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A comprehensive numerical investigation of long-term operation of Ground-Sourced Heat Pumps through
Borehole Heat Exchangers is presented. Thermal fluxes between systems are analyzed through a semi-analytical
method based on line source models. Operation points of geothermal and backup systems are determined by an
hourly-based non-linear constrained optimization. Simulations of a 12-buildings neighborhood demonstrated
that middle-buildings experience higher electrical consumptions than corner-buildings. Thermal interactions
could be interferences or synergies decreasing or increasing GSHP performances, respectively, depending mainly

on heating/cooling balance. Parametrical study showed that low Darcy velocities, insulated ground surface,
shorter heat-exchangers, and denser and compact neighborhoods enhance thermal interactions impacts.

1. Introduction

Renewable energies top the list of gainful solutions humans should
widely apply to hold off climate change and global warming. One of
these is geothermal energy, which is derived from the natural Earth’s
internal heat. Shallow geothermal energy targets geological formations
at a typical temperature below 30°C to heat, cool and supply hot water
for buildings. This is accomplished by means of Ground-Source Heat
Pumps (GSHPs) through closed loop (vertical, horizontal, etc.) or open
loop (aquifer heat pumps) systems (Mustafa Omer, 2008, Florides and
Kalogirou, 2007).

Vertical closed loop systems, known as Borehole Heat Exchangers
(BHEs), attract much attention since they are a scalable solution. How-
ever, BHEs need correct sizing and management to maintain their sus-
tainability and avoid critical thermal changes in the underground.
Modeling of BHE systems is a powerful tool to investigate their perfor-
mance and sustainability, their technical potential, as well as their impacts
on both the underground and neighboring systems. These investigations
can therefore help energy decision makers to develop appropriately these
systems and integrate them in sustainable energy plans.

The diversity of time and space scales involved in heat transfer
around a BHE in operation makes the temperature prediction complex
(Li and Lai, 2015). Numerical techniques can handle heterogeneous
physical mechanisms at stake through finite-element (e.g. (Bauer et al.,
2011; Carlini et al., 2016; Choi et al., 2011; Monz6 et al., 2018; Tang and
Nowamooz, 2018; Zanchini et al., 2012; Woloszyn and Gotas, 2013)),
finite-difference (e.g. (Monzo et al., 2018; Lee and Lam, 2008; Mottaghy
and Dijkshoorn, 2012)) or finite-volume approach (e.g. (Cai et al., 2019,
Rees and He, 2013, Yavuzturk et al., 1999, Li and Zheng, 2009)). Despite
that these methods are very accurate and agree well with experimental
data (Carlini et al., 2016; Tang and Nowamooz, 2018; Cai et al., 2019; Li
and Zheng, 2009), they suffer from long computational times which
limit their application to specific cases with short simulation periods and
space dimensions. In practice, they are barely able to study BHEs per-
formance on the long term with short time steps (e.g. one hour).

Analytical approaches are useful alternatives since they are much less
CPU-intensive. They rely on G-functions, i.e. non-dimensional thermal
responses of the ground when unit-step heat pulse is applied on a BHE
(Eskilson, 1987). Using these function, the evolution of temperature at
any point of the underground is given by:

Abbreviations: COP, Coefficient of performance; SGE, Shallow geothermal energy; BHE, Borehole heat exchanger; ILSM, , Infinite line source model; FLSM, Finite
line source model; GWF, Groundwater flow; MILSM, Moving infinite line source model; MFLSM, Moving finite line source model; GSHP, Ground-source heat pump;

EH, Electrical heater; AHP, Air heat pump; HCF, Heat-carrier fluid.
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Nomenclature
Gy Specific heat capacity, J.kg'.K?
d Distance, m
E Energy, Wh
G Thermal response, -
H BHE Length, m
h Ground surface Heat transfer coefficient, m™
k Thermal conductivity, W.m.K!
Mnom Mass flow rate, Kg.s’1
p Power, W
P Linear power, W.m!
R Thermal resistance, m.K.W!
r Radius, m
T Temperature, K
t Time, s
Vp Darcy velocity, m.s!
Ve Effective heat transport velocity, m.s?!
Greek symbols
[ Angle, °
a Thermal diffusivity, m%.s™
p Density, kg.m™
Table 1
Main line source models for BHEs.

Model Axial Ground Water References

heat Flow (GWF)
fluxes

Infinite Line No No (Carslaw and Jaeger, 1947)
Source (ILS)

Finite Line Source Yes No (Zeng et al., 2002)[23]
(FLS)

Moving Infinite No Yes (Diao et al., 2004)

Line Source
(MILS)

Moving Finite Yes Yes (Molina-Giraldo et al., 2011) (
Line Source Rivera et al., 2015)[27]
(MFLS)

AT =T(x,y,z,1) = Ty = kﬂG(x,y,a 1) (€8]
gr

where Ty represents the undisturbed temperature of the ground (K), p is
the applied power by unit length (W.m ™) and kg is the ground thermal
conductivity (W.m LK.

