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ABSTRACT
Planning the operation of large ground source heat pump (GSHP) systems requires accurate models of
borehole heat exchangers (BHEs) that are not computationally intensive. In this paper, we propose param-
eter estimationusingmeasureddata as amethod to improve the analyticalmodels of BHE. Themethodwas
applied to a GSHP system operating for over 3 years. The deviation betweenmodelled andmeasured load
of the BHE reduced from 22% to 14%. Influence of the calibration data set was tested by changing time res-
olution and season of the calibration data. We concluded that the time resolutionmust be high enough to
differentiate among the effects of different parameters and that different model parameters must be used
for injection and extraction (seasons). Themethodwas also applied to a GSHP that has beenmonitored for
10 years, which showed that accuracy of the model can be improved by annual updates of parameters.
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1. Introduction

A ground source heat pump (GSHP) utilizes the stable temper-
ature of the ground to increase the annual efficiency of the
heat pump. Conventional GSHP systems were primarily used for
single-family buildings, but recently the number of large GSHP
systems for residential and commercial applications has also
increased (Sanner 2017; Gehlin et al. 2015). Large-scale GSHP
systems are often used in combination with other sources like
district heatingandcooling (Yin et al. 2015), solar heating (Dalen-
back et al. 2000; Yu et al. 2015) etc. (Huusko andValpola 2014). To
optimize the operation of suchGSHP systemsweneed amethod
that predicts the performance of a BHE as accurately as possible
using models that require a few parameters and low compu-
tational effort. The size and complexity of the BHE and GSHP
make it difficult to find such models. In this paper, we propose a
method to improve the accuracy of an existing analytical model
using the data collected by the monitoring system.

The problem of modelling the BHE is divided into modelling
the heat transfer of two regions, inside the borehole (the local
problem) and outside the borehole (the global problem). The
local problem is often simplified by representing the heat trans-
fer between the fluid and the borehole wall by a single borehole
resistance (Hellström 1989; Eskilson 1986). To solve the global
problem, Eskilson (1987) proposed the use of a non-dimensional
temperature response function to a constant heat load for a
borehole field, called the g-function. The g-function can be used
to obtain the temperature response to a variable load using tem-
poral superposition. Eskilson (1987) used an analytical method
and a numerical method to calculate the g-function. The analyt-
ical method considers the borehole as a finite line source (FLS)
and the numerical model is based on a finite differencemethod,
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Eskilson (1987) used the numerical method for his study. The
maindifferencebetween the analytical and thenumericalmodel
is the boundary condition at the borehole wall. The numerical
solution uses a uniform temperature boundary condition at the
borehole wall, while the analytical solution uses a constant heat
flux boundary condition. Priarone and Fossa (2016) studied the
effect of this boundary condition for a single borehole using a 3D
finite element model and (Monzó 2018; Monzó et al. 2018) stud-
ied the effect of this boundary condition for single and multiple
boreholes. The difference due to the boundary condition was
significant in large borehole fields after long periods of unbal-
anced operation, i.e. when the heat extracted is not equal to the
heat injected into the borehole.

In commercial software like EED andGHLEPRO the g-function
is usually calculated in advance for some borehole configura-
tions and only temporal superposition is performed for each
unique casedue to long computational time required for numer-
ical methods. This restricts the number of configurations that
can be modelled, but this restriction is not present in analyt-
ical models, which make them more flexible. Zeng, Diao, and
Fang (2002) studied the FLS method to calculate g-function and
noted that the borehole temperature is overestimated by 5%
if the temperature at the mid-point of the borehole is used
instead of the average temperature of the borehole. Lamarche
and Beauchamp (2007a) reduced the time required for evalu-
ating the FLS solution by reducing the integration steps. The
problem of the boundary condition at the borehole wall was
solved in (Cimmino and Bernier 2014) by dividing the borehole
length into small segments with a uniform temperature bound-
ary condition. Marcotte and Pasquier (2008) reduced the com-
putational time required for temporal superposition using Fast
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Fourier Transform. Lamarche (2009) introduced the ‘non-history’
method that uses Laplace transform to combine the effect of
previous loads into a single term.

The short-term response of the borehole depends on the
thermal capacitance of the borehole and the interaction among
the pipes in the borehole. By using a single borehole resis-
tance to represent heat transfer we are ignoring these effects.
Hence to extend the time scales of the simulations many mod-
els were developed to include these effects. Yang et al. (2009)
represented the inside of the borehole as a 3-D steady state
problem instead of 1-D steady state and coupled this with the
transient cylindrical heat source approach to solve the global
problem. Javed andClaesson (2011) included the thermal capac-
itance in an analytical solution for short-term analysis by rep-
resenting the borehole as a thermal network and using the
FLS method to solve the global problem. A number of mod-
els use numerical models to represent the heat transfer inside
the borehole.(Yavuzturk and Spitler 1999; Yavuzturk, Spitler, and
Rees 1999) used a finite volume model to extend g-function to
shorter time steps. Florides, Christodoulides, and Pouloupatis
(2012) presented a numerical solution with 3-D heat conduc-
tion in the ground and 1-D convection in the pipe. Rees and He
(2013) usedadetailed three-dimensionalmodelwhich considers
1-D fluid transport and thermal capacity of the fluid. They high-
lighted the importance of considering the thermal capacitance
inside the borehole and fluid transportwithin the pipes, but they
also note that the computational demand of such detailedmod-
els is high. Other models have included features that make the
models more realistic. Bandos et al. (2009) included geothermal
gradient and variation in surface temperature in the FLS model.
Molina-Giraldoet al. (2011) consideredgroundwater flow in their
model using the moving FLS model.

