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Abstract

Geothermal heat pumps are becoming more and maqualgioas the price of fossil fuels is
increasing and a strong reduction of anthropogefi@ emissions is needed. The energy
performances of these plants are closely relatéidetdhermal and hydrogeological properties of the
soil, but a proper design and installation alsypla crucial role. A set of flow and heat transport
simulations has been run to evaluate the impadifferent parameters on the operation of a GHSP.
It is demonstrated that the BHE length is the nofftential factor, that the heat carrier fluid @ls
plays a fundamental role, and that further improsets can be obtained by using pipe spacers and
highly conductive grouts. On the other hand, if pisical properties of the soil are not surveyed
properly, they represent a strong factor of unagigiavhen modelling the operation of these plants.
The thermal conductivity of the soil has a prewglimportance and should be determined with in-
situ tests (TRT), rather than assigning values fliterature. When groundwater flow is present, the
advection should also be considered, due to it#ipesffect on the performances of BHES; by
contrast, as little is currently known about theraliapersion, relying on this transport mechanism

can lead to an excessively optimistic design.

Keywords:

Low-enthalpy geothermal energy, Borehole Heat Emgkes Ground Source Heat Pump, Heat

transport, Groundwater
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1. Introduction

Ground Source Heat Pumps (GSHP) are space heatingpaling plants which exploit the soil as a
thermal source or sink, through the circulatioradfeat carrier fluid in a closed pipe loop. Diffare
pipe arrangements are available, among which thet ooonmon is the Borehole Heat Exchanger, a
vertical pipe loop reaching depths of 50 to 200Fg.(L). Below a depth of a few meters from the
ground surface, the seasonal variation of theeamperature disappears due to the large thermal
inertia of the soil. Therefore, if compared to tig the soil is a warmer source for heating during
winter and a cooler sink for cooling during sumnaerd higher system efficiencies can therefore be
achieved compared to Air Source Heat Pumps.

GSHPs are rapidly spreading in Europe, China an#l,la8d have a great potential for energy, cost
and CQ emission saving [1]. About 100,000 low-enthalpytiermal plants are installed every
year in Europe, mainly for new dwellings in Swed&grmany and France [2, 3]. According to
Saner et al. [4], the use of GSHP in place of meghimrnaces allows the G@missions to be
reduced by up to 84%, depending on the sources fasdtle production of electricity. From the
economic point of view, the geothermal heat pumged|to a considerable reduction of the
maintenance costs and, although their installaiomore expensive than the other heating and
cooling plants, the payback periods proved to bearable, i.e. less than 10 years [5-7].

Since the thermal exploitation of the soil indu@egradual temperature drift, an accurate heat
transport modelling of soil and aquifer systemsgsential for a correct design of GSHPs. Indeed,
the efficiency of the heat pump is strongly inflaed by the temperature of the heat carrier fluid,
which in turns depends on the temperature of thesgnding soil. To estimate the thermal impact
of BHEs and the working temperatures of the heatierafluid, different methods have been
developed, which can be divided into analyticaiisanalytical and numerical.

The Kelvin infinite line source [8] and the infiaitylindrical source [9] are the simplest analytica

methods for estimating the thermal disturbance éeduby a BHE, since they rely on the
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assumption of a purely conductive and radial heatsport. Their main limitation is that of not
accounting for the vertical thermal gradient andkds [10] and for the heterogeneity of the heat
exchange over the length. Moreover, the advectivé dispersive heat transport occurring in
aquifer systems is also neglected. Neverthelessgthnalytical solutions are still widely used for
the interpretation of Thermal Response Tests [dihj;e they last for a short time (48+72 h) and
therefore the vertical heat transport can be négfled he subsurface flow and the seasonal changes
of groundwater levels can significantly alter tlesults of a TRT, as pointed out by Bogds al.
[12]. To overcome this problem, Wagner et al. [¥8cently developed a method for the
interpretation of TRTs in the presence of stroraugdwater flow.

The semi-analytical method proposed by Eskilsorj fakes into account the finite length of the
exchanger and different BHE field layouts, but #ulwection and the dispersion are neglected. This
method is applied by two of the most popular BHEigle software programmes, Earth Energy
Design [15] and GLHEPRO [16].

Analytical models which take into account the bemnaff effects of groundwater flow [17], of the
finite length of the BHE [18], and both them togsthi19] have been developed in the last few
years, and they could be used in the future fodtheensioning of BHE fields.

Recently, numerical modelling has often been agptee the design of BHE fields. The finite-
difference modelling software MODFLOW can be usedpted with the solute transport package
MT3D (or MT3DMS) and by applying the analogy betwdeeat and solute transport [20, 21], or
with the specific heat transport package SEAWAT].[Z2n the other hand, the finite element
software FEFLOW includes a special package for gimeulation of BHEs [23, 24] which is
particularly suitable for non conventional BHE éldayouts and for taking into account the thermal

advection and dispersion in aquifer systems.

