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ARTICLE INFO ABSTRACT

Keywords: Deep borehole heat exchangers (DBHE) are a highly potential clean heat source. Using 3-D numerical simula-

Deep borehole exchanger tions, a comprehensive analysis on the effect of design parameters and geological conditions for 1-3 km deep

Eeothermal heat DBHEs were undertaken. Key parameters included the inner and outer pipe diameter of the well, insulation
eat pump

between them, borehole depth, mass flow rate, and thermal conductivity and geothermal temperature gradient of
ground. The whole heating system performance with the DBHE, heat pump, and circulation-pump-unit of the
well was also analyzed. The results show that the performance of the well is strongly influenced by its design and
mass flow rate with increasing well depth. For a 1 km to 3 km DBHE, the thermal output ranges from 46 kW to
240 kW at steady state in Scandinavian conditions. A smaller inner pipe in the well could increase the output by
7-11 % compared to a larger pipe, but a higher mass flow rate could produce even 75 % more heat than a lower
one. However, the effect of the inner pipe and mass flow rate would be the opposite on the whole energy system
efficiency when considering the COP of a heat pump connected to well and the well pressure losses. The
geological conditions of the rock have a major effect, too.

Heat transfer
Mass transfer
Sector coupling
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A m?. cross section area Nca —. Carnot non-ideality factor
cp J kg 'K . specific heat capacity Mm —. mechanical efficiency of compressor
d m. diameter A W m~! K71, thermal conductivity
-3 .
dn m. hydraulic diameter P kg m~°. density
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Symbols
EU European Union
GSHP Ground-source heat pump
Nu Nusselt number
Pr Prandtl number
PtH Power-to-heat
Re Reynolds number

1. Introduction

The Paris Climate Agreement calls for major emission cuts to limit
the global warming to 1.5 °C, which will require net-zero emissions by
the middle of this century [1]. Many nations have responded to this
challenge by launching new policies and policy measures to reach car-
bon neutrality. For example, the European Union (EU) has started a
massive set of actions under its Green Deal programme aiming at carbon
neutrality by year 2050 [2].

Though the efforts needed to cut the emissions will cover the whole
energy sector, the heating and cooling sectors will play a central role in
this context as at least half of all final energy consumption comes from
the thermal energy use [3,4]. More specifically, considering the built
environment, the household heating and hot water consumption e.g. in
Finland accounts for close to 80 % of the total household energy use [5].
In cold climates notable shares of the heating is delivered through dis-
trict heating (DH) schemes enabling versatile means of heat production,
e.g., combined heat and power (CHP), renewable energy sources, waste
heat, and heat pumps, among others, which could help to reduce the
emissions. For example, in Denmark, DH stands for over 60 % of all
heating [6,7] and in Finland for more than 40 % [8]. In these countries
CHP schemes are widely employed with DH, e.g., in Finland two-thirds
of the district heating is produced through co-generation [5]. A major
challenge for large older CHP plants is that they may still rely on fossil
fuels, and shifting the fuel use to clean energy sources such as biomass is
not always possible because of the large demand of fuel imposing
challenges to supply logistics. For example, in Helsinki, the capital of
Finland, over 90 % of all heat is produced through DH and CHP, but with
fossil fuels. The city needs some 7 TWh of heat supply [9] which should
be turned into zero-emission solutions in less than a decade to meet the
climate goals of Finland [9].

Electrification of the heating sector offers a promising approach for
decarbonizing heating, when employing zero-emission electric produc-
tion. For example, in the Nordic countries the whole power sector is
envisioned to reach zero-emissions by 2030 [10]. Thus, employing
Power-to-Heat (PtH) conversion through heat pumps could be a possi-
bility to decarbonize heat supply. Heat pumps are commercially avail-
able also in larger scale, e.g., for cities, feeding heat into the district heat
network or for single buildings [11,12]. Heat pumps can use various
types of heat sources, e.g., waste, ambient heat, or ground heat [13]. For
urban use with restricted space, ground-source heat pumps (GSHPs)
could serve both space heating and cooling of buildings through
employing the ground as a source and sink of thermal energy [14].
Importantly, the thermal inertia of the ground enables a much smoother
operation of the heat pump, e.g., compared to air-source heat pumps
which show lower performance in the winter-time due to a lower co-
efficient of performance in cold conditions [15].