These approaches assume an infinite homogeneous underground
with a uniform initial temperature. They also deal separately with
thermal processes in the inside and the outside regions of BHEs (Li and
Lai, 2015, Koohi-Fayegh and Rosen, 2013). For the region between the
BHE wall and the heat carrier fluid (HCF), a steady state heat transfer is
usually assumed and a constant effective thermal resistance is used
(Shargawy et al., 2009, Lamarche et al., 2010). For the region between
the BHE wall and the underground, it is described in time based on the
line source theory, which offers an extremely attractive tool to simulate
long-term behavior of BHEs (Li and Lai, 2015, Choi et al., 2011, Monzo
et al., 2018, Lee and Lam, 2008, Rees and He, 2013). For instance, au-
thors of (Choi et al., 2011) demonstrated that the high relative error
against their 3D numerical model at first few hours decreases rapidly to
less than 3% after around 50 hours. Multiple line source models have
been proposed in the literature (Eskilson, 1987). These models and
selected parameters are summarized in Table 1.
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These models have been successfully applied to assess the technical
potential of BHEs at large scales. This is determined based on thermal
criteria of a tolerable maximum perturbation in the HCF (Casasso and
Sethi, 2016, Miglani et al., 2018, Rivera et al., 2017) or in the subsurface
temperature (Garcia-Gil et al., 2015, Alcaraz et al., 2017). When mul-
tiple BHEs are installed, thermal interactions between them will be
produced since they use the same underground resource (Kurevija et al.,
2012). However, in most studies, for simplicity purposes, these in-
teractions are either not taken into account (Garcia-Gil et al., 2015,
Casasso and Sethi, 2016) or avoided (Alcaraz et al., 2017, Zhang et al.,
2015). Law and Dworkin (Law and Dworkin, 2016) have compared four
types of buildings with different heating/cooling balances and different
BHE configurations through a 3D finite element model in COMSOL
Multiphysics. They concluded that thermal interactions are more
important for compact configurations of BHE and unbalanced heat
loads. Koohi-Fayegh et Rosen (Koohi-Fayegh and Rosen, 2014) have
developed an analytical method based on the FLS model to study the
effect of thermal interactions between two adjacent BHEs on the
long-term performance of GSHPs. They considered ideal Heat Pump
units to calculate the Coefficient of Performance (COP) of the installa-
tion. They concluded that the effect of thermal interactions on the COP
depends on the cycle of the periodic thermal loads and the distance
separating them. Thanks to the spatial superposition principle, Rivera
etal. (Rivera et al., 2017) estimated the urban technical potential taking
into account thermal interferences between adjacent systems. The pur-
pose of their work was to study different degrees of thermal anomalies in
the upper urban ground, known as subsurface urban heat islands (Bayer
et al., 2019). However, the groundwater flow (GWF) is not taken into
account and the investigations are not coupled with HP units. Miglani
et al. (Miglani et al., 2018) overcome the second issue by comparing
geothermal heat delivered to buildings and their heat demands. They
spatially and temporally superimposed FLS solution to provide specific
insights on the technical potential. They used an extra energy supply
system for the unmet heat load by GSHPs. However, they also neglect
the GWF in their model and roughly simulated HP units with a constant
COP. In addition, they present results only for 10 years of operation
while it is suggested to design and control BHEs for an operation period
of at least 30 years (Kurevija et al., 2012). Li et al. (Li et al., 2015)
coupled an ILS model for the underground temperature with a steady
state model of HP units to study the performance of GSHPs during 15
years of operation for two buildings with square array BHEs. They
concluded that the underground temperature may change significantly
for large buildings and that the geothermal COP may be no more ad-
vantageous when the HCF temperature increase significantly during
summer seasons.

These studies reveal that neglecting thermal interactions between
systems may produce significant deviations from expected BHE thermal
evolutions, especially in urban dense areas with unbalanced heat load.
However, there is still a lack in understanding the effect of these in-
teractions on GSHPs since HP units are oversimplified, i.e. they consider
a constant COP for HP units, and the GWF set to zero. To overcome these
limitations, the paper studies the long-term performance of neighboring
BHE fields in dense urban areas based on semi-analytical models with
hourly-based simulation (Section 2) to estimate the GSHP electrical and
backup consumptions. One determines if the thermal interactions be-
tween the BHE fields are interferences or synergies based on the
misbalance of energy injected into / extracted from the ground. The
proposed model is validated with Feflow simulations (Section 3). Results
are discussed in Section 4. A parameter analysis covers BHEs configu-
ration, heating/cooling balance, boundary condition at the top surface
and groundwater velocity (Section 5).

2. Model developments

In a preliminary phase, G-functions representative of every BHE
fields and their interactions are computed based on line source models
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and thermal resistance models. Hourly-time-step simulation over several
years are then performed to determine temperature at each BHE field as
well as GSHPs performance and backup consumption.

2.1. Input data and BHEs configurations

Every parcel is described by its dimensions and its hourly cooling and
heating loads. BHEs are located in each field given the eligible area
through an adaptation of the ASHRAE method (Bernier, 2006) to our
problem, assuming identical BHEs with same length, see the Supporting
Information. ASHRAE has been shown to be a useful and simple tool to
design BHE fields (Fossa and Rolando, 2016). Moreover, HP units are
characterized by their maximum calorific power, acceptable extreme
temperatures of HCF and maps of COP. The underground is character-
ized by its initial temperature, thermal conductivity, heat capacity and
groundwater velocity.

2.2. Thermal response of BHEs
Following assumptions are made:

(i) The underground is a semi-infinite medium with a uniform initial
temperature.
(ii) The GWF is constant, horizontal and uniform according the
depth.
(iii) Heat extraction rates are equal in BHEs of the same field and
uniform along the depth of BHEs.
(iv) All BHEs are identical, having the same length and radius.
(v) Ambient temperature variation and geothermal gradient are not
considered.
(vi) All physical properties are assumed to be constant and indepen-
dent on temperature.

Self-G-functions (Gayuto) and G-functions between BHES (Gyyter) are
calculated over the whole simulation period. The BHE wall temperature
is given by:

P
Hk G(t> r»¢’) (2)

gr

Tw(t) - Tgr = kLGAmo(t) =
or
Gnter(j,i) represents the thermal response at the wall of a BHE i for a
unit-step heat pulse applied on a BHE j. The wall temperature of the BHE
i is then given by:

P P,
Tit) = Tor = 1= Guner (1) = 7= G (1, iy, 01ig)) (3
8r 8r

where d;; = \/ (x; — xj)2 + i — _yj)2 is the distance between BHEs i and
J; xi, yi, x; and y; their coordinates. 6;; is the angle between the line
joining BHEs i to j and the GWF direction.

If there is no underground water flow, the Finite Line Source Model
(FLSM) is used; otherwise the Moving Finite Line Source Model
(MFLSM) is used. The G-functions account for three types of boundary
conditions at the ground surface (GSBC): adiabatic, imposed tempera-
ture or mixed Cauchy-type. When there is no GWF, the solution of FLSM
with an imposed temperature or an adiabatic condition at the top sur-
face are given, respectively, by Egs. (4) and (5) (Lamarche and Beau-
champ, 2007):
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P +1 P +4
_Ds+ / erfc(wz) o, / erfc(wz) dz
2 - 2
’ i
(€]
Do (* 1
GFLS(I 7ﬁ) = E
£+l P4
— Dyt / ’fj(m;z do | + | Ds+ / ”fj(m;z &z
b4 bl
b N/
(5)
where

Dy=1/p +1 erfc(w \/ﬁz-i—l) — Berfe(w p)

(exp(_—a?(f* +1)) — exp(—w’f%))
w7

Dy =1/ +1 erfc(a) \/ﬁerl)
7% (ﬂerfc(a)ﬂ)+\/ﬁ2+4 erfc(a) \/ B +4 ))

(exp< — (1)) — (exp(—?fP) + exp( — P (1 4))))
o7

ry
I for GAum

H k H

o= Ay = | — and f={
NG QC > dij
¢ P/ er %7 for Glmer(/,i)

Otherwise, when GWF is considered, MFLSM is used for both
boundary conditions as follows (Molina-Giraldo et al., 2011):