Complex configurations of BHE were studied for applica-
tions like combination of excess heat storage and GSHP. Mar-
cotte and Pasquier (2014) extended their model that uses Fast
Fourier Transform to include the non-history scheme for tempo-
ral superposition and include series, parallel andmixedborehole
configurations. (Eslami-nejad and Bernier 2011a, 2011b) pre-
sented an analytical model that can include two independent
loops in each of the two pipes of double U-tube BHE. Lazzarotto
(2014) presented an analytical model based on the non-history
model (Lamarche andBeauchamp2007b) that considers a differ-
ent geometry and heat load for each borehole. Lamarche (2017)
presented a non-iterative method to solve the problem by for-
mulating the equations in a matrix form. A numerical model
that can represent borehole field with multiple inputs was pre-
sented by Belzile, Lamarche, and Rousse (2016). Recently, Cim-
mino (2018) presented amodel that can include an independent
fluid loop similar to the Lazzarotto (2014) model with constant
temperature boundary condition at the borehole wall.

Despite the advances in the modelling of BHE, predictions of
the BHE behaviour may not be reliable due to the uncertainty in
model parameters and input data. One of the main sources of
uncertainty is the thermal properties of the ground. The prop-
erties of the ground are important parameters in the models
for BHE. They are determined by in situ thermal response test
(TRT). In this test, a known heat load is applied to the borehole
using a circulating fluid. The temperature variation of the fluid
is analyzed using the infinite line source model. This method

was first used my Mogensen (1983) and was refined by Gehlin
(1998). In recent years there have been several improvements
in the analysis methods like parameter estimation using numer-
ical models (Signorelli et al. 2007). The test procedure is also
improved by using different test sequences (Fossa, Rolando, and
Pasquier 2018) and optical fibres to get more detailed ground
properties (Acuña2013). However, these advancedTRTmethods
are rarely used. Hence, the ground properties used in the mod-
els have high uncertainty, which consequently affect the model
output.

Recently, some studies have usedmonitored data to calibrate
the thermal properties of the ground. (Tordrup, Poulsen, and
Bjorn 2017; Tordrup, Poulsen, and Bjørn 2016) used monitored
data from pilot borehole field with 6 boreholes to estimate the
ground thermal conductivity and borehole resistance. The prop-
erties were used to expand the borehole field to 48 boreholes.
Fernandez et al. (2017) used monitored data to calibrate a TRN-
SYS model of 6-borehole BHE. They showed that calibration of
ground properties along with the borehole radius reduces the
model error by 45%. These studies illustrate that the ground
properties are amajor source of error in BHEmodels and calibra-
tion using monitored data is an effective way to reduce model
error. But calibration as a method to reduce model errors is not
explored in detail.

From the literature survey we see that modelling of large
complex BHE is particularly difficult because the models avail-
able are either inaccurate or time-consuming, making them not
optimal for monitoring and planning of operation. In this study
we explore calibration, as a solution to this problem. Calibration
of model parameters is used to improve the accuracy of simple
analytical models. We also studied the influence of the choice of
calibrationdata on theperformanceof the calibratedmodel. The
fitted model parameters are the values that give the least devia-
tion betweenmodelled andmeasured data and not the thermal
properties of the ground since this would require a model that
describes the BHE perfectly and no measurement errors.

The method was developed and tested on an actual GSHP
system that is operating for cooling and heating of a hospital
building in northern Sweden. The borehole field for the GSHP
consists of 125, 200–250m deep boreholes. The GSHP system is
described in section2.1. In section2.2,wepresent abrief descrip-
tion of the model chosen. The parameter estimation method is
presented in section 2.3. The results of the improved model and
the effect of the calibration data are studied in section 3.2.

2. Methodology

2.1. Description of installation

The case study is a GSHP used to supplement the heating and
cooling provided by the district heating/cooling to the univer-
sity hospital in Umeå, Sweden. The GSHP was designed to sat-
isfy 95% of the cooling load of the hospital (5 GWh) and 20%
of the heat load (7 GWh). Many rooms of the hospital build-
ing require strict temperature control; hence, both heating and
cooling loads are present throughout the year. Figure 1 shows
a schematic of the system. The system consists of three heat
pumps. Two of the heat pumps are connected to the boreholes,
to provide space heating and cooling. The third heat pump uses
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Figure 1. Schematic of the GSHP with the arrangement of borehole field.

the sub-cooler of theheat pumps 1 and2 as heat source and sup-
plies heat at 60°C for domestic hot water and provides excess
heat for space heating when required. In winters, heat extracted
from space cooling and the BHE is used as the source for heat
pumps 1 and 2. In summers, the heat from space cooling is
injected into the borehole. Additionally, in summers, if the space
heating demand is lower than the heat produced by the heat
pumps the excess heat is injected intoboreholeA throughaheat
exchanger (Hx).

The BHE consists of 125 boreholes divided into two groups,
A and B, as shown in Figure 1. The two groups have indepen-
dent fluid loops. Only borehole group A is used to store excess
heat in the summer; hence; the loads of borehole groups A and
B are different during the summer. However there is no differ-
ence in operation of the boreholes in the winter, hence loads of
BH groups A and B are similar in the winter. But the two bore-
hole groups are adjacent and they are considered as a single
BHE. Each borehole has a single U-tube heat exchanger and the
boreholes are filled with groundwater, i.e. no grouting mate-
rial is used. The depth of boreholes in borehole fields A and B
is 200 and 250m, respectively. The distance between the bore-
holes is 7m and the ground water level is 10m. The working
fluid in the BHE is 20% bioethanol. Its density is 976.6 kg/m3,
its heat capacity is 4390 J(kg.K)−1 and its freeing point is −8°C.
Thermal conductivity of the ground, undisturbed ground tem-
perate and borehole resistance for injection were estimated by
performing a TRT on a 250m deep borehole. The borehole resis-
tance for extraction is typically higher than that for injection.
Based on the guidelines of Swedish geo-energy centre (Svenskt
Geoenergicentrum 2015), the TRT report suggested that a value
of 0.03 mKW−1 must be added to the borehole resistance for
extraction. The undisturbed ground temperature from TRT is the
average ground temperature. The temperature of the ground

Table 1. Properties of the borehole field.