Considering large-scale heat pump schemes for urban regions and
buildings, the planning of the heat source for the heat pump needs
special consideration to avoid under- or oversizing of the system which
could lead to suboptimal and costly systems. For example, traditional
borehole exchangers with a depth up to 300-400 m [16,17], which are
often used for single houses, may not be adequate for large heating
schemes as many wells would be required. This could cause thermal
shielding leading to inefficient use of some parts of the ground heat
source. In a Finnish case, a single non-constrained well extracted 108
kWh m ! of heat in a year, but when employing multi-well schemes, the
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adjacent wells in an infinite field may produce just 30 kWhm™'a™ [18].
Though the real performance of ground coupled heat pump systems will
vary with the local geological conditions, operational strategies, etc.,
and the above values are hence indicative only, traditional borehole
exchanger design in densely built urban environment may not be
adequate and improved solutions would be necessary.

To overcome this inherent limitation of traditional ground-coupled
heat pump systems, deep borehole heat exchangers (DBHE) in ground,
also called deep-heat wells, have been suggested [19]. Such deep
boreholes could extend down to a few kilometers [19], which enables to
extract much more heat than with the traditional wells [16]. For
example, Kohl et al. [20] studied the operation of a 2302 m DBHE
connected to a heat pump for building heating and found that the
borehole could provide 0.39-0.49 MWh m ™! heat in a year. Wang et al.
[21] showed that a heat pump with a 2 km DBHE could achieve a very
high system COP of 4.5. Lund [22] simulated the performance of 2 km
DBHE and found that in Finnish conditions the thermal output of one
such DBHE would correspond to some thirty 300-m holes and would
thus better fit urban use with space limitations than the traditional
shallow borehole exchanger. The better performance per unit length of
the DBHE originates not only from less interference between the bore-
holes, but also from the natural geothermal heat gradient, i.e.,
increasing ground temperature vis-a-vis depth, which improves both the
heat yield and the COP of the heat pump.

Traditional shallow borehole exchanger and DBHE have been stud-
ied both analytically and numerically in several studies [23-25]. Piip-
ponen et al. [19] used finite element modeling for borehole heat
exchanger simulations and Zanchini et al. [23] implemented a finite
element model for a coaxial borehole heat exchanger using the COMSOL
Multiphysics® software package. In the present study, the finite element
method was chosen using COMSOL Multiphysics® software.

The study by Zanchini et al. [23] on coaxial borehole heat ex-
changers examined the impact of thermal short-circuiting, flow rate,
material composition, and geometric configuration of boreholes. How-
ever, the study was limited to boreholes with a depth of 100 m. Luo et al.
[24] studied deep borehole heat exchangers and performed a thermal
analysis on varying borehole depth from 200 to 800 m and varied the
position of the inlet and outlet pipes, but excluded deeper geological
conditions and employed an analytical approach. Holmberg et al.
focused on coaxial BHEs and their performance ranging from 200 to
1000 m in depth [25].

Piipponen et al. [19] have investigated the operation of deep bore-
hole heat exchangers with depths ranging from 800 to 2000 m in
different parts of Finland focusing on the influence of geothermal
properties. The thermal conductivity of the bedrock was varied between
3.19 Wm'K ! and 3.30 WmK™!, and the geothermal temperature
gradient from 13 °C km™! to 13.9 °C km™!. For example, in Central
Europe, the geothermal gradient can reach up to 40 °C km ™!, whereas in
Finland, it can be 20 °C km™! or lower. The study also examined the
effects of different materials of the inner pipe of the coaxial pipe, spe-
cifically comparing vacuum-insulated tubing (VIT) and high-density
polyethylene pipe (HDPE). However, in their comparison, different di-
mensions were used for the VIT pipe and HDPE, resulting in an incom-
plete comparison of the impact of the material and dimensions.

Thermal analysis of 1-3 km deep DBHEs is highly topical as these are
now starting to penetrate to the heating market, e.g., in the Nordic
countries: two 1.5 km deep boreholes in Norway [26] and one pilot
system with a 1.3 km deep borehole in Finland [27] have been realized.
At the same time, the local conditions of deeper holes may much differ
from the traditional low-depth boreholes (e.g. 300 m), e.g. the tem-
perature levels are much higher and thermal short-circuiting may occur.
Finding optimal design range for DBHE wells is therefore important,
which is also a subject of this paper.