1 1 0
1 N . .
GZ;Fst,m,Fo,m:(—)gm,ﬁ) {fwo,m)dz; f(w,Fo,P»dz;}dz;
(6)

1

Gl%l‘;«”LS(ﬁvw7F07Pe):(%)g(Pmﬁ)/ |:/f(w7F07P€)dZT+/f(w7F07Pe)dZT:| dZZ
0 -1

0

@)
Where:
P,.p
Iy (T/> JorGaue %’, for Gaue
8(Pe,p) = andf = .
ex gﬂ Jor Gueri S 08(0), for Guuerys
p 2 ) Inter(j,i) H ) nter (j.i)
1 P, —P.F P, P,F,
flw,Fo,P,) ~ie {exp <7?w) erfc (0)2\/170 0) “+exp (70)) erfc (a);\/fo 0) }
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2
rbz + (ZZ - Zl) ’ fOi’ GAuro

1
g d(i,/’)z + (20 — Zl)z> Jor Giuer(ji

2, =2 and z; = 2 normalized position along the emitter and receptor
BHE respectlvely.

Fy = L"‘ the Fourier number, P, = M the Péclet number and v, =

0Cp),
vD(( gwwhere v, and vp are respectively the effective heat transport and

Darcy velocmes. ag- represents the heat diffusivity of the underground.
p and C, represent respectively the density and the specific heat capac-
ity. gw and gr stand for groundwater and the underground, respectively.
To reduce computational times, these double integrals are transformed
into simple integrals before implementation, see Appendix.

When a mixed Cauchy-type condition is considered, the solution for
an imposed temperature is used and a contribution associated to a
Cauchy-type boundary condition is added (Rivera et al., 2016):

G"=G"™ + AG"(¢,,H, h) (8)
Where:

h li 1
AG (€1ﬂ7H7h) Pevﬂ -

p?
Tagri

2
£V, 1
—p— ) —)¥(h,H,e,
7 <4ag,<) 4)) (h,H, &, p)dp

Ve .
Iy (g%_) , Jor Gauo

8P, p)=A{
ﬂ'vf
exp {ggl , for Glmer(j.i)

e -2(1) o (25) oo ()]

X |:2exp(hH )erfc (g Vo + 2%) —erfc <2}j¢>

—exp(2hH )erfc
\/—
Tp
—, for Gau,
ﬁi{ H/f e ande*{ rb:forGAuto
diijy d(ij)s Jor Giuer(ji)

I cos(0), for Guyeri)

Since thermal demands vary naturally with time, heat extractions are
regarded as a sum of pulse steps, and then thermal response at any time
step n can be obtained by temporal superposition (Eskilson, 1987):

n—1
™ — _ {p G+ Z 41 Gn l} (9)

For the case of multiple BHESs, thermal interactions have to be taken
into account. Combining G-functions (Egs. (1-8) with spatial super-
position principle (Eq. (9)), the temperature evolution of the wall of a
BHE i for a configuration with Nb BHEs is described by:

T —T.:

w_i 8r

l+l n—I
Auln+ § : GAmo

n—1
kgr Z |:pj Inter(j.i) + Z( i+ _pj> IIINK{r([’,i):| (10)

J#i =1
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2.3. Mean temperature of HCF

Mean temperature of HCF is evaluated for each GSHP as the average
of HCF temperatures of all BHEs connected to it. This means that all
BHEs are assumed to be connected in parallel to the GSHP which is a
common practice (Norme Suisse, 2010). For a GSHP I connected to Nb_I
BHEs, the HCF temperature is then given by:

n 1 n
=N IZT (11)

i€l

where T7 ; represents the HCF temperature of each BHE i connected to

the GSHP 1. Since spatial and temporal scales, characterizing the heat
transfer within BHEs, are much smaller than those of the outside region
(Li and Lai, 2015), and that we are interested only in the long term
operation of GSHPs, the steady-state thermal resistance model is used to
simulate the heat transfer between the borehole wall and the HCF,
leading to:

T, =T +Ryp) 12

w_i

where Ry, is the thermal resistance of BHEs (m.Kw™. Using assumption
(iii), the HCF temperature of the GSHP I for a configuration with N
GSHPs, each associated to a finite number of BHEs, is given by:

& -1
T =T T Z{p}G”” + Z i _PJ Gnu] } 13)
=

o 1
where
G (rn — Rbke' + GAuta +t Nb ZZGIMU(/ 14)
iel jel
J#i
Gl = Nb_ [ZZ Inter(j,i) (15)

il jeJ
2.4. Dynamical optimization problem

The operating point of every GSHP is determined by an hourly-based
dynamic simulation. The problem at each time step is better formulated
through a constrained non-linear optimization problem. Variables are
BHE fields’ injection temperature and their linear powers (i.e. applied
powers by borehole length in the field). The variables vector is written as:

X" =|71"

n
fin_1° T

mn
finas e I

mn
TnN-1> 1]

s Py Py ooy P p}’v] (16)

Assuming that the HCF temperature is equal to the average between
its inlet and outlet temperature (Eq. (17)), and a constant nominal mass
flow rate in BHEs (Eq. (18)), injection temperature can be estimated by
Eq. (19).

Tin + Thou
7, =1 + Thou a7
2
LP = mnom'cp_f~(Tﬂn - Tfout) (18)
1 Lp
Tp =T+ 55— i— 19
4 / * 2 mnom~cp_f ( )

where n,, is the nominal mass flow rate (kg~s’1), and C,_ represents
the specific heat capacity of the HCF (J-kg~'-K™1).The optimization
problem is formulated in terms of geothermal fields inlet temperature
rather than the mean one because geothermal regulations usually set
tolerable limits on it. The objective function aims to maximize the use of
geothermal energy (heat exchange with the underground):
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Fig. 1. COP as a function of evaporator and condenser outlet temperatures.

N

maxz

1=1

(20)

I

This is set to ensure that geothermal energy is used as maximum as
tolerated to cover buildings thermal demands.

