE
E = ; qr1s ®)
Ax;, Ay; € S,

for alll = 1,...,N,. The first constraint ensures that the heat demand is
met in each time step and the latter restricts the max-norm to the
investigated region. N, specifies the number of time segments [ and thus
defines the time resolution, e.g., for computation of daily or monthly
changing optimal individual BHE loads. The first term in the objective
function is of greater importance to us since the primary concern is to
minimize the temperature change for the entire time period and not for
individual time steps. To make this superiority explicit, a weighting
factor w is defined that grants a higher weight to the first term. w is fixed
at 100 in this study. If the entire operation time is discretized by [ seg-
ments, and an optimal transient loading pattern is derived based on the
given initial conditions at t, before the operation of the BHE field only,
then we define this procedure as “single-step optimization”.

2.3. Sequential optimization procedure

We investigate the potential to learn during BHE field operation.
Most convenient is to re-run the optimization after a period of operation
and take the prevailing ground thermal state as a new initial condition.
In our application example, we study the case where the monthly
extracted heat demand deviates from the predicted one. Furthermore,
we assume that the line-source model is not exact due to simplifying
assumptions on the ground thermal properties and processes. The

L 0
, 1 . r , 1 . r ‘
dz—/;erfc(m)dz-l-/ierfc(m)dz ; 3)

0

resulting deviations between simulated and observed real thermal con-
ditions in the ground are regularly inspected during the course of
operation and the BHE loading strategy is optimized again.

For this purpose, the previously defined objective function (Eq. (5))
is reformulated such that the optimization problem can be posed and
solved as linear problems by applying auxiliary virtual variables », and

1
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N,
min (W'%o + Zﬂ) , 7)
=1
subject to the constraints
A—>T(77Axi7A)’j7 tn) —x€ <0
T (= —
*AT(%AXhA,VjJN,) —xe <0
ﬁ(77 AXnAyJ'J/) —5e <0
—TT(77AX,7A)/]~,[1) -4 <0 ®
NpHE
E = G
k=1
Ax;, Ay; € S,

foralll =1,-, N;. € denotes the vector of ones with Ny entries. The
optimization is repeated iteratively for predefined timesteps t,, (m =1,
-+, Ny,,.), which we call “sequential optimization”.

Based on the actual extracted energy and the measured ground
temperatures at each time step, the real-time subsurface temperature

change, A4>Tme,,5(Axi7 Ayj, tm—1), is determined, which differs from the

model-based simulations, ﬁsim (E’, AX;,AY;j,tm—1). This real temperature
change of the BHE field is considered as the most accurate starting point
for the recalculation of the optimal load patterns of the upcoming
months. The measured temperature is assumed to be a representative
proxy for the current thermal response and conditions of the ground.
The final outcome of the sequential optimization at each time step is a
new load allocation, ¢, for the individual boreholes in the remaining
time steps. This sequential optimization is realized as a loop form =1,---,
Ne,

Ne
min Wezg + Zz[ s (9)
I=m
subject to
— — —
AT (G, 8%, Ay, ty,) — AT (G, 8%, Ay, i) — 40 € < — AT yeas (@, A%, A, L
— —
— AT (G, x5, Ay;,ty,) + AT (G, 8%, 8y, 1) — 20 € < AT eas (T, DX, Ay, b
— — —
AT (77 AXi, BYj, tl) — aT (77 AXiy BYj, tm—l) - "‘V'I? < = AT yeas (77 AXjy AYjy In—1

7A—T>(?~,Ax[7ijatl) =+ A—T)(7~ Ax[vijJmfl) - %[? < A—T)mmx (?7Axi7Ay/7tm—l
Nane
E = qu,/
k=1
AxiaAy/' € Sa

for alll =m,...,N;. In this loop, the simulated temperature change from
previous timesteps is iteratively replaced with the actual measured
temperature. For m = 1, the results of the sequential and single-step
optimization coincide. The flowchart of the proposed method is shown
in Fig. 2.