The heat transport simulation of GSHPs permitsagsessment of their performances, which are

influenced by the properties of the exchanger dedthermo-hydrogeological parameters of the
4
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soil. According to Chiasson et al. [25], groundwdtew significantly enhances the performances
of BHEs, and the Peclet number is a good indicaiowhether advective transport needs to be
taken into account or neglected. Wang et al. [26fehdeveloped a method to estimate the velocity
of groundwater movement measuring the temperaturigs in a BHE. Lee [27] has investigated
the effect of vertical heterogeneities of the slsdrmal conductivity, concluding that the adoption
of depth-averaged thermal parameters is appropr@@teng and Choi [28] have found that an
increase of the fluid flow rate reduces the heatdfer rate per unit length. Delaleux et al. [28én
studied the increase of the thermal conductivitygoduts with the addition of graphite flakes,
concluding that a noticeable heat transfer impraa@nis achieved by BHEs. Jun et al. [30] have
evaluated the influence of running time, pipe spgcgrout conductivity, borehole depth, fluid flow
rate, inlet fluid temperature and soil type on lieat transfer length and on the thermal resistahce
borehole and soil. Michoupoulos and Kiriakis [3Hvke found a non-linear relation between the
BHE length and the heat pump consumption, whichlmised for optimization processes in the
dimensioning of large plants. The aforementionediss deal with single or few parameters, but a
thorough comparative analysis of all these factogether is still missing, and constitutes the
objective of this work. The functioning of a singBHE was simulated for 30 years, using a
benchmark cyclic thermal load and changing the atpmyal parameters of the scenario. The
resulting fluid temperatures at the end of the BiEte processed and used to estimate the COP of
the heat pump and its annual energy consumptioerudifferent conditions. On the basis of the
results it is possible to draw some practical cosicns on the margins of improvement of BHES

and on the proper choice of soil parameters fostimailations.

2. The modelling framework

The sensitivity analysis has been carried out @endésign parameters of the BHE (geometrical

setting, properties of the materials, flow rate)edand on the physical properties of the soil drel t
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aquifer (thermal conductivity, groundwater flow oeity etc.), with the aim of evaluating their
relative impact on the performances of a GSHP €velution of the heat carrier fluid temperatures,
energy consumption of the heat pump) in a realgtenario and in long-term perspective.

The case study involves the simulations of theihgatystem of a house in the North of Italy, with
a heated surface of 150°mnd a good thermal insulation. A geothermal heatgp connected to a
BHE with a single U-pipe configuration is used ofdy heating. A cyclic thermal load (see Fig.2)
has been set , with a total heat abstraction oflf¢h per year (80 kWh ify™), which is equivalent

to the energy produced by 1200 of methane or 1250 | of gasoil using an efficieahdensation
boiler. The simulations last for 30 years, whictkaisufficiently long time span to assess the long-

term sustainability of the thermal exploitationtioé soil.

The simulation of the heat exchange of the BHE \iith soil and the aquifer system has been
performed with FEFLOW 6.0, a 3D finite element flamd solute/heat transport model [32, 33]

that includes specific tools for the simulationBdrehole Heat Exchangers [23, 24]. The software
solves the coupled equations of flow and heat parsn the soil, and the BHE is modelled as an
internal boundary condition of th& 4ind (thermal well).

The heat transport occurs by conduction (driventhiyrmal gradients), advection (due to the
groundwater flow) and dispersion (due to deviatimesn the average advective velocity), which

are described by the heat conservation equatitreiporous medium:

0 o] d con i oT =
oL (8, +(1- f)PsCs)T]+a—)§(PwaqiT)+a—)J(/]u d MUM)K} ="

I

1

where ¢ is the porosity,o, and p,, are the density of the solid and liquid phasgand c,, are the

specific heat of the solid and liquid pha3ejs the temperature (which has been assumed egual f



128 both the phases) is the i-th axis (i.ex =X,X, =y,% =2z) and ¢ is the i-th component of the
129 Darcy velocity (i.e. relative to the i-th axis),dail is the heat source or sink (the BHE in this case),
130 The first term of Eq.1 describes the soil temperuariation with time, involving the porosity

131  and the heat capacity of the solid maffjsc)_ and of water( oc), .

132 The second term describes the advection, whichrdispen the Darcy velocity .

133 The conduction and dispersion are respectivelyrdest by the tensors of the thermal conductivity

134 A and A’ (third term of Eq.1):

135 ot | (1mE)A+eA, fori=|
! fori# j
136 2
disp — a4q;
137 /]ij = PuCy aTquj +(aL _aT)T
138 3

139 where A, and A, are the thermal conductivities of the solid masmind of groundwaterg, anda;

140 are the longitudinal and the transverse dispeysiuitith respect to the direction of groundwater
141 flow) and q is the modulus of the Darcy velocity.

142

143 The temperature of the soil at the borehole wallcudated by the 3D finite-element modelling
144 code, is used to solve the balance of the therlaaég$ inside the BHE according to the Thermal
145 Resistance and Capacity Model (TRCM) of Bauer et[24]. The BHE is decomposed into
146 different elements (inlet and outlet pipe, grouhe®, borehole wall), which are represented by the
147 nodes of the circuit, connected by thermal reseanwhich depend on the geometrical settings and
148 the physical properties of the materials. Thernma&rgy conservation equations are solved, which
149 describe the balance of thermal fluxes betweertdneponents of the BHE, and the temperature of

150 each component is calculated [23]. Since no alrli@bges occur in the thermal load, the analytical
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method based on Eskilson and Claesson’s solutibf &hich considers a stationary equilibrium
between the soil and the BHE, has been used isitndations in order to reduce the computational

time if compared to the Al Khoury et al.’s [36, 3fdnsient model.

A very large square mesh domain, with a side oD19C0and a thickness of 150m, has been used to
avoid boundary effects on the computed BHE fluichgeratures. The 31 flat slices are equally
spaced (5m of distance) and the total number oesasl 15531. The mesh density has been set
using the “BHE node rule” [38], positioning the msdaround the BHE on the vertexes of a regular
hexagon, with a radius of 0.46 m (6.13 times theebole radius), since Diersch et al. [24] proved
that this mesh density achieves a higher precisiaine results, even when compared with finer

meshes.