This objective function is subject to multiple constraints. First kind is
implemented through variables bounds. During cold seasons, heat is
extracted from the underground and supplied into buildings. In addi-
tion, injection temperature of HCF is limited by a minimum value ac-
cording to geothermal regulations. This can be expressed through
bounds for each GSHP variables as follows:

Th, ;> Tp'and pf <0

(21

Conversely, during hot seasons, heat is extracted from buildings and
injected in the underground. Similarly, injection temperature of HCF is
limited by a maximum value according to geothermal regulations:

T4, < Thandp} >0 (22)

Every consumer is equipped with an electrical heater (EH) and an air
heat pump (AHP) to cover heating and cooling demands respectively.
When the GSHP does not fully cover thermal needs of buildings, these
backup technologies are used to supply the rest. HCF temperatures and
applied linear powers are coupled through G-functions. Since Eq. (13) is
linear, it is implemented through linear equal constraints. For a system
involving N GSHPs, this is expressed as follows:

AX=b (23)

where A is a matrix whose dimensions are N x (2N):

=Gy —Glayy - ~Gliny -+ =Glwy
ke O 0 0 _g _G! _G. _G!
0 ky O oo v 0 (12) (2.2) (i,2) (N2)
0 w0 ... : : . :
a=| :
Do 0 -~ 0 : g  _g -G . .. —-g' !
0 v . 0 ky 0 Y o)) Wi
1 1
0 0 .0 ky =Gl o =Gy
—Gin
(24
and b is a vector whose length is N:
pﬁomr‘_l
b=kyTey+ | pi (25)
pgonv-N

where p?., ; is the convoluted linear power applied on GSHP I on the
time step n. It is expressed as:

..—G!

)
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Input data:

- Buildings thermal demand
- Underground (Tgr, kgr, Cp, GSBC...) —>|
- BHEs (H, rw, Rw, Cp_f )

- GSHPs (Pmax, TI", T/Mx )

BHEs configuration:
use ASHRAE
method (figure A.2
in appendix A)

G_functions:

- Estimate Gauto and all Ginter
—  (Egs. 2-10)

- Compute all G between fields

- Buildings and Parcels dimensions

(Egs. 13-15)

Output results:

- Injection fluid temperature (Tf”in)

- Linear power of BHEs (p™)

- GSHPs COP

- Power exchanged with buildings (P}')
- Compression power (P*)

Dynamical optimization:
N

maximize lelnl

subject to

mm

Tfm = Try, and p™ < 0 (heating)
Tfin < Tf " and p™ > 0 (cooling)
A.X = b (Eqs. 23 — 26)

P. < P"** (Eqs.29 or 31)
|Py| < |Ppeeal(Eqs.30 or 32)

Fig. 2. Algorithm main steps.

® L [ I ol e ] e | e L] [ ]
[ ] 3 L BN L L 12 L
® L] L N ] ] L L] ]
] L] L I | O L LI L] ®

[ ] [ ]

® ®

[ ] ]

® ®
® L J | L ] L L ®

Fig. 3. Reference scheme of 4x3 parcels. The number of BHEs is the same for all parcels and equal to 8. BHEs are distributed homogeneously in the eligible area

between parcels and buildings (in blue).

M,
!

0
Jan Feb Mar Apr May Jun Jul

Thermal load [kW]

Aug Sep Oct Nov Dec

Fig. 4. Yearly thermal load of one consumer. Heating needs are positive,
cooling needs are negative.

(26)

N n-2
Peowv = Z{p}G(“ -ry GJI + Z(pyrl _PIJ
=1

)G?;.,’)}
J=1

Finally, GSHPs powers are restricted by two conditions. The first is
expressed through the compression power of each HP unit which cannot
exceed its designed maximum compression power. The second is
expressed through the heat extracted from/transferred to buildings which
is limited by their thermal demand. They are respectively given in the
followings:

P < P 27)

[Py| < |Preeal (28)
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We assume that the production temperatures are constant for the
heat transfer with buildings. Due to the non-linearity of COP expression,

Table 2
Main parameters in the case study.

constraints (Egs. (29-32)) are nonlinear.

Parameter Reference Value Unit

Underground specific heat capacity 2.4 MJ-K 'm3

Underground thermal conductivity 1.8 W-m LK! 2.5. Implementation and summary

Underground undisturbed temperature 12.16 °C

BHE radius 8 cm . . . :

BHE thermal resistance 0.08 Kmw-! All the above mentioned expressions are implemented in Matlab®

BHE depth 100 m environment. Constrained non-linear programming is solved with the

Darcy velocity 0 m/y - fmincon function. To reduce computational times, G-functions are not

Surface heat transfer coefficient 1 W-m™ K computed on an hourly-time scale, but based on an aggregated loga-

Parcels dimension 20 m . . . . . . .

Buildings dimension 10 m rithmic scale covering the whole simulation time and then interpolated,

x-axis parcels number the relative error being below 0.1%. Convoluted powers between

y-axis parcels number 3 neighboring systems are weekly-updated (Eq. (26)), resulting in the root-

Minimal tolerable injection temperature -3 °C mean-square error below 0.1°C. Summary of main steps is given in Fig. 2.

Maximal tolerable injection temperature 40 °C

Maximum heating power of GSHPs 30 kW . .

AHP COP 3.5 . 3. Model verification

EH COP 1 The model was validated against a FEFLOW simulation with 3 BHE

Iciealt_mg Pr"g““t_"’n temperature f; 2 neighboring fields. An excellent agreement was found, the RMSE be-
tion t t ° . o

Si:ullr; ig;op::i;gn emperature 30 years tween temperatures simulated being in the range 1.4°C to 1.7°C. The

During cold seasons, Egs. (27) and (28) yield:

results are presented in Section 1 of the supporting information.

4. Reference case study

The reference case study is a neighborhood of 4 x 3 =12 identical

I_Pﬁ < PZ (29) buildings on identical 20 m wide square plots (cf. Fig. 3). Each plot is
connected to 8 BHE; the sizing has been done with the ASHRAE method.

p.COP P 30) The energy demand of each consumer is 53.9 MWh/y (30 kW) and 14.6

1-CoP— L MWh/y (18.2 kW) for heating and cooling respectively (cf. Fig. 4). It has

Similarly, during hot seasons, Eqs. (27) and (28) would be respec-
tively like:

been modelled in the framework of the GRETA project (project, 2017)
and concerns a well-insulated hotel in the city of Turin (Italy). The
thermal loads have been reduced by 20% compared to original dataset.

P - e 31) Main parameters are given in Table 2.

cor— L The results will be focused on consumers 5 and 12 since they have
CoP— 1 P four and two irnm.edia.te neighl?ors respectively and represent the worst

p. (W) < 'Z” (32) and the best location in the neighborhood.

The COP of HP units is calculated in terms of evaporator and
condenser outlet temperatures Teyour and Teond,our (S€e Fig. 1). Data
originates from the technical documentation of the DYNACIAT LG-LGP
model designed by the manufacturer CIAT. Note that if the BHE inlet
temperature is low enough, geo-cooling is considered. Namely, if Tcond,out
< Tev,out - 2°C, then the HP unit can be by-passed and the COP is set to an
arbitrary high value (here COP = 30).