Though the above studies provided detailed thermal analysis both on
the DBHE and heating systems linked to boreholes, they did not provide
a complete systematic analysis on the effects of the key borehole
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Fig. 1. Principle of deep borehole heat exchanger heating system.

parameters such as flow conditions, borehole structure, dimensions, and
geology, which are the subject of this study. In addition, these studies
often utilized technical parameter values from pre-commercial pipes.
However, when developing innovative technologies, such as DBHE,
considering a broader parameter value range is important when seeking
for optimal solutions. An example of such development would be coaxial
pipes for DBHE with different dimensions, also dealt with in this paper.
Moreover, the depth of the borehole and other design parameters such as
the dimensions of the inner and outer pipes used in the previous case
studies differ from those considered here, e.g., the depth of the DBHE
ranges here from 1 km to 3 km.

The main aim of this paper is to determine how different design
parameters such as borehole heat exchanger pipe dimensions and
insulation affect the performance of 1 km — 3 km deep DBHEs and to
find optimal well configurations for different operational conditions and
local geology. These research questions are investigated through
detailed numerical simulations of heat and mass transfer in the well
which is thermally coupled to the surrounding ground. A novel feature
of the present modelling approach is the more detailed description of the
heat transfer and mass flow in the borehole heat exchanger also enabling
more accurate design optimization of the DBHE. Though some of the
heat pump system analysis with the borehole heat exchanger system is
performed for Finnish conditions, the parameter variation analyses also
provide insight to other conditions, e.g., in northern Europe. The anal-
ysis considers both the performance of the well alone and its effect on
the performance of the heat pump in the heating system. The approach
considering the DBHE, heat pump and circulation-pump of the well as a
whole provides novel insight on how their interactions affect the energy
performance and DBHE sizing.

The paper starts with a description of the deep borehole heat
exchanger well in Section 2 followed by Section 3 showing the theo-
retical model of the well and the key input data used in the analyses. In
Section 4, the main results are presented. The paper ends with conclu-
sions in Section 5.

2. Principle of deep borehole heat exchanger

A deep borehole heat exchanger differs from a conventional borehole
exchanger through three major features: The depth of the borehole in
ground, the type of heat collector-pipe used, and the liquid circulating in
the borehole. A deep borehole heat exchanger exhibits higher heat
extraction capacity compared to a conventional shallow borehole not
only because of the larger depth but also due to the higher rock tem-
perature originating from the geothermal gradient. For example, in
traditional BHE, either a U-tube (closed system) or a coaxial pipe (open
or closed system) are used, whereas in a DBHE a coaxial pipe is normally
employed [25,28]. In a closed circulation system, an antifreeze solution
(e.g., alcohol-water mixture) could be employed allowing sub-zero
temperatures and extracting heat at lower temperatures, but the heat
transfer between the fluid and ground is lower than in an open system. In
the coaxial system, water is used as the circulation fluid as the outer
surface is typically in contact with ground. In this study a coaxial well in
an open system is employed, typical for DBHE.

The principle of the deep borehole heat exchanger heating system is
illustrated in Fig. 1. The DBHE can be run in two modes depending on
the outlet temperature from the borehole: (1) If the outlet temperature is
higher than that required for heating (Tou > Tsyst), then the heat from
the borehole can be directly utilized for heating. This could be possible
when e.g. the geothermal temperature gradient is high, the borehole is
very deep or the mass flow rate in the borehole is low; (2) if the tem-
perature is not high enough (Tou < Tsyst), then a heat pump will be
needed to raise the temperature to the required level. Due to the lower
geothermal temperature gradient used here, the DBHE in this paper will
be used as a heat source for a heat pump system to raise the return water
temperature from the well to a useful level needed in the application,
which would be typically from 75 to 120 °C in a traditional district
heating network [29]. However, if employing low-temperature heat
distribution principles, the temperature level could be substantially
dropped e.g. to 50-80 °C. A low system temperature would be preferable
as it would increase the efficiency of the DBHE coupled heating system,
both in case of direct and heat pump assisted use.

A detailed illustration of the coaxial DBHE or ground heat exchanger
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— Bedrock

Fig. 2. Illustration of a coaxial borehole heat exchanger. Left: Cross-section showing the structure of the well (blue = cold fluid, red = warm fluid). Right: Fluid

circulation in the borehole (grey = area between r; and r; which is the insulation).

is shown in Fig. 2. The DBHE consists of an inner and outer pipe. The
operation of a DBHE is simple: cold water from the return flow of the
heating system or the heat pump evaporator circuit is injected along the
outer pipe, which extracts heat from the ground, and the heated water is
returned through the inner pipe to the heating system or heat pump
which raises the temperature to the level required by the building or
district heating network. These fluid flow directions represent the
optimal flow scheme in a well [25,30].