Property Value

Borehole radius (rb) 0.070m
Borehole depth (H+D) 200m/250m
Ground water level (D) 10m
Thermal conductivity of the ground (k) 3.4W(mK)−1

Volumetric heat capacity of the ground (ρCp) 2.3MJK−1m−3

Borehole resistance (Rb) 0.08mKW−1

(0.11mKW−1

for extraction)
Undisturbed ground temperature (Tug) 5.9°C

varies with the depth, due to geothermal gradient. The geother-
mal gradient in the region is around 15–16°C/km (Gehlin et al.
2015), hence the undisturbed temperature difference between
the top and the bottomof the borehole is expected to be around
4°C. For the purpose of this study the geothermal gradient is
neglected because its effect on the average borehole tempera-
ture is negligible (Eskilson 1987). The volumetric heat capacity of
the groundwas taken from the available geological data. Table 1
provides a summary of the properties of the ground from TRT
and the geometry of the BHE. No significant groundwater flow
was reported during the drilling of the boreholes; hence the
effect of groundwater flow is neglected in this study.

2.1.1. Measured values
The GSHP has been operational and monitored from 16 Febru-
ary 2016. The ‘BHE’ was monitored using temperature sensors
to measure the inlet and outlet fluid temperatures of each bore-
hole group. The electrical power of the circulation pumps was
also monitored. Flow and energy of the working fluid of each
borehole group were measured from 15 March 2017. Until the
flow meters were installed, the flow was estimated from the
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Figure 2. Measured loads with missing data highlighted using black boxes.

power of the circulation pumps. The temperature sensors have
an accuracy of 0.15°C and the flow sensors have an accuracy
of 0.33%. The average temperature difference in the borehole
heat exchanger is 3.3°C, for this condition the powermeter read-
ing has an accuracy of 6.7%. The monitored data have a time
resolution of 10min, but a lower time resolution is used in this
study. We used average measurements of flow and power read-
ings to reduce the time resolution. For temperature measure-
ments we used the weighted average of temperature readings,
weighted by the flow rate. Averaging increases the accuracy of
measurements as it eliminates some random errors.

Although the monitoring system was installed from the start
of the operation, the measured data are not available during
certain periods as the monitoring system was shut down for
maintenance/upgrade or due to other errors. There are 89 days
with no measured data from 16 Feb 2016 to 25 June 2019. The
loads for these days were estimated using the ambient temper-
ature. The measured loads are shown in Figure 2; the gaps in
measured data are represented by black boxes.

From 16 Feb 2016 to 15 Feb 2019, the BHE is used for the
extraction of heat for, on average, 192 days per year and for
injection of heat for the remaining 173 days per year. The aver-
age injection load, 643 kW, is around three times the average
extraction load, 213 kW. The average annual imbalance of the
BHE is 1.23 GWh, this implies that the average borehole tem-
perature will increase over time. The heat injected to borehole
group A in the summer is greater than that of borehole group B
as borehole group A was used for storing excess heat from the
condenser. Therefore, the annual imbalance in borehole group
A, 0.74 GWh, is greater than the imbalance of borehole group B,
0.49 GWh. The imbalance in 2017 is 0.13 GWh since the summer
was cooler than other years. The heat extracted in the heating
seasonof 2018–2019 is lowbecause anadditional air sourceheat
pump was installed at the facility which reduced some load of
the GSHP.

The mass flow rate of the BHE is controlled using a variable
speed circulation pump. Themass flow rate is adjusted to obtain
the required fluid outlet temperature, which is set based on the
outdoor temperature and the operation mode. Figure 3 shows
the mass flow rate of the two borehole groups. The convection
coefficient in the BHE reduces at low flow rates which increases
the borehole resistance.

2.2. Model description

The task ofmodelling the BHE, described in the previous section,
is particularly challenging because of two main reasons. First,
numerical models of the borehole field will be computationally
intensive due to the size of the borehole field. Second, the BHE
has two borehole groups, which are not hydraulically connected
but thermally connected through the ground. This requires an
analytical model that can consider a BHE with boreholes of dif-
ferent geometries and different fluid inlet conditions. However,
the effect of thermal capacity of the boreholes and fluid trans-
port in the pipes can be neglected because the time resolution
used in this study is low. Lazzarotto (2014) presented an ana-
lytical model that addresses the issue of multiple input/output
by considering each borehole as a part of a network. The mass
and heat balance equations of the components are then solved
iteratively for each time step. Lamarche (2017) used a similar
approach, but presented a non-iterative procedure to calculate
the borehole temperatures simultaneously. Recently, Cimmino
(2018) presented amodel that also considers the axial variations
in the borehole wall temperatures. The effect of axial variations
affects the long-term performance of the unbalanced BHE. As
the BHE is used for both heating and cooling, the model pre-
sentedby Lamarche (2017) is used in this study. A short summary
of the model is presented in this section, for detailed explana-
tion of the model the reader can refer to (Lamarche 2017). The
average borehole wall temperatures (Tb,i) are calculated using
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Figure 3. Measured mass flow rate of borehole groups A and B.

the following equation:

Tb,i = Sp,i +
nb∑
j=1

Sq,ijXj(Tfin,j − Tb,j) (1)

Sp,i accounts for the effect of the loads of previous steps (1 to
n-1) on borehole i. Sp,i are updated at every time step by updat-
ing the term Fi using Equation (2). Note that non-dimensional
time t̄ is used in the following equations.