Fig. 5 represents the cumulated heating or cooling produced below a
given temperature, e.g. the median temperature for heating production
is around 7°C during the first year of operation for both BHE fields. The
temperature then dramatically decreases over years. The cooling can
then be produced for almost free via geocooling. However in heating
mode, the BHE field inlet temperature often hits the -3°C threshold,
resulting in a decreased delivered GSHP. The phenomena is more sig-
nificate for GSHP 12 than GSHP 5 since it is located in the center of the
neighborhood and is subject to the multiple interactions.

60 ¢ Heatlng 15  he oohng
Thermal Need
— 50 f _
< / o
< <
% 40t / % 10t
&= / >
2 ) / 2
230} 2
L / L
2 / N GSHP 5, year1 | B f
T o0t R GSHP5,year5 | ® 5/ /
g / f wemeeeee GSHP 5, year 30 g |
3 / GSHP 12,year1 | > /
© 10} /o GSHP 12, year5 | © /
/ ; GSHP 12, year 30 /
0 | L/ | . . S rd |
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Fig. 5. Cumulated energy delivered by the GSHP for heating (left) and cooling (right) as a function of the BHE inlet temperature
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Fig. 7.

Table 3

Ranges considered in the parametric study.
Parameter Reference Value Range Unit
Darcy velocity 0 0to 70 my !
Surface heat transfer coefficient 1 1 to 1000 W-m 2K !
BHE depth 100 50 to 200 m
Number of parcels in x-direction 4 2to 12 -
Number of parcels in y-direction 3 1to6 -
Parcels dimension 20 15to 35 m

Annual consumed electrical energy for a): building 5 in heating. b): building 12 in heating. c¢): building 5 in cooling and d): building 12 in cooling.

Heating COPs of both consumers decrease in time during the whole
operation time, especially for consumer 5 which is affected by the
neighboring installations (cf. Fig. 6). Cooling COPs increase rapidly and
then stabilize at an almost constant value due to the rapid decrease of
the temperatures in both fields at the beginning of operations. Cooling
COPs of consumer 5 is higher than cooling COP of consumer 12 since due
to faster temperature decrease. It is worth reminding that EHs COP (= 1)
is still much lower than GSHP COP even for the lowest values (=~ 4.3)
obtained for worst last years of operation since the inlet temperature is
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annual average temperature (g).

Table 4 Table 5
Considered number of boreholes when the parcel dimension varies. Studied climate zones. Heating and cooling degree days are computed for a
Parcel dimension [m] Number of BHEs [-] reference temperature of 18°C.
15 9 Climate City Average annual Heating Cooling
20 8@ zone temperature [°C] degree days degree days
25 8 A Genoa  15.76 1375 558
30 8 B Turin ~ 12.16 2453 322
35 7 C Davos  3.33 5356 0
@ : reference case @ reference case
not allowed to go under the lower limit set to -3°C. One may be inter- spatial superimposition principles allows to estimate the temperature
ested to further estimate the contribution of neighboring installations to changes from every BHE field. The hourly contribution of K in the
the COP of a given installation. A “what-if” electrical consumption of the electrical consumption of I is determined by the difference between the
installation, if it was far away from other installations, is computed. The real electrical power of I and a modified one (obtained for the same
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Fig. B.1. Schematic showing two boreholes. Power is applied on BHE 1.
power provided to/extracted from building with a modified fluid tem- 5. Parametric study
perature). This modified fluid temperature is calculated by neglecting
the effect of the field K: A parametric study has been carried out by varying 6 parameters
N : around the reference values (cf. Table 3), as well as the climate zone.
" 1 = . - . .
7-;1_—1m0dlft€d T, = y Z p} G?,_,) n Z(pl;r] . PIJ )GUJI) (33) The paramet.ers' have been varied on'ce at fi time, i.e. the 1nﬂuence of
s JZK = coupled variations have not been investigated. The electrical con-
sumption averaged on the 12 consumers is reported in Fig. 8. Note that
s cop (Tg;ﬁ{,diﬁed’ TZZ;I) , Heating mode ?egi'onal flow, if any, follows the horizontal axis from the left to the right
CopP; =1 (34) in Fig. 3. Note also that the number of borehole has been changed when
COP(Tijf, T, _”,‘””*”“’), Cooling mode the parcel dimension has been changed (cf. Table 4).

Three climates and associated load curves produced in the frame-
| P! work of the GRETA project have been considered (project, 2017). They

el T copmeded Heating mode represent extreme cases according to the balance between heating and
1

Conty_,= { (35) cooling demands (climates A and C, see Table 5 and Fig. 9).
" |Ps| The following interpretations can be drawn:

L W7 Cooling mode

Effect of the underground water flow: No matter the Darcy velocity
magnitude, heating electrical consumption remains much higher than
cooling one (cf. Fig. 8a). Faster underground flows decrease total
energy consumed for heating and increase total energy consumed for
cooling. The total consumed energy decreases rapidly between 0 and
5 m/y, and then remains stable. As Darcy velocity increases, the
cooling storage effect is taken away by advection fluxes due to the

Indeed, due to the misbalance of the thermal flux on the ground, only
the cooling benefits from synergies, see Fig. 7, where positive (resp.
negative) bar values mean that the field K increases and (resp. decreases)
the electrical consumption of the GSHP of consumer I, and that the
interaction is a disturbance (resp. a synergy).

10
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regional flow, which makes geothermal cooling more expensive and
heating cheaper.

Effect of the top boundary condition: The increase of heat transfer
coefficient h leads to the increase of the underground temperature
due to the discharge of the “stored cold” by the top surface (cf.
Fig. 8b). Note that only values of h up to 5 W-m~2-K ! are represented
since an asymptotic value was reached. The reference value of 1
W-m~2.K! gives results very close to the Dirichlet-type top boundary
condition. The reported line source models often consider a Dirichlet-
type top boundary condition (i.e. h —0)., i.e. a constant temperature
imposed at the surface. This points out that the top boundary condi-
tion must be selected with care given the local conditions.

Effect of parcels number: A square arrangement of buildings has been
considered, from 2x2 to 6x6. When the parcels number increases,
electrical consumption of buildings slightly decreases for cooling but
significantly increases for heating (cf. Fig. 8c, where the reference
case being 2x 3 is not represented). Indeed, the installations located
in the heart of the neighborhood get more and more impacted by the
cold injected into the ground by the BHE fields in the neighborhood
periphery.

Effect of parcels layout: Stretched layouts significantly decrease the
total electricity consumed for heating, while slightly increases the
electricity consumed for cooling (cf. Fig. 8d), since the excess cold
injected into the ground can better diffuse beyond the neighborhood.
Note that the number of parcels remains 12.