—>Ts[m (AX,', ij’ tm)

_— _— —
ATmeas (AX,‘, Ayh tm) = + ATDU (Axir Ayh tm) + ATﬂxce:s (AX;,
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2.4. Parameter settings of case studies

Two hypothetical case studies with different configurations of the
BHE field are defined. In case study I, five BHEs, and in case study II, 26
BHEs are considered for layouts as shown in a top view in Fig. 3. The
BHE:s are located in a 35 m x 40 m and 50 m x 60 m area, respectively,
where their positions are denoted by circles. The spacing between the
BHEs is set to 5 m, which in practice may be sufficient to prevent strong
thermal interference from adjacent boreholes (Gultekin et al., 2016; VDI
2001), but commonly long-term operation yields superpositioning of the
thermal effects of neighboring BHEs (Rivera et al.,, 2017). Only
conductive heat transfer to the BHEs is simulated based on Eq. (1),
respecting a given time-dependent heat demand profile for an operating
period of 15 years.

We account for inaccuracy in the models used to predict the ground
temperatures of the two cases. It is assumed that the thermal response of
the boreholes, which are represented by filled circles in Fig. 3, are prone
to deviations from the simulation. In both case studies, the temperature
change is calculated once before the start of operation using Eq. (1) for
all time steps and considered as a prior value. At each time step, the
simulated temperature change is compared to the measured tempera-
ture (Eq. (10)). To construct a virtual reality that resembles the
measured temperature, an uncertainty percentage is assumed at the
location of each borehole. Fig. 3 shows the assumed distribution of the
uncertainty rates in both fields, and the structure of this variation can be
attributed to local heterogeneity of the subsurface. In addition to that,
the BHEs can be subject to further sources of uncertainty such as the
thermal impact of underground infrastructures like underground car
parks (Noethen et al., 2023a), clogged wells (Song et al., 2020), or
interference with other subsurface thermal systems such as other active
BHE fields or aquifer thermal energy storage systems (Noethen et al.,
2023b). The mentioned examples have in common that their effect on
the temperature changes in the ground cannot be explicitly captured by
the FLS model (Eq. (1)). Instead, this is reflected by incorporating
measured temperature changes in the sequential optimization (Eq.
(10)). In case studies I and II, the maximum uncertainty range is up to

1)
1)
)
)

10

5% and 7 %, respectively. These values that represent the descriptive
uncertainty rates are multiplied by the increase or decrease of temper-

ature from the previous time-step, HDU(Axi, Ayj, ty), and added to the
simulated value, ﬁsim(Axi, Ayj,tn), in order to generate the true tem-
perature change. The temperature change caused by the excess load,

—

AT excess, is the other source of temperature variation that has to be
included in the measured values. We can summarize the components of
the measured temperature change by:

Ay, 1) an
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Fig. 2. Flowchart of the proposed method.

Both hypothetical BHE fields are located at a site where the ground
consists mainly of clay and silt. The subsurface is considered homoge-
neous with negligible groundwater flow. The values for the thermal
properties are taken from the guidelines of the Association of German
Engineers (VDI 2001), and the parameter specifications are listed in
Table 1. Under the assumption that each individual borehole is 100 m
long, the heat extraction rate per length is 24 W/m, and the annual
operating time is 1,800 h (De Paly et al., 2012; VDI 2001). The total
annual energy demands are 21.6 and 112.32 MWh for case study I and II,
respectively.

This total energy demand is non-uniformly distributed over 12
months of the year, based on the assumption that the site is located in a
country with Central European climate conditions and there is no
heating demand during the summer months (June, July, and August).
Even though the heating demand of consumers such as for space heating
can be predicted, the true demand often varies significantly depending
in particular on consumer behavior and climate variability. In order to
account for this, our study considers a discrepancy between planned and
actual energy demand in each month, the so-called excess load as shown
in Fig. 4. The optimal workloads in this study are always calculated
based on the predefined heating demand. At the end of each month, the
current optimal load pattern is then scaled relatively to fulfill the surplus
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Fig. 3. Geometric layout of numbered BHEs of (a) case study I and (b) case
study II. The numbers on the arrows in (b) indicate the index of the BHEs, from
left to right, in each row of the array. These numbers are used to refer to each
individual BHE.

or shortfall load. Subsequently, the temperature change resulting from
this over- or underload is calculated and applied as new knowledge in
the next iteration of optimization. Sequential optimization gradually
considers the deviation in the extracted load. Evidently, this cannot alter
the past months, but it may be beneficial to modify the optimal patterns
in the remainder of the operational lifetime. Here, as default it is
assumed that the planned energy demand is always underestimated in
comparison to the real demand.