The thermal balance of the soil around the BHE besn reproduced choosing appropriate
boundary conditions. The temperature of the so#limost constant through the year and, at an
infinite distance from the BHE, it is not affectbg the thermal exchange. Constant temperature
values (¥ kind heat transport b.c.) have therefore been segat the lateral boundaries of the
domain, at least 500 m far away from the BHE. Thathlux coming from the deep layers of the
Earth (geothermal flux), which has a mean valu®.665 Wn¥ on the continental crust [39],
induces a temperature vertical gradient with tylpi@dues around 0.03 °C/m. According to these
considerations, a temperature of 12°C has beeat $le¢ border or the first slice (which is a typica
value of the annual mean air temperature in NomtH&ly), incrementing the temperatures of
0.15°C every 5m of depth (0.03 °C/m). The initiahditions have been set consistently with the

boundary conditions, with a homogeneous distributibthe soil temperature at each slice.

An unconfined aquifer, with a water table deptt20m in the centre of the mesh (where the BHE is

positioned), has been modelled assigning constgdtablic head (% kind) flow boundary
8



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

conditions along the mesh borders. A homogeneou$ iantropic hydraulic conductivity
(K =10 ny/s) has been assigned, and different hydraulic gnéslieanging between 1%o and 20%o,

have been imposed to change the groundwater fldocitye Also different values of the saturated
thickness of the phreatic aquifer have been adopéeding from 10m to 50m in the middle of the

mesh, where the BHE is located.

A large set of simulations has been run in ordeadoertain the influence of design parameters
(length, pipe spacing, pipe diameter, heat cafftiigdt and its flow rate, grout thermal conductivity
soil thermal (thermal conductivity of the solid mat thermal dispersivity) and hydrogeological
properties (groundwater flow velocity, aquifer sated thickness) on the performances of a BHE
over a long operation period (30 years).

The adopted values of the BHE length range betW@eaind 100 m, using a default value of 75 m.
The borehole diameter is 0.15 m for all the simafet, and the HDPE pipes have an external
diameter of 32mm and a wall thickness of 2.9 mmne pipe spacing depends on the kind of spacers
and from the pipe curvature given by the coil shaygach they keep even when they are unrolled:
it varies therefore with depth and could not bevnrecisely. Different values have therefore
been adopted, ranging from 35 to 117 mm betweepitieecentres.

A set of simulation has been run to assess themeahces of the most commonly adopted heat
carrier fluids, and also different flow rates h#een assigned (0.1+0.74svith propylene glycol at
25% weight concentration). The default fluid isatan chloride at 20% weight, which proved to be
the most performing one.

The thermal conductivity of the BHE filling can yain a wide range, and values between 1 and 5
Wm?K™? have therefore been adopted, while its thermalacigp does not experience great

variations, and hence a unique value (2 MB) has been used for all the simulations.
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Some of the thermal and hydrogeological parametetise soil have been kept constant for all the

simulations, like the thermal properties of watdy, €0.6Wm™K™ and (oc) =4.2MIm*), the
thermal capacity of the soil solid phas(e;o¢)w =2.52MJm™) and both the total and the effective

porosity (respectivelys =0.3 and n, =0.2), while the others have been changed to assess the

influence on the performances of the geothermatesys. As the heat transport occurs by
conduction, advection and dispersion, large rargjethe solid phase thermal conductivity (1+3
wWm?K™), the Darcy velocity of groundwater (0+17.32 Wydlow and the longitudinal/transverse

thermal dispersivity (0+5 m) have therefore beearesgtigated.

The time series of the borehole fluid temperatyfég.3A) have been processed, calculating a
cumulative temperature distribution (Fig.3B) durihg heating seasons over the whole simulation
period (30 years), which serves as a syntheticatdr to compare the different cases and to draw
conclusions on the energetic performance of théesysObserving the fluid temperature duration
curves in Fig.4 and Fig.5, one can understand loony Will the heat pump work in a certain source
temperature range. For example, Fig.4A shows tfmt,a 75m long BHE, the mean fluid
temperature is below 0°C for the 19.51% of the inggperiod (say, 41.37 days a year), while this

percentage rises up to 50.86% for a 50m long bdegi®7.83 days a year).

The Coefficient of Performance (COP), which is thgo between the heating power delivered to
the building and the electrical power absorbedhgytteat pump, depends on the temperatures of the
heat source (the BHE fluid) and of the heat sirie (heating terminals of the building). The
relationship of COP from fluid temperatures hashbagproximated with a linear formula:

COP=a+blT,

10
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whereT, is the average fluid temperature between the amelt outlet pipes of the BHE, whike

and b depend on the heating terminal. For this studyhawe seta=4 andb=0.1K™, which are
typical values for radiant panels at 35°C.

The estimated COP values at each time s@€PH) have been used to calculate the energy

consumption of the heat pump:

ipc=$ B o

i=1 i
5

where BHL, is the value of the BHE heat load at the i-th tistep andAtis the length of the

constant time step (1 day). The electricity consuiing the heat pump gradually increases, as the
soil and the BHE fluid is gradually cooling: theea&ge value of yearly electricity consumption in
the operation period (30 years) has been therefeed to evaluate the energy performance of the

different BHE settings (Fig.6).

3. Results and discussion

The results of the long-term BHE simulations hawerb processed and compared in order to
understand which is the relative importance of gaatameter on the performances of the system
and which is the margin of error due to the unaetyain its determination, in particular for soll
properties. Statistics about the calculated fluainperatures (average, RMSE), the Seasonal
Performance Factor (SPF) and the heat pump congamiptr each simulation are summarized in

the tables reported in the supporting information.

The length of the Borehole Heat Exchanger(s) péaygsucial role in the design process, because it
accounts for about half of the total installatiarstin single-house plants (see Blum et al. [40]).