Effect of BHEs depth: In order to get comparable results, all cases are
designed with 8 100 m deep BHEs, as for the reference case. As BHE
gets deeper, so that the volume of soil being solicited increases, the
overall electricity consumption decreases (cf. Fig. 8e). It is worth to
remark that the gain is not proportional to the BHE depth, the
marginal gain decreases with deeper BHE.

Effect of parcels dimension: BHEs fields do not have the same
configuration for all cases, since the ASHRAE method depends on
parcels dimension. The number of BHEs per field are provided in
Table 4, with smaller number of BHE per field for larger parcels. The
backup energy for heating drastically decreased for 25 m, and
completely vanishes at 35 m (cf. Fig. 8f). A dimension of 35 m is
enough, for the studied case, to avoid injection temperature to drop
below the lower imposed limit (-3°C).

6. Conclusions

A semi-analytical method is proposed to study the long-term per-
formance of hybrid GSHPs connected to BHE fields at neighborhood

level. It is based on line source models. The method determines opera-
tion points of GSHPs based on an hourly-time-step constrained non-
linear programming, assuming variable COP of GSHPs. It allows
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investigating thermal interactions between BHEs fields by estimating
energetics fluxes between BHE:s fields and the impact on their electrical
consumptions.

Geothermal operation of a neighborhood of 12 identical buildings
was studied over 30 years of heating-dominated thermal load. The
central consumer needs much more backup heaters to complete its
heating demand compared to the corner consumer. Thermal interactions
could be interferences or synergies and depend strongly on time and
distances between geothermal fields. Finally, the crucial role of thermal
interactions to forecast the backup consumption has been demonstrated.

The present work highlights the importance of taking into account
thermal interactions between systems especially for compact and big
neighborhoods to accurately expect operation costs in terms of both
geothermal systems and backup technologies for heating and cooling
supply. It also pinpoints the most influencing parameters and how they
affect the geothermal operation. Modeling of backup systems showed
advantages of integrating SGE in energy planning of cities by saving a lot
of operation costs in most cases. However, since the proposed method is
based on analytical models, the present method has some limitations
especially in really produce different layers of the underground and the
complex shape of the GWF. On the other hand, it shows the usefulness of
these analytical models to precisely investigate effects of the governed
parameters on the operation of geothermal systems in a relatively short
computational time compared to numerical software. Upcoming works
will be interested in overcoming limitations of analytical models and
also on the other hand to integrate open-loop geothermal systems in the
energy planning of sustainable cities.
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Appendix. Alternative formulation of the Moving Finite Line Source Model

The purpose herein is to transform double integrals of the MFLSM into simple integrals which need less computational time to be resolved. The
method followed is similar to the one proposed in (Lamarche and Beauchamp, 2007) for the FLSM (See Fig. B.1). The general solution of MFLSM is

given by the following:

1 P, .
Guris(d ,0,Fy,P,) = (E) exp {7d cos(@)} (L +5h)+ (L+1L)) (B.1)
In Eq. (B.1), “+” reads “+ ” for an adiabatic condition at the top surface and “ — ” for a top surface with an imposed initial temperature, and:
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11 .
1 1 P, . L
Il:Z//r_*eXp(_7r+ erfc| ————
00

% o % * d,"
o= dz-l-(zz-&-zl)2 d? 4 (2 —7) and d" ==

In order to resolve I; the interval of the second integral is divided as follows:

1

1 —P.F, P, . rL—P.Fo\ . .
I, :Z([]]+112 = // exp ——r erfc 2\/—6 dzzdz1 //—exp —7r+ erfc 2—\/F6 dz,dz, (B.2)

0

Since that 7', = \/d"> + (2, — 2}) and for I3, 2} < 2}, it is obtained that z; — 2} = \/r\* — d"* and dz;

applied to I3, it would be like:

' . If the variable change is

/+ 2

] / / exp( Pg*) ( fPF0> 1 dedr (B.3)
1= — 57 3 Z,dr. .
2t 2\ F, / o 2T
e 0 r 2_d

Since the inner expression depends only on r; and by inverting the integration sign, I;; would be equivalent to the following integral:

L Ve g | Vit Y |
PE w r, —r.ly PE— P 0 w
I = / / exp( — 7r+)erfc< +2\/I«T] ) = *zdzzda = / exp( )erfc( N ) = == 1 |dr, (B.4)
a0 r,—d o r..—d

By following the same procedure for the integral Iy, for which 2, > 2, it can be shown that it is equivalent to I;;, which implies that I; = %Iu.
By dividing also I into I; and I3 and following the same procedure (the variable change and the integration sign invert):

v |+ P.F,

1 1 1 P, . o+ P.Fy 1

12 = Z (121 +122) = 5121 = E / exp <7r+) e}jfc( 2\/F—0 ) = dﬁz —1 dr+ (B.S)
@ r+ —
A similar procedure is used to transform I3 and I, to simple integrals for which r" = 4/d"> + (2} +z§)2 is employed. They are respectively

equivalent to the following expressions:

1 Vd +] P F Vd +4 . PF ’
L =- ex e ——=2)dr" + / ex ( A) erfc (Li - 0) —1|ar’ B.6
r p(z)(zm) P\ 2 2R Syl A 6

| v Vit e
1 P.F 4 * +P.F 2
+ PcFy r_+P.Fy *
L =— — fi d i —1|d B.7
R o e e =
e o T —

The Supporting Information reports the validation of these equations.

References Li, M., Lai, A.C.K., 2015. Review of analytical models for heat transfer by vertical ground
heat exchangers (GHESs): a perspective of time and space scales. Appl. Energy.
https://doi.org/10.1016/j.apenergy.2015.04.070.

Bauer, D., Heidemann, W., Diersch, H.J.G., 2011. Transient 3D analysis of borehole heat
exchanger modeling. Geothermics. https://doi.org/10.1016/j.
geothermics.2011.08.001.

Carlini, M., Allegrini, E., Castellucci, S., 2016. Numerical Simulation of a Down-hole
Heat Exchanger: an Application to a Case Study in Central Italy. Energy Procedia
101, 512-519. https://doi.org/10.1016/j.egypro.2016.11.065.

Mustafa Omer, A., 2008. Ground-source heat pumps systems and applications. Renew.
Sustain. Energy Rev. 12, 344-371. https://doi.org/10.1016/j.rser.2006.10.003.
Florides, G., Kalogirou, S., 2007. Ground heat exchangers-A review of systems, models
and applications. Renew. Energy 32, 2461-2478. https://doi.org/10.1016/j.

renene.2006.12.014.