Given the arrangement of the fields and the 180-month operation,
this linear programming optimization problem for case study I and II
covers 1,261 and 5,041 decision variables, composed of 900 loads, ¢,
along with 361 virtual variables, and 4,680 loads, q, along with 361

Table 1

Parameter specifications for case studies.
Parameter Value Unit
Length of borehole, L 100 m
Thermal conductivity, A 1.70 Wm!K!

Thermal diffusivity, 7.1 x 1077 m? s71




H. Soltan Mohammadi et al.

30
25 - B8 Excess loads
20 | I Planned loads
. 15 4
= 10
2 5
-8 M
g O-
5
8 30
5 2
22
L

J FMAMJ
Month

J  AS OND

Fig. 4. Original monthly heat demand profile and the corresponding excess
load for the case with (a) 5 BHEs and (b) 26 BHEs.

virtual variables, respectively. Aside from this, the formulations include
4,861 and 23,761 constraints associated with the five and 26 BHEs,
respectively.

In the next section, the optimal load allocation patterns proposed by
both optimization methods are assessed. The criterion for evaluating the
efficiency of the optimization techniques is the maximum of imposed
thermal anomaly in the ground at the end of the operating time by
applying the proposed patterns. For both case studies, the distribution of
subsurface temperature changes at 50 m depth are calculated. The mid-
depth temperature is chosen in line with previous work (Bayer et al.,
2014) and according to the suggestions by Zeng et al. (2002) to consider
this temperature as a representative value for applications. However,
any site-specific conditions or e.g. layered heterogeneity of ground
properties may be accounted for by alternative models (Erol and Fran-
cois, 2018). To compare the performance of single-step and sequential
optimization, we need to scale the proposed scenarios of single-step
optimization, which is only possible at the end of the operational time
in order to have equal amounts of extracted load. This means, the
optimized BHE loads of the single-step optimization are increased or
decreased relatively to match the realized heat demand. This is based on
the assumption that the initially optimized relative load pattern is
implemented, but depending on the true heat demand the overall load
may need to be adjusted.

The circle colors in Fig. 3 indicate the assumed percentagewise de-
viation of the monthly temperature change compared to the simulated
values for the given month due to the subsurface descriptive heteroge-
neity. So, the darker the color of BHEs, the higher the uncertainty.

3. Results and discussion
3.1. Maximum temperature change profiles

In this section, the maximum of the temperature changes during the
operating time is presented in the cases where single-step and sequential
optimization procedures are applied. As demonstrated for both config-
urations in Fig. 5, the resulting subsurface temperature changes by
sequential optimization are significantly lower. The trend shows that in

Geothermics 121 (2024) 103021

the first months of operation, there is no noticeable difference between
the two optimization methods, but in the long run, the sequential out-
performs the single-step method. There is an obvious benefit from the
adaptive strategy underlying the sequential framework, where the
subsurface temperature changes in the field are repeatedly measured
during operation, and they are compared with the expected values at the
end of each month. At each time step, the implemented deviation be-
tween simulated and measured data implies that we were not able to
optimize the system perfectly in the last month, but we can react. Thus,
there is an opportunity to avert cumulative deviations in the upcoming
months. By measuring the thermal state of the ground each month, new
initial thermal conditions can be used to revise the prediction of the
model. This leads to a new starting point for the optimizer and to
potentially different optimal load distributions for the remaining
months. Fig. 5 reveals that the optimal patterns of the sequential variant
result in lower temperature anomalies of about 2.9 K and 8.9 K in case
study I and II, respectively, over the 15 years of operation. This means
that the proposed approach leads to 27 % lower temperature changes in
the case of five BHEs and 34 % lower temperature changes in the case of

12
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Fig. 5. Maximum of temperature change at 50 m depth over 15 operational

years by using single-step and sequential optimization for (a) case study I and
(b) case study II.
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Fig. 6. Temperature change evolution of each single borehole at 50 m depth in the (a, b) five BHEs and (c, d) 26 BHE field using (a, c) single-step optimization and
(b, d) sequential optimization. The pictogram at the top left of each plot shows the relative position of the BHEs in the field based on Fig. 3.