Varying the BHE length between 50 and 100m, we es@ strong variation of the cumulate

11
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distributions of the average fluid temperaturegg@A) and of the value of the minimum fluid
temperature, which is a critical parameter in tiperation of a GSHP. The effect of the length
increase is non-linear and diminishes for largelEBitzes: for example, incrementing the length by
between 50 and 75 m results in an increment of°Z.86 the mean temperature, and of 1.58°C
when the increment is from 75 m to 100 m; the mumminlet temperatures are incremented
respectively by 4.15°C and 1.92°C in the same mmngee differences in the distributions of fluid
temperatures also have a noticeable impact onrtbegg expense of the heat pump, as shown in
Fig.6A. As for the cumulate distributions of theifl temperatures, the effect of additional BHE
length is reduced as the borehole depth increa$e88% between 50 m and 75 m, -2.77% between

75 m and 100 m).

The improvement of the energy performance with é&rexchangers is compensated by a rise in the
installation costs, which are the main drawback@fthermal heat pumps. In the dimensioning of
BHE fields, usually a minimum and/or maximum flugmperature constraint is imposed, and the
minimum required borehole size is calculated [16]. This approach minimizes the installation
costs, but the maintenance costs are not takermautount, and the extra-cost due to a low COP can
overcome the initial saving incurred with a smalieitled depth. Starting from the results of the
sensitivity analysis on the length of the BHE, vad considered the typical electricity and BHE
installation costs of Italy (see Tab. 2) and calted the total costs of installation and mainteranc
of the GSHP over a lifetime of 30 years. Sinceuhg cost of electricity is likely to increase over
the next few decades, the analysis took into adcalifferent increase rates, in the range
between0% and 5%. In Fig.7, the ration betweerifgtene cost for each BHE length and the most
expensive solution for each scenario of energy itwsease is shown, to identify the optimal size
for each case. We observe that higher incrementiseofinit cost of electricity enlarge the optimal
range of the BHE length, and shift it towards larg&lues; although it is not shown in the graph, a

decrease of the drilling cost also achieves theesafffiect. GSHPs need larger investments
12
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compared to the other heating and cooling plamid,laan rates have been also considered when
evaluating the optimal length. Nevertheless, tliei@mce of the interest rate on the total coshef t
plant over its lifetime proved to be negligible ngoared to the cost of electricity and its incregsin
trend.

A default length of 75 m was used in the other &ithons, since it proved to be a reasonable choice
for most of the scenarios depicted in Fig.7. Thesaderations on BHE length that we have made
here concern only the lifetime cost of the plantheaut taking into account the effects of very low
fluid temperatures. For example, if a GSHP operategemperatures below 0°C for a sufficiently
long time, ground freezing can occur, and the bmeelyrouting can be fractured by freezing-
thawing cycles. In addition, the viscosity of theah carrier fluid increases as the temperature
decreases, therefore the energy consumption ofcitoellation pump also increases. A low
temperature threshold should therefore be estaulisWhich excludes some of the BHE lengths
considered in this analysis: for example, settinghinimum inlet temperature of -3°C excludes

lengths below 70 m.

Although the borehole depth exerts the greatedtiente on the economic balance of a BHE
installation, there are also other factors whickehto be taken into account. In the U-pipe BHES
(both single and double), which are the most détlkind of installation, the pipes should be put as
far as possible, to reduce both the thermal resistaf the exchanger and the heat exchange
between the inlet and the outlet pipes (thermaltsticcuit), which impair the performances of
these systems. The thermal conductivity of the laeefilling plays an important role: a higher
value reduces the borehole resistivity, but als dhout-to-grout resistance, which prevents the
thermal short-circuit. Both these factors have biaen into account in the simulations, according
to the borehole resistance model of Bauer et dl. [Bhe distance between the pipe centres has
been varied between 35 mm (i.e. 3 mm between {e\palls) and 117 mm (i.e. 0.5 mm between

the pipe wall and the borehole wall), and the tf®roonductivity of the grout has been varied
13



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

between 1 WK™ (i.e. a poor grout) and 5 WK™ (i.e. special grouts with highly conductive
graphite flakes [29]). Usually, the grouts employedBHESs have a thermal conductivity of 2+2.5
Wm?K™, but this value can dramatically decrease duentineorrect mixing, an excessive water
content or an insufficient concentration of thernaalditives [41]. Observing the cumulate
distributions of the fluid temperatures (Fig.4B-@)g understand that the influence of the thermal
conductivity of the grout is very large when theespacing is reduced; on the other hand, a grout
with a high thermal conductivity can compensatertbgative effects of an insufficient pipe spacing

on both the minimum fluid temperatures and the gyeonsumption of the system (Fig.6B). For

example, if a common geothermal grout is usdgj:(ZWm‘lK‘l), the consumption of the heat

pump diminishes of the 1.99% as the pipe distasiggcreased from 35mm to 117 mm; on the other

hand, if a highly conductive groug{ = 5Wm K ™) is used, this difference is reduced to the 0.64%,

meaning that special grouts noticeably reduce ffieeteof an insufficient pipe spacing.