12


https://doi.org/10.1016/j.rser.2006.10.003
https://doi.org/10.1016/j.renene.2006.12.014
https://doi.org/10.1016/j.renene.2006.12.014
https://doi.org/10.1016/j.apenergy.2015.04.070
https://doi.org/10.1016/j.geothermics.2011.08.001
https://doi.org/10.1016/j.geothermics.2011.08.001
https://doi.org/10.1016/j.egypro.2016.11.065

M.A. Jaafar and C. Maragna

Choi, J.C., Lee, S.R., Lee, D.S., 2011. Numerical simulation of vertical ground heat
exchangers: intermittent operation in unsaturated soil conditions. Comput. Geotech.
38, 949-958. https://doi.org/10.1016/j.compgeo.2011.07.004.

Monzg, P., Puttige, A.R., Acufia, J., Mogensen, P., Cazorla, A., Rodriguez, J., et al., 2018.
Numerical modeling of ground thermal response with borehole heat exchangers
connected in parallel. Energy Build. 172, 371-384. https://doi.org/10.1016/j.
enbuild.2018.04.057.

Tang, F., Nowamooz, H., 2018. Long-term performance of a shallow borehole heat
exchanger installed in a geothermal field of Alsace region. Renew. Energy 128,
210-222. https://doi.org/10.1016/j.renene.2018.05.073.

Zanchini, E., Lazzari, S., Priarone, A., 2012. Long-term performance of large borehole
heat exchanger fields with unbalanced seasonal loads and groundwater flow. Energy
38, 66-77. https://doi.org/10.1016/j.energy.2011.12.038.

Wotoszyn, J., Gotas, A., 2013. Modelling of a borehole heat exchanger using a finite
element with multiple degrees of freedom. Geothermics 47, 13-26. https://doi.org/
10.1016/j.geothermics.2013.01.002.

Lee, C.K., Lam, H.N., 2008. Computer simulation of borehole ground heat exchangers for
geothermal heat pump systems. Renew. Energy 33, 1286-1296. https://doi.org/
10.1016/j.renene.2007.07.006.

Mottaghy, D., Dijkshoorn, L., 2012. Implementing an effective finite difference
formulation for borehole heat exchangers into a heat and mass transport code.
Renew. Energy 45, 59-71. https://doi.org/10.1016/j.renene.2012.02.013.

Cai, W., Wang, F., Liu, J., Wang, Z., Ma, Z., 2019. Experimental and numerical
investigation of heat transfer performance and sustainability of deep borehole heat
exchangers coupled with ground source heat pump systems. Appl. Therm. Eng. 149,
975-986. https://doi.org/10.1016/j.applthermaleng.2018.12.094.

Rees, S.J., He, M., 2013. A three-dimensional numerical model of borehole heat
exchanger heat transfer and fluid flow. Geothermics 46, 1-13. https://doi.org/
10.1016/j.geothermics.2012.10.004.

Yavuzturk, C., Spitler, J.D., Rees, S.J., 1999. A Transient two-dimensional finite volume
model for the simulation of vertical U-tube ground heat exchangers. ASHRAE Trans.
105, 465-474.

Li, Z., Zheng, M., 2009. Development of a numerical model for the simulation of vertical
U-tube ground heat exchangers. Appl. Therm. Eng. 29, 920-924. https://doi.org/
10.1016/j.applthermaleng.2008.04.024.

Eskilson, P. Thermal analysis of heat extraction boreholes. 1987.

Koohi-Fayegh, S., Rosen, MA., 2013. A review of the modelling of thermally interacting
multiple boreholes. Sustain 5, 2519-2536. https://doi.org/10.3390/5u5062519.
Shargawy, M.H., Mokheimer, E.M., Badr, H.M., 2009. Effective pipe-to-borehole thermal
resistance for vertical ground heat exchangers. Geothermics 38, 271-277. https://

doi.org/10.1016/j.geothermics.2009.02.001.

Lamarche, L., Kajl, S., Beauchamp, B., 2010. A review of methods to evaluate borehole
thermal resistances in geothermal heat-pump systems. Geothermics. https://doi.org/
10.1016/j.geothermics.2010.03.003.

Carslaw, H.S., Jaeger, J.C. Conduction of Heat in Solids. Oxford: 1947.

Zeng, H.Y., Diao, N.R., Fang, Z.H., 2002. A finite line-source model for boreholes in
geothermal heat exchangers. Heat Transf. - Asian Res. 31, 558-567. https://doi.org/
10.1002/htj.10057.

Lamarche, L., Beauchamp, B., 2007. A new contribution to the finite line-source model
for geothermal boreholes. Energy Build. https://doi.org/10.1016/j.
enbuild.2006.06.003.

Diao, N, Li, Q., Fang, Z., 2004. Heat transfer in ground heat exchangers with
groundwater advection. Int. J. Therm. Sci. 43, 1203-1211. https://doi.org/10.1016/
j.ijthermalsci.2004.04.009.

13

Geothermics 96 (2021) 102172

Molina-Giraldo, N., Blum, P., Zhu, K., Bayer, P., Fang, Z., 2011. A moving finite line
source model to simulate borehole heat exchangers with groundwater advection. Int.
J. Therm. Sci. 50, 2506-2513. https://doi.org/10.1016/j.ijthermalsci.2011.06.012.

Rivera, J.A., Blum, P., Bayer, P., 2015. Analytical simulation of groundwater flow and
land surface effects on thermal plumes of borehole heat exchangers. Appl. Energy.
https://doi.org/10.1016/j.apenergy.2015.02.035.

Rivera, J.A., Blum, P., Bayer, P., 2016. A finite line source model with Cauchy-type top
boundary conditions for simulating near surface effects on borehole heat exchangers.
Energy 98, 50-63. https://doi.org/10.1016/j.energy.2015.12.129.

Casasso, A., Sethi, R.G., 2016. POT: a quantitative method for the assessment and
mapping of the shallow geothermal potential. Energy 106, 765-773. https://doi.
org/10.1016/j.energy.2016.03.091.

Miglani, S., Orehounig, K., Carmeliet, J., 2018. A methodology to calculate long-term
shallow geothermal energy potential for an urban neighbourhood. Energy Build.
159, 462-473. https://doi.org/10.1016/j.enbuild.2017.10.100.

Rivera, J.A., Blum, P., Bayer, P., 2017. Increased ground temperatures in urban areas:
Estimation of the technical geothermal potential. Renew. Energy 103, 388-400.
https://doi.org/10.1016/j.renene.2016.11.005.

Garcia-Gil, A., Vazquez-Sune, E., Alcaraz, M.M., Juan, A.S., Sanchez-Navarro, JA.,
Montlled, M., et al., 2015. GIS-supported mapping of low-temperature geothermal
potential taking groundwater flow into account. Renew. Energy 77, 268-278.
https://doi.org/10.1016/j.renene.2014.11.096.