Fi(t̄ + �t̄, zl) = e−z2l �t̄Fi(t̄, zl)

+
nb∑
j=1

q′
j(t̄)(1 − ez

2
l �t̄)uij(z), with Fi(0) = 0 (2)

sp,i = 1
k

Nz∑
l=1

e−z2l �t̄Fni (zl)�zl (3)

where uij(z) is defined by equation (4). In equation (4), gij repre-
sents the average non-dimensional temperature effect of bore-
hole j along the length of borehole i as a function of non-
dimensional time. gij is calculated using the FLS equation (Zeng,
Diao, and Fang 2002). The Laplace inverse is calculated using the
Gaver-Stehfest algorithm, as described by Lamarche (2009), 10
samples of gij are used to calculate the Laplace inverse.

uij(z) = −2zL−1(gij/2π) (4)

Sq,ij is the coefficient that relates temperature effect on bore-
hole i due to the heat flow in borehole j. Xj is a coefficient that
is used to convert the heat load qj to the temperature difference
(Tfin,j-Tb, j). The fluid inlet temperature of boreholes (Tfin,j) is con-
sidered to be equal to the measured inlet temperature of the
borehole group. The temperature difference in the horizontal
pipes is neglected because the horizontal pipes are well insu-
lated. The temperature difference in the horizontal pipes was

estimated to be less than 0.2% of the temperature difference
in the BHE. The coefficients Sq,ij and Xj are calculated using the
following equations:

Sq,ij = 1
k

Nz∑
l=1

(1 − e−z2l �t̄)uij(zl)�zl (5)

Xj = ṁjCp
Hj

(1 − θj
′′) (6)

The calculations of both Sp,i and Sq,ij have the form
∑Nz

l=1 f (z)
�zl , this is a discretized version of

∫ ∞
0 f (x)dz; therefore, the

range of z is chosen as from 0 to a large number, zmax. The
interval 0 to zmax is then discretized into Nz elements and each
segment is integrated using the 7th-order numerical integration.
Since uij(z) tends to zero as z tends to infinity (Lazzarotto 2014),
a logarithmic distribution of z is chosen for the discretization.

The axial variation in fluid temperature can be included using
θ ’. (Zeng, Diao, and Fang2003) presented the expressions for dif-
ferent borehole configurations. We used the linear approxima-
tion for θ ’, because it does not require any additional properties
of the BHE. The linear approximation is a good approximation at
high flow rates. The expression for linear approximation is given
by equations (7) and (8)

θ ′′
j = (1 − Yj)/(1 + Yj) (7)

Yj = Hj/
(
2ṁjCpRb

)
(8)

Rb is the equivalent thermal resistance between the fluid and the
borehole wall.

The most computationally intensive part is the calculation of
uij, but since uij depends only on the geometry of the borehole
field, it was calculated just once.
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Figure 4. Flow chart of model implementation.

Equation (1) can be written in matrix form as

A × Tb = B (9)

A =
⎡
⎣
1 + X1Sq,11 X2Sq,12 ...
X1Sq,21 1 + X2Sq,22 ...

.. .. ..

⎤
⎦ (10)

B =
⎡
⎣
Sp,1
SP,2
. . .

⎤
⎦ +

⎡
⎣
X1Sq,11 X2Sq,12 . . .

X1Sq,21 X2Sq,12 . . .

.. .. ..

⎤
⎦

⎡
⎣
Tfin,1
Tfin,2
. . .

⎤
⎦ (11)

The heat flux and outlet temperature can be calculated using
Tb,i as

Tfout,i = θ
′′
Tfin,i + Tb,i(1 − θ ′′) (12)

qi = Xi(Tfin,i − Tb,i) (13)

The above equations were solved using a MATLAB code. The
order in which the equations are solved is depicted in a flow
chart in Figure 4. Themodelwas validated using numericalmod-
els for single and3×2borehole configuration to verify that itwas
implemented correctly.

This simple model can be used for the design of boreholes,
but it is probably not accurate enough to be used for planning
the operation of the BHE. The reasons for this are as follows:

Table 2. TRT values of model parameters.

Model parameter Value

Thermal conductivity of the ground (k) 3.4W(mK)−1

Volumetric heat capacity of the ground (ρCp) 2.3MJK−1m−3

Borehole resistance for injection (Rb) 0.08mKW−1

Undisturbed ground temperature (Tug) 5.9°C

(1) Simplifications in the model: many assumptions are made
to simplify the model that affects the accuracy. Some of the
assumptions are
(a) Uniform heat flux at borehole wall: the actual heat flux

at the ends of the boreholes is higher than at the mid-
dle, the temperature predictions after a few years are
overestimated due to this assumption.

(b) Steady state inside the borehole: the heat transfer
inside the borehole is represented only by borehole
resistance. This representation is not accurate for time
steps less than a few hours when the heat capacitance
of borehole counteracts the fluctuations in tempera-
ture.

(c) Homogeneous ground: the actual properties of the
ground vary because of the composition of soil and
groundwater flow.

(d) Linear approximation of fluid temperature: the fluid
temperature is assumed to vary linearly along the
length of the borehole, but this assumption is only valid
at high flow rates.

(2) Uncertainty in the properties: The properties of the ground
are either estimated using a TRT or using geological data.
The properties estimated from TRT have a higher accuracy
than geological data, but even TRT is known to have a
high uncertainty (Witte 2013). Moreover, a TRT-test is per-
formed for one borehole, but the thermal properties of the
ground could vary among the boreholes and also change
with seasons.

The accuracy of the simulation must be improved for the model
to be more reliable for the planning of operation of the GSHP.

2.3. Parameter estimation

Parameter estimation is used as a method to improve the accu-
racy of themodel by calibratingmodel parameters such that the
difference between simulated and measured load is minimized.
The model uses the properties of the ground and the geome-
try of the borehole field as model parameters. The properties of
the ground have higher uncertainty than the geometry. Hence,
the ground properties were chosen as the parameters for the
model-based parameter estimation.