26 BHEs compared to the single-step optimization at the end of the 15
years of operation.

In Fig. 5, only the maximum temperature change of the BHE fields
over time is shown. Note that this is the criterion of the objective
function (Eq. (5)). However, for a more detailed insight into which BHE
induces the maximum temperature change, Fig. 6 presents the temper-
ature change evolution of each BHE individually for case study I and II.
Obviously, in case study I the underestimation of the thermal effect of
BHEs #1 and #4 (in accordance with Fig. 3a) is critical for the solution
obtained by single-step optimization. Together with the uncertainties in
the heating demand, the single-step solution does not react to deviations
and there is an increasing local cooling at these boreholes in Fig. 6a.
Fig. 6b demonstrates that the general characteristics and seasonal dy-
namics of the temperature variations for all BHEs are in a similar range
in the sequential framework. In contrast, the optimizer responds prop-
erly and mitigates the local cooling effects at BHEs #1 and #4. This is
compensated by higher loads for the other BHEs. Interestingly, the
critical BHEs in the sequential optimization result (Fig. 6b) are other
BHEs, the central BHEs #2, #3, and #5. This indicates that these BHEs
have strongest interference with neighboring ones.

In a similar manner, the maximum temperature change in each
borehole for case study II is calculated. For a better visual comparison in
this dense case, only the imposed temperature change by critical BHEs
are shown in different colors and the remaining BHEs with similar
temperature change trend are not distinguished. Fig. 6¢ shows that
neglect of subsurface heterogeneity at the position of BHE #7 and not
considering the actual extracted energy again is unfavorable. A
maximum temperature change in around seven years by single-step
optimization is of the same order of magnitude as the maximum tem-
perature change caused by sequential optimization in 15 years (Fig. 6d).
Fig. 6 confirms that sequential optimization tends to result in a more
uniform temperature change across the entire field, thereby compen-
sating for the uncertainties in the prediction of the induced temperature
changes and heating demand. In the case of five BHEs for the single-step
optimization, the BHEs experience a temperature change in the range of
about 6.2 to 10.5 K, while in the sequential optimization, the

temperature change for all BHEs is approximately 7.5 K at the end of 15
years. In the case of 26 BHEs, the single-step optimization leads to
temperature changes in the range of about 15.6 to 25.5 K, whereas the
sequential optimization patterns restrict the temperature change for all
BHE:s to a tight range of about 17 K after 15 operational years.

3.2. Optimal load patterns

In this part, we present the distribution patterns of the optimal loads
over the operating period resulting from the single-step as well as the
sequential optimization for both case studies. The optimal load patterns
of four time steps are shown exemplarily in Fig. 7 as a visual comparison
of the load assignments by two methods. The single-step and sequential
optimization propose an identical initial load distribution for both case
studies, but over time they diverge from each other. In order to compare
the different patterns, the values of the allocated loads on each indi-
vidual borehole are divided by their length (100 m, Table 1) to derive a
specific heat extraction rate, q. To simplify visual inspection, the in-
tensity of the color and the size of the circles at the positions of the BHEs
indicate the scale of load allocation to each particular BHE.

In an operating field with a similar configuration as case study I, if
the thermal properties of the ground were fully known and there were
no uncertainties, BHE #2 would be more likely to yield a more pro-
nounced temperature anomaly in the subsurface than the others while
this BHE is surrounded by the other BHEs that are actively operating. In
the automatic optimal design of this field with the objective of mini-
mizing the temperature change in the ground, the algorithm tends to
reduce the assigned load on BHE #2 and distribute the excess load fairly
evenly among the other BHEs. Fig. 7a shows that the single-step algo-
rithm adopts a similar strategy in case study L. In contrast, the sequential
algorithm recognizes that previous model predictions do not match the
truth. Therefore, the algorithm learns and automatically modifies the
previously proposed scenarios for upcoming months (Fig. 7b). It pre-
vents local cooling by reducing the load of the BHEs where strong
thermal anomalies have been created. It reduces the heat extraction of
the poorly performing BHEs #1 and #4 and rather accentuates the role
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Fig. 7. The resulting optimal load patterns at some selected operating intervals that are obtained for case study I by using (row a) single-step optimization, (row b)
sequential optimization and for case study II by using (row c) single-step optimization and (row d) sequential optimization. The darker the color and the larger the

BHEs, the higher the heat extraction rate.

of other BHEs. This demonstrates that an underestimated temperature
change of 5% compared to the prediction by the analytical model each
month already causes bad performance during long-term operation.
Fig. 7c shows that the single-step algorithm attempts to minimize the
temperature change following the reasonable strategy of assigning the
loads to the fringe of the field rather than to the inner part. As soon as the
system is confronted with unexpected thermal behavior in these outer
boreholes, this strategy no longer works. For example, BHE #7, which is
located on the edge of the field, is susceptible to a higher level of

uncertainty. Similar to case study I, the single-step optimization will not
be informed of the gradual thermal evolution of the ground and thus
causes a relatively strong local cooling here. This is avoided by the
sequential procedure (Fig. 7d).