The water flowing in the outer pipe section is in direct contact with
the bedrock. The heat transfer between the inner and outer pipe with
downward and upward water flows can be reduced either by using
insulation between the pipes avoiding thermal short circuiting, e.g.
vacuum insulation tubing or by increasing the mass flow of the water
circulated in the DBHE [31]. For this reason, the coaxial pipe is partic-
ularly suitable for deeper borehole exchangers. The coaxial pipe is
designed to utilize a larger proportion of the borehole’s cross-sectional
area as the flow area. As a result, it allows for a higher mass flow rate
to be employed. By using a coaxial pipe in deeper boreholes, higher mass
flow rates can be achieved without significant pressure loss increasing
the heat extraction capacity of the deep borehole heat exchanger. In
contrast, in a conventional shorter BHE, it will be challenging to increase
the mass flow rate without increasing the pressure loss (Ap ~ u?), which
would necessitate increasing the pumping power resulting in higher
pumping power and reducing the overall efficiency of the DBHE.

The depth of a DBHE is typically from 1 km to 3 km [25,29-31]
compared to traditional shallow BHE with a depth up to 400 m [22]. In
the present study, it is assumed that the topmost 300 m of the DBHE is
cased to avoid any interaction with the surrounding environment, e.g.,
ground water [19]. Below this level, the well is uncased, and the coaxial
well is in direct contact with the adjacent rock thus assuming that the
rock is intact preventing water leakage from the hole to the bedrock.

A DBHE could also be used for heat storage through reversing the
flow directions. If adding to the system in Fig. 1 an external heat source
with a temperature exceeding that of the ground at the bottom of the
borehole, e.g. industrial waste heat or surplus electricity through a
power-to-heat scheme, then reversing the flow direction in the well
would regenerate the ground, which would also function as a heat
storage. Hot water would in this case be fed along the inner tube into the
well and the return water in the outer pipe heats up the ground and cools
down before entering the ground surface. If the hot water were injected
into the ground along the outer pipe, the fluid immediately starts to heat
up the ground and the cooled water flows down with a risk that it could
even cool the lowest part of the well, which is avoided through the
proposed flow arrangement [32]. This paper deals with heat extraction
from the well only.

3. Methodology

In the next, the theoretical basis of the DBHE is presented which is
used in simulating the well performance. Thereafter, the input param-
eters used are defined including defining the key variables used for
studying the effects of heat and mass transfer.

3.1. Modelling of deep borehole heat exchanger

The heat and mass transfer in the ground is modelled in 3D for a
geometry shown in Fig. 2. The heat transfer in the ground is governed by
heat conduction in a solid. No ground water flow through the well
system is assumed. The borehole is coupled to the heat transfer through
a source/sink term (Q’). The heat transfer equation of ground can then
be written as follows [33]:

aT, , -
Pera gt = AV T+Q x (dxdy) ! )

where ¢, ¢ = specific heat capacity of the ground (J kg KD, pg =
density of ground (kg m™>), Ag = thermal conductivity of ground (Wm’
1K’l), T, = temperature of the ground (K), theat source/sink per unit-
depth (dz) in vertical direction (Wm’l), and dx, dy = unit-lengths in x
and y directions, respectively. For simplicity, we have omitted the vector
representation of the 3D variables in Eq. (1).

The heat transfer in the borehole is assumed to be one-dimensional in
vertical direction and it comprises of two components: heat transfer in
the pipe annulus and in the inner pipe. The heat transfer in the pipe is
dominated by convection. The fluid temperature T (z) in the pipe can be
solved from the energy balance equation of an incompressible fluid
flowing in the pipe [34]:

Ay
PrAC, fa_l:f +ppAcy suV Ty

A ,
=Ve (A he VTf) +fD2pT|u‘3 +Q+qQ 2
h

where A = pipe cross section area for flow (mz), ¢p,f = specific heat
capacity of the fluid (Jkg'lK’l), dp = hydraulic diameter (m), fp =
friction factor, As = thermal conductivity of the fluid (Wm'Kk™, Q:
heat source/sink term (Wm_l), Q: external heat exchange through pipe
walg (Wm ™), u = fluid velocity in the pipe (m 1), ps = fluid density (kg
m ).