In this study, four model parameters will be estimated using
themonitored data, namely thermal conductivity of the ground,
volumetric heat capacity of the ground, borehole resistance and
undisturbed ground temperature. The TRT values of parame-
ters are shown in Table 2 (although thermal capacity was not
obtained from TRT, these values will be referred to as TRT val-
ues). The borehole resistance for extraction is considered to be
(0.03mKW−1) higher than the value for injection.
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Figure 5. Measured and simulated total heat load of the BHE along with deviation for the TRT model.

The model parameters are estimated by minimizing the dif-
ference between the sum of squares of the measured and pre-
dicted values of heat loadduring the calibration period. The data
from 15 March 2017 to 16 March 2018 are used for calibration,
since it is the first year of complete measured data. The mini-
mization is performed using a program called GenOpt (Wetter
n.d.). GenOpt is amodel independent optimizationprogram that
interacts with the MATLAB model through text files.

cost function =
∑

(Loadmeasured − LoadSimulated)
2 (14)

The cost functionmay havemultiple local minima. Therefore,
a hybrid global optimization algorithm is chosen for the opti-
mization. The optimization starts with particle swarm algorithm,
the solution of the particle swarm algorithm is refined using
Hooke-Jeeves generalized pattern search algorithm. In particle
swarm algorithm, first a set of potential solutions (particles) are
randomly generated, then the particles are updated using an
equation based on the social behaviour of birds and fish. The
best solution from particle swarm algorithm is then used as the
initial point for pattern search algorithm. A detailed explanation
of the algorithmcanbe found in theGenOptmanual(Wetter n.d.)

3. Results

3.1. Initial simulation results

The borehole field described in section 2.2 was modelled using
the method of Lamarche (2017) with ground properties from
TRT. The coefficients Sqij and uij were calculated only for unique
combinations of distance and heights to reduce the computa-
tional time. The computational time on a computer with 3.4 GHz
quad core processorwith 16GB RAMwas about 3 h. The umatrix
is a function of the geometry of the boreholes and z, we chose
the same values of z for all the runs, as described in section 2.2.
Therefore the u matrix was not recalculated for each run; hence,
the computational time was reduced to 7 min.

Figure 5 shows the measured and simulated load along with
the deviation between measured and simulated values of heat

load of the ground. The root mean square (RMS) of the devia-
tion betweenmeasured and simulated heat load is 84.6 kW. This
corresponds to 22.3% of the absolute average load. The RMS
deviation of the outlet temperature is 1.34 K, previous studies
using similarmodels have reported error of the samemagnitude
(Monzó 2018; Tordrup, Poulsen, and Bjorn 2017).

The model overestimates the load during both injection and
extraction. The overestimation of loads is due to simplification in
the model and uncertainty in parameter, as explained in section
2.2. Additionally, uncertainly in measured inputs and outputs
of the model is also a source of error. The inputs to the model
are measured inlet temperatures and measured flow rate of the
BHE and the output of themodel is comparedwith powermeter
readings, all of which have inaccuracies (section 2.1.1). Themea-
sured data also have some missing periods during which the
loads are estimated using ambient temperature; this is another
source of error.

Figure 6 shows the relative RMSE for 30-day periods. The rel-
ative RMSE is low in the summer and high in the winter. The
average load in the winter is lower than the average load in
the summer resulting in a lower flow rate. We assumed the
flow rate to be high in order to use the linear approximation in
fluid temperature and to determine the borehole resistance. The
borehole resistance will be higher at low flow rate; hence the
simulated loads will be higher than that measured at low flow
rates. This is seen in Figure 7 which shows that the relative RMSE
is lower at high flow rates.

3.2. Parameter estimation

The parameters are estimated by minimizing the deviation
betweenmeasured and simulated loads, as described in section
2.3. The estimated values of model parameters are shown in
Table 3. The estimatedmodel parameters, except borehole resis-
tance, are outside the uncertainty range defined in (Witte 2013).
Theuncertainty ingroundproperties is onlyoneof the sourcesof
deviation between the measured and simulated values. Due to
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Figure 6. Relative RMSE for 30-day periods.

Figure 7. Relative RMSE vs mass flow rate.

Table 3. Estimated and TRT values for the model parameters.

Model parameters Fitted value TRT value

Thermal conductivity of the ground (k) 2.29W(m.K)−1 3.4 W(m.K)−1

Volumetric heat capacity of the ground (ρCp) 1.86MJK−1m−3 2.3MJK−1m−3

Borehole resistance for injection (Rb) 0.08mKW−1 0.08mKW−1

Undisturbed ground temperature (Tug) 4.01°C 5.9°C

other sources of errors stated in section 2.2, the estimatedmodel
parameters should not be interpreted as an accurate estimate of
the actual groundproperties, but as parameter values that yields
an improved model performance.

Figure 9. Relative RMSE for 30-day periods.

The reduction in deviation between the measured and sim-
ulated load February 2016 to June 2019 can be observed in
Figure 8. TheRMSdeviationof heat loadof theBHE reduced from
85 kW to 52 kW. This is a 38% reduction in RMSE of the model.
Measured data from 2017 were used for calibration; therefore,
this period has a lower RMSE (27.3 kW) than other years.

In Figure 5we see that the TRTmodel overestimates the load,
which is reduced for the fittedmodel. Figure 9 shows the relative
RMSE for 30-day periods for both the models. The relative error
was higher for extraction than for injection in the TRT model. In
the fitted model the difference between extraction and injec-
tion is evened out. This is explained by the fact that the fitted
model has a lower Tug. A decrease in Tug changes the baseline
anddecreases extraction loads and increases injection loads. The
overestimation during both extraction and injection is lowered
in the fitted model by decreasing k and ρCp compared to TRT
values.