Alcaraz, M., Vives, L., Vazquez-Suné, E., 2017. The T-I-GERmethod: a graphical
alternative to support the design and management of shallow geothermal energy
exploitations at the metropolitan scale. Renew. Energy 109, 213-221. https://doi.
org/10.1016/j.renene.2017.03.022.

Kurevija, T., Vulin, D., Krapec, V., 2012. Effect of borehole array geometry and thermal
interferences on geothermal heat pump system. Energy Convers. Manag. 60,
134-142. https://doi.org/10.1016/j.enconman.2012.02.012.

Zhang, Y., Choudhary, R., Soga, K., 2015. Influence of GSHP system design parameters
on the geothermal application capacity and electricity consumption at city-scale for
Westminster, London. Energy Build. 106, 3-12. https://doi.org/10.1016/].
enbuild.2015.07.065.

Law, Y.L.E., Dworkin, S.B., 2016. Characterization of the effects of borehole
configuration and interference with long term ground temperature modelling of
ground source heat pumps. Appl. Energy 179, 1032-1047. https://doi.org/10.1016/
j.-apenergy.2016.07.048.

Koohi-Fayegh, S., Rosen, M.A., 2014. An analytical approach to evaluating the effect of
thermal interaction of geothermal heat exchangers on ground heat pump efficiency.
Energy Convers. Manag. 78, 184-192. https://doi.org/10.1016/j.
enconman.2013.09.064.

Bayer, P., Attard, G., Blum, P., Menberg, K., 2019. The geothermal potential of cities.
Renew. Sustain. Energy Rev. 106, 17-30. https://doi.org/10.1016/j.
rser.2019.02.019.

Li, S., Dong, K., Wang, J., Zhang, X., 2015. Long term coupled simulation for ground
source heat pump and underground heat exchangers. Energy Build. 106, 13-22.
https://doi.org/10.1016/j.enbuild.2015.05.041.

Bernier, M., 2006. Closed-loop heat pump systems. ASHRAE J. 13-19.

Fossa, M., Rolando, D., 2016. Improved Ashrae method for BHE field design at 10 tear
horizon. Energy Build. 116, 114-121. https://doi.org/10.1016/j.
enbuild.2015.12.051.

Norme Suisse, S.I.A.. Sondes géothermiques. SIA 384/6. Zurich: Société suisse des
ingénieurs et des architectes; 2010.

project, G.R.E.T.A., 2017. Catalogue of operational criteria and constraints for shallow
geothermal systems in the. Alpine Environ. 4.


https://doi.org/10.1016/j.compgeo.2011.07.004
https://doi.org/10.1016/j.enbuild.2018.04.057
https://doi.org/10.1016/j.enbuild.2018.04.057
https://doi.org/10.1016/j.renene.2018.05.073
https://doi.org/10.1016/j.energy.2011.12.038
https://doi.org/10.1016/j.geothermics.2013.01.002
https://doi.org/10.1016/j.geothermics.2013.01.002
https://doi.org/10.1016/j.renene.2007.07.006
https://doi.org/10.1016/j.renene.2007.07.006
https://doi.org/10.1016/j.renene.2012.02.013
https://doi.org/10.1016/j.applthermaleng.2018.12.094
https://doi.org/10.1016/j.geothermics.2012.10.004
https://doi.org/10.1016/j.geothermics.2012.10.004
http://refhub.elsevier.com/S0375-6505(21)00132-2/sbref0015
http://refhub.elsevier.com/S0375-6505(21)00132-2/sbref0015
http://refhub.elsevier.com/S0375-6505(21)00132-2/sbref0015
https://doi.org/10.1016/j.applthermaleng.2008.04.024
https://doi.org/10.1016/j.applthermaleng.2008.04.024
https://doi.org/10.3390/su5062519
https://doi.org/10.1016/j.geothermics.2009.02.001
https://doi.org/10.1016/j.geothermics.2009.02.001
https://doi.org/10.1016/j.geothermics.2010.03.003
https://doi.org/10.1016/j.geothermics.2010.03.003
https://doi.org/10.1002/htj.10057
https://doi.org/10.1002/htj.10057
https://doi.org/10.1016/j.enbuild.2006.06.003
https://doi.org/10.1016/j.enbuild.2006.06.003
https://doi.org/10.1016/j.ijthermalsci.2004.04.009
https://doi.org/10.1016/j.ijthermalsci.2004.04.009
https://doi.org/10.1016/j.ijthermalsci.2011.06.012
https://doi.org/10.1016/j.apenergy.2015.02.035
https://doi.org/10.1016/j.energy.2015.12.129
https://doi.org/10.1016/j.energy.2016.03.091
https://doi.org/10.1016/j.energy.2016.03.091
https://doi.org/10.1016/j.enbuild.2017.10.100
https://doi.org/10.1016/j.renene.2016.11.005
https://doi.org/10.1016/j.renene.2014.11.096
https://doi.org/10.1016/j.renene.2017.03.022
https://doi.org/10.1016/j.renene.2017.03.022
https://doi.org/10.1016/j.enconman.2012.02.012
https://doi.org/10.1016/j.enbuild.2015.07.065
https://doi.org/10.1016/j.enbuild.2015.07.065
https://doi.org/10.1016/j.apenergy.2016.07.048
https://doi.org/10.1016/j.apenergy.2016.07.048
https://doi.org/10.1016/j.enconman.2013.09.064
https://doi.org/10.1016/j.enconman.2013.09.064
https://doi.org/10.1016/j.rser.2019.02.019
https://doi.org/10.1016/j.rser.2019.02.019
https://doi.org/10.1016/j.enbuild.2015.05.041
http://refhub.elsevier.com/S0375-6505(21)00132-2/sbref0039
https://doi.org/10.1016/j.enbuild.2015.12.051
https://doi.org/10.1016/j.enbuild.2015.12.051
http://refhub.elsevier.com/S0375-6505(21)00132-2/sbref0042
http://refhub.elsevier.com/S0375-6505(21)00132-2/sbref0042

	Numerical investigation of long-term operation of ground-source heat pumps at neighborhood level: Focus on thermal interact ...
	1 Introduction
	2 Model developments
	2.1 Input data and BHEs configurations
	2.2 Thermal response of BHEs
	2.3 Mean temperature of HCF
	2.4 Dynamical optimization problem
	2.5 Implementation and summary

	3 Model verification
	4 Reference case study
	5 Parametric study
	6 Conclusions
	Author statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	Appendix. Alternative formulation of the Moving Finite Line Source Model
	References