The fluid circulated into the closed pipe loop sually a mixture of water and antifreeze. The flow
rate and the physical properties of this fluid ¢eisity, thermal capacity, thermal conductivity)
influence the borehole thermal resistance [42]. agn drawbacks of increasing the concentration
of the antifreeze additive are a noticeable inaeafsviscosity, a slight decrease of the thermal
conductivity and an additional cost (say 2+4 €Apending on the kind of ethanol or glycol); in
addition, the antifreeze is a potential source @ftamination in case of a pipe leak, and the anti-
corrosion additives can inhibit the bacterial delgtaon [43]. All these adverse side effects should
be minimized when choosing the anti-freeze additi®@mulations have been carried out
considering the most common anti-freeze mixturespylene glycol (PG) at 25% and 33% volume
concentration, ethanol (ETH) at 24% vol., calciunboade (CaCj) at 20% weight concentration.
Their physical properties are reported in Tab. hene also the boundaries of the laminar and of the

turbulent regime are shown, since the thermal tagst® is much smaller in turbulent one [42]. The

14



326 default flow rate is 0.5 1§ which is a typical value for GSHPs. The resuligy@D and Fig.6C)
327 show that calcium chloride solutions permit to aeli an appraisable gain in the energy
328 performance (compared to PG25%, minimum temperatt2e94°C; heat pump consumption: -
329 4.01%), due to their smaller viscosity and theghr thermal conductivity; in addition, it is much
330 cheaper than the other antifreeze additives. Orotier hand, the use of saline solutions as a heat
331 carrier fluid requires the adoption of specificiadrrosion components.

332 The other antifreeze mixtures show negligible veotes of the fluid temperatures and of energetic
333 performances. As the thermal resistance diministtesn higher flow rates are circulated, seven
334 simulations (fluid: PG25%, flow rates: 0.1+0.7)shave been run to quantify its contribution for a
335 better efficiency of the GSHP. We observe thateergy consumption of the heat pump is reduced
336 of the 4.4% between 0.1 and 0.7;lsevertheless, circulating larger flow rates iraplalso a higher
337 energy expense for the circulation pump. We hageetbre quantified the distributed friction losses

338 along the 75m long using the explicit approximaidnhe Prandtl formula (Eq.6) for smooth pipes:

339 A, =

340 6
d, . : . - : o . :

341 where A, = Zg—;’D] is the non dimensional friction losd, is the pipe internal diameteg, is the
u

342 gravity acceleration) is the hydraulic gradient in the pipes.

343 The energy consumption of the circulation pumpeases rapidly with the fluid flow rat€) ):

J2Lp R, o _ 1604, [LLp; (g

344 CPC = =
,7 func ,7 DTZ |:|D4

3
Qf |:ﬂfunc

345 7

346 where p, is the density of the heat carrier fluid, is the BHE length [L] and, . is the operation

func

347 time per year. An energy yield=0.8 has been assumed for the calculatiol€B .
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Fig.8 shows the strong impact of the flow rate lmm tbtal energy consumption (circulation and heat
pump). In particular, a strong variation occurs whssvitching from laminar to transition regime
(between 0.2 and 0.3 I/s), with a reduction of 260fbr the total energy consumption, while the
minimum values lie in a range of flow rates (foisthase, 0.3+0.5 9. Noticeable differences are
observed in the minimum temperature, meaning tlgiteln flow rates can be adopted when larger
amounts of heat are extracted from the soil, ireotd avoid the freezing of the ground, or to

reduce its extent.

While the design parameters can be determined anttacceptable precision, the real issue of
GSHP modelling is the knowledge of the physicabpeaters of the soil. The heat transport around

the BHE is mainly conductive, especially if no sfgrant groundwater flow occurs, therefore the
most important soil physical parameter is the ttermonductivity of the porous mediuvlf‘”‘d (see
Eq.2).

The thermal conductivity of the solid matriX,) is the parameter which can vary in the widest

range, depending on the lithology, the grain diae,water saturation etc.. A wide range of values
has been explored in the simulations (1+3 W), and the graphs of the cumulate distribution of
the fluid temperatures (Fig.5E) and of the heat puenergy consumption (Fig.6D) show that
thermal conductivity has a very strong influencetlo@ performances of the system, compared to
the BHE length. Especially in smaller installatiptids parameter is not measured in situ, but low-
precision data from literature are adopted (e.g.Glerman norm VDI 4640 [44]). For example, the
thermal conductivity of a moraine ranges betweeand 2.5 WritK™, for which we observe a
difference of 5.66°C in the minimum temperatuned 42.5% in the power consumed by the heat
pump. An imprecise knowledge of this parameter Itegherefore in a strong uncertainty in the

simulation of the plant, which has to be overconge with a Thermal Response Test [45].
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The presence of a subsurface flow has been praved beneficial for the performances of closed-
loop geothermal heat pumps. Indeed, groundwater dictivates advection and thermal dispersion,
enhancing the heat transport around the BHE arehdprg the thermal disturbance further away.
Chiasson et al. [25] demonstrated that the adwedi@ms a considerable impact only in coarse-
grained soil (sands and gravels) and in fractucpdfers (e.g. karst limestone), while Wang et al.
[26] stressed the importance of the saturated ieis®, which can vary through the year, influencing
also the results of Thermal Response Tests [12ftfof simulations with different flow velocities
and saturated thicknesses has been run therefqueattify the positive effect of groundwater flow
in a typical sand aquifed{ =10"m/s).

As shown in Fig.5B-C and Fig.6E, the influence lué Darcy velocity on the performances of the
system is much stronger than the variation indunedifferent saturated thicknesses. This means
that the contribution of the advection can be takea account, but precise values are needed to
avoid undersized design; on the other hand, variatin the saturated thickness - e.g. due to
seasonal level variations in surface water bodie® not exert a strong influence on the operation

of GSHPs, if the gradient does not experience Bogmit variations.