In the following sections, we look at the effect of using differ-
ent calibration data sets for the estimation of the parameters.

3.2.1. Influence of time resolution
BHE models are used with time steps varying from a month to a
few hours. The long-term effects of the BHE on the ground tem-
perature are often evaluated using simulations with time steps
of a month, while time steps of 1 or 6 h are used to check if
the fluid temperature crosses the temperature limits duringpeak
loads. For short time scales, the assumption of quasi-static heat

Figure 8. Deviation between measured and simulated load along with measured load.
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Table 4. Model parameters obtained using different time resolutions.

Calibration
time
resolution

k
[W(mK)−1]

ρCp
[MJK−1m−3]

Rb
[mKW−1] Tug [°C]

30 days 5.61 1.19 0.21 3.95
1 day 2.29 1.86 0.08 4.01
6 hours 2.15 2.07 0.06 4.13

transfer inside the borehole wall is not accurate, while for large
time scales the assumption of uniformheat flux along the length
of the borehole is not accurate. Hence, the performance of the
model depends on the time resolution.

The monitored data have a time resolution of 10 min, but
since the model does not consider the transient heat transfer
inside the borehole, a lower time resolution must be used for
the simulation. In this section,we use three different time resolu-
tions, 30days, 1 d and6h, to estimate themodel parameters. The
performance of the model with each set of parameters is tested
for four time resolutions, 30 days, 1 d, 6 h and 1 h.

The calibration data for each case consist of measured data
from 15 March 2017 to 15 March 2018, but the time resolution
of the simulation is different for the cases. The results of the
parameter estimation are shown in Table 4. The model param-
eters obtained using 30 days’ time resolution are not similar to
others. The fitted parameters for 1-day and 6-hour time resolu-
tions are similar. 1 h time resolution was not used for calibration
because the computational time for calibration was high. In a
preliminary analysis, the results from 1 h simulation were similar
to parameters from 1-day and 6-hour time resolutions.

Table 5 shows the RMS deviation between themeasured and
simulated values of loads for model parameters obtained using
each case. For example, when computing the loads with a time
resolutionof 1d the lowest RMSdeviation (51.7 kW)was attained
when themodel parameters were obtained by fitting themodel
to 6 hdata. The calibration time step that produces the least RMS
deviation for each tested time step is highlighted. From the table
we see that the model parameters from 1-day and 6-hour time
steps are suitable for all four time steps, the difference between
the RMS errors in the two cases is less than 1% of the average
load. Even with the simplified model for the inside of the bore-
hole, the deviation for 1 h time resolution is similar to 1-day and
6-hour time resolutions. Rb, k andρCpall affect themagnitudeof
load but at different time scales and the 30-day time step is too
large to accurately differentiate among the effects of the three
parameters. Therefore, the model parameters from 30-day cali-
bration time step are not suitable for simulations with high time
resolution. However, changing the time resolution from 1-day
to 6-hour time resolution does not improve the accuracy of the
model significantly since 1-day time resolution is sufficient to
differentiate between the effects of the parameters used in our
model. Amodel that uses parameters that influence the loads at
a smaller time resolution, e.g. borehole capacitance, will require
calibration data with higher time resolution.

The computational time for calibrating using 1 d time step
is lower than 6-hour time steps. The additional computational
time required for using a time resolution of higher than 1 d for
calibration cannot be justified. Therefore, 1-day time step can be
used to calibrate the model for simulations from 30 days to 1 h

Table 5. RMS deviation of models using different calibration and testing time
steps.

Testing time step

Calibration
time step

30 days
(kW) 1 day (kW)

6 hours
(kW) 1 hour (kW)

30 days 39.3 57.2 71.9 78.1
1 day 37.8 52.3 57.9 60.1
6 hours 37.8 51.7 55.4 57.8
TRT 79.4 84.6 81.5 82.5

Table 6. Parameter estimation from different seasons.

Calibration season k [W(mK)−1] ρCp [MJK−1m−3] Rb [mKW−1] Tug [°C]

Jan 17–Apr 17 1.90 3.47 0.06 4.95
Apr 17–Jul 17 2.44 2.01 0.09 4.17
Jun 17–Sept 17 2.11 1.48 0.05 3.50
Sept 17–Dec 17 2.21 3.68 0.10 5.62
Extraction 1.89 3.91 0.05 4.90
Injection 2.56 1.57 0.08 4.55

time steps. This result can be used to reduce the computational
time for calibration of the models with time step less than a day.

3.2.2. Influence of season
The thermal properties of the ground may vary with seasons
due to changes in ground water flow (Bozdag et al. 2008). In the
case of groundwater-filled boreholes, the borehole resistance
also depends on the water temperature. Additionally, in most
cases the boreholes are operated differently in different seasons.
In this section, we use calibration data from different seasons
for parameter estimation. Six calibration periods are tested, four
4-month long periods, with some overlap each of which corre-
spond to one of the seasons, winter spring, summer and fall,
and a ‘injection’ calibration period corresponding to periods
with injection loads and another ‘extraction’ corresponding to
periodswith extraction loads. The time resolution of all the simu-
lations in this section is 1d. Themodel parameters obtained from
each calibration periods are shown in Table 6. There are signifi-
cant differences between the model parameters obtained from
different calibration periods.

Table 7 shows the RMS deviations of models calibrated using
different calibration periods and during different testing peri-
ods. Calibration period refers to the period of measured data
that were used in the parameter estimation process. Testing
period is the period in which the simulated data are com-
pared with the measured data. The calibration period that pro-
duces the least RMS deviation for each tested period is high-
lighted. Note that the calibration period refers to a particular
year while the testing data consists of multiple years of a sea-
son, from 16 Feb 2016 to 25 June 2019. Extraction loads dom-
inate both January–April and September–December seasons
and injection loads dominate April–July and June–September.
Themodel parameters obtained from January 2017 toApril 2017
are best suited for January–April and extraction season and the
model parameters obtained from September 2017 to December
2017 are best suited for September–December season. While
the parameters obtained from April 2017 to July 2017 are best
suited forApril–July and injection seasons and themodel param-
eters from injection season. Therefore, the calibration period
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Table 7. RMS deviation of models using different calibration and testing seasons.