As the heat in the case examples of this study is transferred through
conduction, the strongest thermal anomalies occur in the vicinity of the
BHEs. Therefore, the uniformity of the thermal field is inversely pro-
portional to the maximum temperature change. This is exemplified in
the study by De Paly et al. (2012). Since the sequential optimization
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outperforms the single-step variant, it can be conceptually proven that
the temperature field is much more uniform with sequential
optimization.

3.3. Sensitivity analysis on the variability of heating demand

In the previous sections, the optimization procedure is applied
assuming that the uncertainty in the heat demand is only due to an
underestimation of the heat demand profile. Thus, as shown in Fig. 4,
this means that we were dealing only with excess heating loads. To
further evaluate the general applicability of the proposed approach, the
performance of sequential optimization under various uncertainty pat-
terns of heat demand is tested. For this purpose, a stochastic study case is
defined where the heat demand in each month can be overestimated,
underestimated, or experience no uncertainty. We consider the config-
uration of the BHEs in case study I to conduct this analysis. In order to
investigate the sensitivity of the proposed optimization method to
varying loads, 10,000 samples are taken from a normal distribution
~ ./(0, 1). Each random sample provides a unique and new energy
demand profile for the entire year that spans a differing range of un-
certainty levels for each month. The optimizations, both the single-step
and the sequential variants, are performed under the assumption that
each random sample is a new heat demand that needs to be met. Error
bars in Fig. 8 show that the range of uncertainty in heat demand can vary
from —50 % to +100 % of the initially planned profile (red bars).

While all other scenario settings remain unchanged, each of these
random samples is treated as an independent and unique energy demand
profile for the optimization. Then, the maximum temperature change of
each optimized sample is calculated over 15 operational years. A 95 %
confidence interval in addition to the mean of all induced temperature
changes by both optimization methods is shown in Fig. 9.

Fig. 9 shows even with this mixed combination of uncertainties in
heat demand, the sequential method outperforms the single-step opti-
mization by imposing on average a smaller maximum temperature
change of about 2.7 K in the subsurface. This analysis guarantees that
the proposed method is not tied to any particular mode or range of
heating demand uncertainty. In addition, it can be stated that the sea-
sonality of the temperature change dynamic can be captured by the
proposed method in different ranges of the heat demand variations.

4. Conclusions

Our presented work builds upon existing concepts of individual load
optimization of BHEs operated together in a field. The novelty is that
observations during operation are utilized to restart load optimization.
This sequential concept revises the operational mode to avoid local
cooling in a field. This straightforward procedure is implemented to
account for deficiencies in describing ground thermal processes. We
introduced the compound effect of any influencing factors that cause
inaccuracy in the performance prediction in the form of a BHE-specific
temperature change uncertainty level. In addition to ground-related
uncertainties, the implication of energy demand variability on the
evolution of thermal conditions is considered.

The results of two case studies reveal that the flexibility of sequential
optimization in acquiring new information and possibility of load
pattern modifications is beneficial. The allocated load patterns proposed
by sequential optimization lead to lower temperature anomalies of 2.9 K
and 8.9 K for fields with five and 26 BHEs, respectively, over 15 years of
operation compared to single-step optimization. The flexibility of our
approach is in favor of extending the sustainable life of the system and
alleviating negative environmental impacts by postponing the occur-
rence of the permissible maximum temperature change. In detail, the
role of underestimation and overestimation of heating demand on the
deterioration of optimized patterns is investigated. The advantage of the
sequential optimization is demonstrated by the case studies with
underestimated demand, and generally for fluctuations in heating
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demand in the range of —50 % and up to +100 % of the planned loads in
a stochastic framework. As a next step, it is also recommended to further
develop the current methodology to a procedure that not only updates
the thermal conditions as a modified initial point for re-optimization,
but also revises model settings in order to reduce the prediction uncer-
tainty during the course of operation. Furthermore, it is suggested that in
addition to optimizing the heat load distribution, the efficiency of the
ground source heat pumps could also be included in the objective
function to achieve a more inclusive optimization framework for the
entire system.
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