When modelling heat transport in an aquifer, oneukh consider also the dispersion, which is a
strong mechanism of heat transport. The thermagledssvity has been considered as a scale-
dependent parameter, as reported in literature @éfhi and Di Molfetta [21] adopteg, =10m

and a; =1m for the heat transport simulation around a mumicgolid waste landfill. Erol [47]
assumeda, =2m and a; =0.2m for the simulation of a 100 m long BHE. Molina-&ldo et al.
[48] analyzed the extension of the thermal plumemkiream of a BHE, for different values of
groundwater flow Darcy velocity =10°+10°nys) and for different values of thermal
dispersivity (@, =0+ 2m), discovering that thermal dispersion reducesedkient of a reference

isotherm (e.g. +1°C) of the deviation from the whalibed soil temperature.
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Wagner et al. [49] also analyzed the effectopffor Thermal Response Tests in presence of
groundwater flow, concluding that thermal dispems@an lead to a strong overestimation of the
thermal conductivity of the soil. This is confirmbg the cumulate distribution of the average fluid

temperatures for a Darcy velocity of 4.32 m/day($D), which prove that the thermal dispersion

is a great factor of uncertainty when modelling Bfitds in presence of subsurface flow. A rule of

thumb that is usually employed in the solute tramnisfb0] is:

a, =0.1L,
8

where L is the spatial scale of the dispersion phenomefidre concept of “scale” is not

univocally defined for GSHPs: using the BHE diaméiee. a, = 0.1m or less) or its length (i.e.
a, =10m) would imply a difference of some 8+10°C for theénimum fluid temperature and more

than 15% for the electricity consumption of thethmamp (see Fig.6F). It is therefore advised not
to rely on thermal dispersion when designing BHHdS, until field tests will be carried to estimate
the thermal dispersivity in real-scale setups: eisflg if a thick and conductive aquifer is present

the overestimation of the thermal dispersivity wbidad to an under-dimensioning of the GSHP

with a detrimental effect on its long-term sustaitity.

4. Conclusions

In this work, the most important parameters whitfiuence the performances of Ground Source
Heat Pumps have been thoroughly analyzed, runmang-ferm simulations and estimating the
energy consumption of the heat pump for each gettifost of these factors have been already
analyzed in other works, but none of them consii@ethe parameters together, using the same
modelling framework and considering the effect ba tifetime of a GSHP. The analysis of the
BHE design parameters (length, pipe spacing, flgrdut) permits to understand which are the

margins of improvement, while the physical paramsetef the soil (thermal conductivity and
18
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dispersivity, groundwater flow) have been analyzedorder to understand their effect on the
uncertainty in the project phase.

The results of the simulations prove that the lerajtthe BHE is the most important parameter in
the design of a GSHP. Indeed, increasing the béretepth results in a reduction of the thermal
disturbance in the subsoil and therefore to achegehegher efficiency of the heat pump, but also a
larger investment is needed for the installation.

An optimum length should be found, which minimiziee total cost over the plant lifetime,
considering also the trend of increase of the cwst of electricity. While the drilled depth has an
appraisable impact on the initial investment, themes also other important factors to be considered
for the optimization of BHES, like the pipe arrangmnt, the grout and the heat carrier fluid. A large
pipe spacing and a highly conductive grout, redy¢ire heat losses in the heat exchange with the
soil, achieves an appraisable reduction of the ggneosts for the heat pump with a negligible
expense, compared to the borehole drilling. Forcihmulation pump, a trade-off can be found for
the choice of the correct flow rate for the heatieafluid, allowing the minimization of both the
energy losses due to the thermal resistance anfti¢tien losses due to the circulation of the dui
The antifreeze and its concentration heavily infeee the energy performance of GSHPs, in
particular the borehole resistance and the poweswoed by the auxiliary plants. The saline
solutions, with a smaller viscosity compared toaetii and glycols, permit to reduce all these
energy losses, although special components areeddedivoid corrosion problems. Optimizing the
design and the installation of BHEs is useless autha thorough characterization of the subsoil,
which has a large influence on the performancethe$e systems. When no groundwater flow
occurs, the thermal conductivity is the most imaottparameter for the dimensioning of BHEs.
The technical literature provides wide ranges efttiermal conductivity for each lithology, which
can vary due to porosity, saturation and otherofactin-situ Thermal Response Tests are therefore
strongly advised for large plants to avoid undeower dimensioning. The advection enhances the

performances of GSHP, and the groundwater flow Ishbe taken into account using conservative
19
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values of hydraulic conductivity and gradient, @sléhey are known by field tests. On the other
hand, it is risky to consider also the beneficiie@ of heat dispersion, because the thermal
dispersivity is still scarcely known in real-sc@&lEs. In situ tests to estimate these parameters

would be highly desirable to simulate the behavimfBHE fields with a better precision.
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Nomenclature

BHL

BHL,

HPC

HPC

oh
0x

g

Total annual BHE Heat Load (KWH)Y

BHE Heat Load at the i-th time step (kW)

Groundwater specific heat (Jkig™)

Aquifer solid matrix specific heat (J ké™)

Coefficient of Performance of the heat pump hisionless)
Circulating Pump Consumption (kWH)y

Internal pipe diameter (m)

External pipe diameter (m)

Gravity acceleration (m3%

Heat source/sink (W/H
Total annual Heat pump energy consumption (K y

Power consumed by the heat pump at the i-th steye (KW)

Hydraulic gradient in the aquifer (dimension)ess

Hydraulic gradient in the BHE pipes (dimensios)es
Hydraulic conductivity of the aquifer (s
Length of the BHE (m)

Scale dimension (m)
Effective porosity or specific yield of the acrif(dimensionless)
Flow rate of the heat carrier fluids)

Darcy velocity of groundwater flow (ns

i-th component of the Darcy velocity (f)s
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590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

Re Reynolds number (dimensionless)

RMSE Root Mean Square Error
T Temperature of the soil, both solid and fluichgd (°C)
T, Average fluid temperature (°C)

Functioning time of the circulation pump (d)y

T, Inlet fluid temperature (°C)

Tou Outlet fluid temperature (°C)