Testing period

Calibration period

Jan_Apr
(all years)
(kW)

Apr_Jul
(all years)
(kW)

Jun_Sept
(all years)
(kW)

Sept_Dec
(all years)
(kW)

Extraction
(all years)
(kW)

Injection
(all years)
(kW)

Jan 17–Apr 17 22.5 67.0 85.5 31.9 20.9 73.5
Apr 17–Jul 17 25.8 61.4 80.5 32.3 23.6 70.1
Jun 17–Sept 17 32.6 67.2 83.2 35.7 31.0 74.8
Sept 17–Dec 17 27.7 71.4 89.0 30.5 24.9 76.6
Extraction 24.6 63.2 80.2 34.8 21.3 71.0
Injection 39.2 61.8 79.4 41.8 39.4 70.7

best suited for an extraction-dominated period is an extraction-
dominated period and the calibration period best suited for an
injection-dominated period is an injection-dominated period.
This indicates that all extraction-dominated periods can be rep-
resented by a single set of model parameters and the same is
true for injection-dominated periods. We can also observe that
the choice of calibration period can have a significant effect on
the RMS deviation. The most significant difference is seen in the
extraction testing period where the least deviation (20.9 kW) is
almost half of the highest deviation (39.4 kW) obtained using
injection season as the calibration period. This justifies the use
of multiple sets of model parameters.

In order to determine how many sets of parameters to use
we tested two scenarios. In the first scenario, we used four mod-
els with different parameters for each of the four seasons to
determine the loads. Each of the four model is used to calcu-
late the load for the whole 2.5-year period, then the results of
the fourmodels are combined such that the results of themodel
with parameters determined from January 17 to April 17 calibra-
tion period are used for January–April and the results from the
model with parameters determined from April 17 to July 17 cal-
ibration period are used for April–July and so on. In the second
scenario, we used two models with parameters from injection
and extraction periods to determine the loads. We obtained an
RMS deviation of 51.2 kW in the first scenario and an RMS devia-
tion of 50.5 kW in the second scenario, indicating that using only
two different sets of parameters for injection and extraction is
sufficient. The difference in heat transfer properties, inside the
borehole (Rb) between injection and extraction mode together
with seasonal variation of operation and possible changes in
groundwater flow and groundwater level in BHE, could explain
the need of two models.

Using models with different sets of parameters for injec-
tion and extraction reduces the RMS deviation of the model
from 52.3 kW to 50.5 kW. The improvement in accuracy can be
expected to be higher for shorter boreholes or for boreholes
with a significant groundwater flow. Since shorter boreholes are
affected more by surface conditions groundwater flow usually
has seasonal variation.

3.2.3. Long-term influence
The model parameters estimated are influenced by not only the
inaccuracy in determining the ground properties but also inac-
curacy from other sources. The properties of the ground do not
change from year to year. However, other conditions change
over the years, like the error due to the assumption of uniform
heat flux boundary condition at the boreholewall increases over

Table 8. Properties of the BHE.

Property Value

Borehole radius (rb) 0.075m
Borehole depth (H+D) 51m
Ground water level (D) 3.5m
Distance between boreholes (B) 3m
Thermal conductivity of the ground (k) 1.6W(m.K)−1

Volumetric heat capacity of the ground (ρCp) 2.25MJK−1m−3

Borehole resistance (Rb) 0.118mKW−1

Undisturbed ground temperature (Tug) 18.5°C

the years, while the effect of error, while estimating the loads in
periods without data, decreases with time after the periods with
nodata. Hence recalibrating themodel by findingnewestimates
of themodel parameters every year should increase the accuracy
of the simulated heat loads.

The installation at Umeå described in section 2.1 has been
operational for only two and a half years; hence, an installation
that has been operational for a longer time will be used in this
analysis. We usedmonitored data from an installation in Univer-
sitat Politècnica de València (UPV) for this analysis. The system
has been operational and monitored since February 2005. A
detailed description of the installation and the data collected
till June 2015 are given in (Ruiz-Calvo and Montagud 2014) and
(Ruiz-Calvo et al. 2016).

The installation is used for air conditioning of Department of
Applied Thermodynamics building at UPV. The GSHP is used for
heating and cooling of the building. The system uses a water-to-
water heat pumpwith a cooling capacity of 19 kW and a heating
capacity of 16 kW. The hydraulic circuit consists of an internal
circuit that supplies heat to the building, an external circuit to
inject/extract heat from the ground and a storage tank.

The BHE consists of 6 boreholes arranged in a 2×3 grid with
a distance of 3m between the boreholes. Each borehole has a
radius of 75mm and is 51m deep with ground water level of
3.5m. The properties of the ground were determined using TRT
(Monzo et al. 2015). The properties determined by TRT along
with the geometric properties of the boreholes are shown in
Table 8.

Monitored data for 3802 days, from February 2005 to June
2015, are available. During these days, the systemwas turned off
for 1899 days. The 1899 days consist of weekends, summer vaca-
tion of the university and periods when the system was under
maintenance. Among the 1905 days, that the system was work-
ing themonitored data are either not available or incomplete for
167 days. The ground heat loads for these days were estimated
using the ambient temperature. We refer to the remaining 1736
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Figure 10. Deviation of simulated models from Jan 2013 to June 2015.

days with complete data as ‘representative days’. The inlet tem-
perature is used as input to the BHE model on representative
days and the ground heat load is used as input for other days.

The BHE was modelled using the procedure described in
section 2.2, with 1 d time steps. The load from the initial simu-
lation with an RMS deviation is 884 W or 26.6% of the average
load. Note that, only representative days are used to calculate
the deviation and the average loads.

The model parameters are estimated, using the parameter
estimationmethod described in section 2.3. Themodel parame-
ters are estimated by minimizing the cost function according to
equation (15). wi is set to 0 for non-representative days and 1 for
representative days. From February 2005 to June 2007 there are
only 181 representative days; hence, this periodwas not used for
calibration. June2007 to June2015was chosenas the calibration
period in order to have enough data points to obtain stablemin-
ima. We used an overlap of one year in the calibration period to
have a new set of model parameters after every year.

cost function = wi

∑
(Loadmeasured − LoadSimulated)

2 (15)

We tested the deviation in two cases, ‘once’, where themodel
parameters are estimated only once using the calibration period
June 2007 to June 2009 and ‘annual update’, where model
parameters are estimated every year from June 2009 to June
2015 based on the data of two preceding years. Note that we are
usingmodel parameters fromaparticular calibrationperiodonly
after the period to represent realistic scenarios. Figure 10 shows
the deviation of simulated models for the last two years, devia-
tion of the model using model parameters from two cases and
TRT are included. Deviation while using TRT values is referred
to as ‘Deviation TRT’. The calibrated model is used from June
2009 to June 2015 in this period the RMS deviation in the TRT
case is 713 W. In one case, the RMS deviation from June 2009 to
June 2015 is 466 W, while in the annual update’s case, the RMS
deviation is 449 W. Hence, updating the set of parameters every
year using the previous years’ data is better than calibrating
the model just once. Updating the set of parameters every year

Table 9. Deviation between measured and simulated loads for different cases.

Case Deviation (W)

TRT 713
Once 466
Annual update 449
Seasonal update 406

compensates for inaccuracy of the model to predict long-term
performance of the BHE (Table 9).

We also tested the case of using different parameters for
extraction and injection seasons, ‘seasonal update’. In this case,
the parameters obtained using each of the seasons from June
2007 to June 2009 were used for estimating the loads for their
respective season from June 2009 to June 2010 and the same
procedure is repeated for each year from 2009 to 2015. The
deviation from June 2009 to June 2015 in this case is 406W.
The reduction in deviation is more significant than section 3.2.2.
This supports our hypothesis that using different parameters for
injection and extraction is more effective for shorter boreholes.

4. Conclusion

An approach to calibrate the BHE model by parameter estima-
tion of ground parameters used in the model is proposed in
this paper. The calibrated model can be used to predict the per-
formance of the BHE more accurately. This method is a way
to utilize the monitored data to improve the accuracy of the
model insteadofdetailedmodels of theBHE,which require accu-
rate properties of the ground. The improved model of the BHE
can be used to plan the operation of the GSHP more optimally.
This is especially important when there are multiple sources of
heating/cooling.

We estimated four ground parameters simultaneously by
minimizing the error between the simulated and measured
loads, using a hybrid optimization algorithm. The algorithmuses
particle swarm optimization followed by the Hooke-Jeeves pat-
tern search to refine the result. The parameter optimization
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method was applied to a real GSHP, which supplies heating
and cooling to a hospital building. The deviation between the
measured and simulated heat loads of the BHE was reduced
from 22% to 14% when the fitted model parameters were used
instead of ground properties from TRT.

We also studied the effect of choice of calibration data set on
parameter estimation. Using 3.5 years of monitored data from
a large GSHP, we observed that parameters obtained from cal-
ibration using a time step of 1-day or lower are suitable for
simulations of time steps from 30-day to 1-hour, but the param-
eters obtained from calibration using 30-day time step are not
suitable for simulations of higher time resolution. We conclude
that different parameters are important at different time scales;
therefore, in order to determine the parameters, the time step
of the calibration data must be small enough to differentiate
between the effects of the parameters. The properties of the
ground changes with seasons and the way the boreholes are
operated during heating and cooling seasons are usually quite
different. Therefore, we suggest the use of two different sets
of model parameters, one for injection loads and the other for
extraction loads. This study also highlights the importance of
evaluating borehole resistance for different operating condi-
tions. The practice of measuring borehole resistance for a single
injection case and adding a fixed difference for extraction is not
enough to account for different operating conditions of the BHE.
We studied 10 years of monitored data of another GSHP and
concluded that the deviation between the model predictions
and the measured data can be further reduced by recalculat-
ing the model parameters model every year instead of calibrat-
ing the model just once. Recalculating the model parameters
can improve the accuracy of the model to estimate long-term
performance of the BHE.
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Nomenclature

rb Borehole radius (m)
H Active borehole length (m)
D Ground water level (m)
k Thermal conductivity of the ground (W/(m.K))
ρ Density (kg/m3)
Cp Specific heat capacity (J/K.kg)
Rb Borehole resistance (m.K/W)
Tug Undisturbed ground temperature (K)
Tb Borehole wall temperature (K)
T fin Borehole inlet temperature (K)

Sp Partial sum (Defined in Equation 2.2)
Sq Partial sum (Defined in Equation 2.6)
F History function (Defined in equations 2.3, 2.4)
z Integration variable
t̄ Non-dimensional time (kt/ρCprb2)
�t̄ Non-dimensional time step
q Heat load per metre (W/m)
u Defined in equation 2.5
L−1 Laplace inverse
gij Non-dimensional temperature response of borehole i on

borehole j
ṁ Mass flow rate (kg/s)
θ ′′ Non-dimensional fluid outlet temperature (Defined in

equation 2.8)

Abbreviations

GSHP Ground Source Heat Pump
BHE Borehole Heat Exchanger
FLS Finite Line Source
TRT Thermal Response Test
RMS Root Mean Square
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