T, Soil temperature at the borehole interface (°C)

u Flow velocity in the BHE pipes (m's

w Distance between the centres of the pipes ikE Bn)

Greek letters

a, Longitudinal thermal dispersivity (m)

a; Transverse thermal dispersivity (m)

£ Porosity of the soil (dimensionless)

n Energy yield (dimensionless)

A Non-dimensional friction loss (dimensionless)

A Thermal conductivity of the heat carrier fluly m*K™)
A Thermal conductivity of the grout (WHK™)

A, Thermal conductivity of the BHE pipes (Wr{™)

A, Thermal conductivity of the solid matrix of theil (W mi*K™)
A, Groundwater thermal conductivity (W™

A, Thermal conductivity for conduction (WHhK™)
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612

613

614

615

616

617

618

A0

Thermal conductivity for dispersion (WJrK'l)
Density of the heat carrier fluid (KgH
Density of the solid matrix of the soil (Kgn
Density of groundwater (Kg ™

Thermal capacity of the heat carrier fluid (3 iK%
Thermal capacity of the grout (J°™)

Thermal capacity of the solid matrix of the gdim*K™)

Thermal capacity of the solid matrix of the €dimi*K™)
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619 Tables

620

621

622 (T

freezing

623

624

625

626

627

628

629
630
631
632
633

634

_ . A Cs Py Hi . .
Fluid Tfreezing[ C] Qam [IS ] Qturb [IS ]
Wm™KY|[Ikg?K?]| [kgm™?] | [mPas]
Prop.Glycol 25% -10 0.45 3974 1026 551 0.252 1.09Y
Ethanol 24.4% -15 0.426 4288 972 5.85 0.283 1.229
Prop.Glycol 33% -15 0.416 3899 1015 8.17 0.378 1.644
CaCl 20% -20 0.54 3030 1186 4 0.158§ 0.689

Parameter Values

6 kW heat pump + installation 6000€
BHE drilling + installation 70 €/m
Unit cost of electricity 0.22 €/kWh

Increment of the unit cost of electricit

0%, 1%9,35%

Figure captions

performances.
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Tab. 2 — Installation and energy costs used for theptimization procedure of the BHE length.

flow rate for the laminar regime (Q,,,,) and lower boundary flow rate for the turbulent regime (Q,,,,)-

Tab. 1 — Physical properties of the anti-freeze sations used in the simulations: solidification temprature

), thermal conductivity (/]f ), specific heat C; ), density (0 ), dynamic viscosity (4, ), upper boundary

Fig. 1 — Scheme of a Ground Source Heat Pump (GSHRhe Borehole Heat Exchanger (BHE) exchanges heat
between the surrounding soil and the heat pump. Ahermal storage tank reduces the frequency of startp and
stop of the heat pump. Radiant panels and fan coilare the most diffused heating terminals for GSHPsIf

present, groundwater flow enhances the heat transpbaround the BHE, permitting to achieve better enegy
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Fig. 2 — Building Heat Load (BHL) adopted as a bertanark for the BHE in the simulations.

Fig. 3 — A: Time series of the average fluid tempatures, detail of 5 years of simulation. B: Cumula

distribution of the average fluid temperatures in hie heating seasons.

Fig. 4 — Cumulate distributions of the average flud temperatures for different values of BHE length A), pipe

spacing (B), thermal conductivity of the grout (C)and heat carrier fluids (D).

Fig. 5 — Cumulate distributions of the average flud temperatures for different values of the thermalconductivity
of the solid matrix of the soil (A), groundwater fow Darcy velocity with no thermal dispersion (B), @rcy

velocity and saturated thickness (C), thermal dispsivity (D).

Fig. 6 — Estimated annual heat pump energy consumpn for different values of BHE length (A), pipe s@cing
and grout conductivity (B), heat carrier fluids (C), solid-phase soil thermal conductivity (D), groundater flow

Darcy velocity and saturated thickness (E) and themal dispersivity (F).

Fig. 7 — Relative variation of the total cost of aGSHP over a lifetime of 30 years, for different BHElengths

(50+100m) and different increment rates of the unitost of electricity (0+5%).

Fig. 8 — Cumulate distributions of the average flu temperatures (A) and electric power consumption fathe heat

pump and circulation pump (B) for different fluid f low rates.
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Supporting information

Supporting information

Tab. 1 — Summary of the results of the simulations: mean and RMSE of the average fluid temperature (T;), minimum values of the inlet temperature (T;,), Seasonal

Performance Factor (SPF) and annual Heat Pump Consumption (HPC).

Parameter value Parameter value | o0 (T;)| RMSE(T;) mil}, (Tin) SPF [-] | HPC [kWh/y]
[°Cl K el
BHE length [m] 50 1.83 5.69 -6.39 4.22 2845.8
55 2.52 5.36 -5.34 4.29 2799.5
60 3.07 5.01 -4.40 4.34 2765.6
65 3.46 4.79 -3.94 4.37 2743.0
70 4.14 4.54 -2.99 4.44 2704.0
75 4.63 4.25 -2.24 4.48 2678.4
80 4.99 4.06 -1.71 4.51 2661.4
85 5.26 3.92 -1.49 4.53 2648.5
90 5.62 3.76 -1.02 4.56 2631.3
95 6.03 3.57 -0.47 4.60 2611.1
100 6.21 3.46 -0.33 4.61 2604.2
pipe spacing [mm] 35 grout thermal conductivity [Wm K] 1 0.34 7.16 -10.02 4.06 2956.2
35 2 3.88 4.85 -3.74 4.42 2715.9
35 3 4.18 4.59 -3.22 4.44 2701.2
35 5 4.65 4.27 -2.27 4.48 2678.4
55 1 0.62 6.92 -943 4.09 2931.5




Parameter value Parameter value |T€a0 (Tf )| RMSE (Tf ) mirl (Tin) SPF [-] | HPC [kWh/y]
[°C] [°C] cl

55 2 4.05 4.74 -3.46 4.43 2706.4
55 3 4.29 4.49 -3.04 4.45 2695.5
55 5 4.64 4.25 -2.20 4.48 2678.0
80 1 1.32 6.39 -7.95 4.17 2877.8
80 2 4.20 4.55 -3.10 4.45 2699.6
80 3 4.60 4.27 -2.31 4.48 2680.9
80 5 4.68 4.17 -2.06 4.48 2677.7
100 1 4.23 4.77 -3.41 4.45 2695.1
100 2 4.74 4.33 -2.33 4.49 2670.7
100 3 4.67 4.18 -2.09 4.48 2677.6
100 5 4.74 4.05 -1.97 4.48 2676.9
117 1 3.09 4.95 -4.29 4.34 2766.9
117 2 5.03 3.90 -1.36 4.51 2661.9
117 3 5.07 3.86 -1.31 4.51 2660.7
117 5 5.07 3.84 -1.32 4.51 2661.3
heat carrier fluid PG 33% 1.95 5.96 -6.74 4.23 2834.8
ET 24% 1.98 5.79 -6.49 4.23 2835.0
PG 25% 2.49 5.50 -5.62 4.29 2799.7
CaCl, 20% 4.43 4.43 -2.68 4.47 2687.4
solid matrix thermal conductivity [(Wm'K™" 1 -0.63 6.08 -9.36 3.91 3072.7
1.5 1.32 5.47 -6.86 4.14 2895.8
2 2.73 4.99 -4.72 4.30 2790.5




Parameter value Parameter value |T€a0 (Tf )| RMSE (Tf ) mirl (Tin) SPF [-] | HPC [kWh/y]
[°Cl °C] -l
2.5 3.60 4.64 -3.70 4.38 2737.5
3 4.63 4.25 -2.24 448 2678.4
saturated thickness [m] 55 groundwater flow Darcy velocity [m/d] 0.864 5.28 4.37 -1.83 4.54 2640.8
1.728 5.99 4.37 -1.39 4.61 2601.0
1.32 6.85 4.17 -0.33 4.70 2552.5
8.64 7.53 3.77 0.80 4.76 2520.7
17.28 8.21 3.29 2.14 4.82 2491.9
groundwater flow Darcy velocity [m/d] | 0.864 saturated thickness [m] 10 4.67 4.32 -2.27 4.48 2676.2
20 491 431 -2.06 4.51 2662.4
50 5.25 4.36 -1.83 4.54 2642.6
groundwater flow Darcy velocity [m/d] | 8.64 saturated thickness [m] 10 5.73 423 -1.20 4.59 2615.7
20 6.43 4.07 -0.54 4.66 2576.8
50 7.41 3.82 0.62 4.75 2526.6
groundwater flow Darcy velocity [m/d] | 0.864 longitudinal thermal dispersivity [m] 0.1 5.32 4.35 -1.82 4.55 2639.0
0.2 5.35 4.33 -1.81 4.55 2637.7
0.5 5.46 4.27 -1.74 4.56 2632.0
1 5.61 4.20 -1.35 4.57 2624.1
2 5.72 4.11 -1.26 4.58 2619.1
5 6.32 3.78 -0.44 4.63 2589.9
groundwater flow Darcy velocity [m/d] | 1.728 longitudinal thermal dispersivity [m] 0.1 6.04 4.34 -1.32 4.62 2598.7
0.2 6.10 4.30 -1.27 4.62 2596.1
0.5 6.23 4.20 -0.89 4.63 2589.8




Parameter value Parameter value |T€a0 (Tf )| RMSE (Tf ) mirl (Tin) SPF [-] | HPC [kWh/y]
[°C] [°C] cl

1 6.43 4.08 -0.80 4.65 2580.5

2 6.62 3.91 -0.37 4.67 25723

5 7.48 3.39 1.16 4.74 2534.0

groundwater flow Darcy velocity [m/d] | 4.32 longitudinal thermal dispersivity [m] 0.1 6.91 4.14 -0.29 471 2550.0
0.2 6.98 4.09 -0.26 4.71 2547.1

0.5 7.26 3.91 0.29 4.73 2535.4

1 7.60 3.68 0.93 4.76 2521.6

2 8.09 3.33 1.86 4.80 2501.3

5 8.94 2.78 3.44 4.86 2467.8




Tab. 2 — Summary of the results of the simulations with different values of heat carrier fluid flow rate (Q ¢ ): mean and RMSE of the average fluid temperature (Tf ),

minimum values of the inlet temperature (7, ), Seasonal Performance Factor (SPF), annual heat pump consumption (HPC), circulating pump energy consumption

(CPC) and total energy consumption (HPC+CPC).

0, ws mea? RMSE (7)) min(T,,) | cpr HPC CPC HPC+CPC
(T,)I°Cl [°C] [°C] [KWh/y] [kWh/y] [kWh/y]
0.1 -0.52 7.34 -16.57 4.09 2932.4 1.3 2933.8
0.2 0.19 7.02 -11.68 4.13 2906.6 8.2 2914.8
0.3 1.71 5.96 151 4.24 2830.6 24.0 2854.6
0.4 2.49 5.50 -5.62 4.29 2799.7 51.9 2851.6
0.5 2.76 5.24 -4.97 4.28 2800.9 94.5 2895.4
0.6 3.14 4.99 417 430 2790.8 1545 29453
0.7 3.14 4.94 -3.75 4.28 2803.1 234.4 3037.5
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