The mass transfer is coupled to the heat transfer through the fluid
velocity term u in Eq. (2), which is an exogenous variable. The term Q
thermally couples the borehole with the ground and is subject to the
following boundary condition:
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Fig. 3. Example of the computational network (normal mesh density) used in the simulation of the well. Left: Overall view of the mesh; Center: cross-sectional view;

Right: surroundings of the borehole with a finer mesh.

Q’:2nr2/1g<%)2nr2h(Tf—Tg)|r:r2 3

where h = heat transfer coefficient between the ground and pipe
fluid (Wm'zK’l), r; = radius of the inner pipe of the DBHE (see also
Fig. 2), ro = outer radius of the DBHE. The heat transfer coefficient (h)
can be determined with the help of the Nusselt number (Nu) [32]:

h = Ad;'Nu (€]

To calculate the Nusselt number, the Gnielinski-correlation is employed
[35]:

<fg) (Re — 1000)Pr

Nu = (5a)

1
2 2
1+127 (%) (Pr3a—1)

pr = 2t (5b)
Af
where Pr = Prandtl number, 4 = dynamic viscosity.
The term Q describes the thermal coupling of the inner and outer
pipes of the DBHE as follows:

Q” x dz = 27[7'1R71 (Tfl — sz) (6)

where R = thermal resistance between the pipes (=1/U-value) (m K/W),
Tg = fluid temperature in the inner pipe (K) and T¢, = fluid temperature
in the outer pipe (K).

Equation (6) shows that if R is low, thermal short-circuiting between
the pipes may occur. This can be avoided by using an insulated inner
pipe, i.e., the thermal resistance between the pipes R is large and hence
0 ~ 0 [36,37].

Egs. (1)-(6) form the set of equations that describe the thermal per-
formance of the well and its surroundings. The equations are numeri-
cally solved with the COMSOL-Multiphysics® 6.0 software [38]. An
important part of the numerical model is the definition of the computing
network or mesh [16]. The computing time and computer memory
needed for solving the physical model with the finite element method
used in COMSOL is very much affected by the type of mesh chosen and
the number of mesh elements. Several alternatives for the computational
mesh were considered including physics-controlled quadratic shaped
elements, and user-defined triangular and tetrahedral geometries with
three element densities (course/normal/dense). Here a combined
triangular- tetrahedral network with a normal density (12192 elements)

was chosen which gave an adequate accuracy with a reasonable
computing time. For the fluid in the borehole, 40 vertical elements were
used. A single 25-year simulation took 25-30 min on a MacBook Pro ©
computer with Apple M2 processor and 16 Gb core memory. Ten-folding
the number of elements to over 120,000 would improve the accuracy of
the simulations by < 5 % but increases the computing time 5-fold.
Huang et al. reported on similar experiences with a refined mesh with
4-fold number of elements leading to less than 1 % improvement [51].
The COMSOL model was earlier successfully validated [22] against
another numerical model [25] which was used also here as reference for
the accuracy assessment.

Fig. 3 illustrates the mesh used for the simulation which consists of
several thousands of element points. The computing grid is denser
around the borehole and gets coarser further off. Typically, the spatial
dimension of the simulated volume (x, y, z) is 2 km x 2 km x 1 km +
borehole depth to minimize the effects from the boundaries of the mesh.
At the boundaries of the physical model mesh, which were set distant
enough to avoid interaction between the borehole heat exchanger and
the boundaries of the model, the normal heat flux was set to zero. This
indicates that no heat can traverse these boundaries. In practice, the
thermal impact from the borehole will not reach the boundaries during
the 25-year simulation period.

The geothermal temperature gradient is incorporated into the model
as an initial value of the ground temperature. The vertical ground
temperature is set at t = 0 as Tg(z) = Tg(zo) + G x (z-20) (z > z¢), where G
is the geothermal temperature gradient and Ty(zo) is the ground tem-
perature corresponding to the depth zy not anymore affected by the
ambient (here we used Ty (z9) = 6.8 °C at zg = 10 m which is typical for
Southern Finland), i.e. the fluctuating temperature of the topsoil layer is
neglected. This is justified by its very small portion of the total DBHE
length, and the insulation used around the upper part of the borehole.
The Tg(z)-profile applies to all temperature values in the (x,y)-plane at
the respective depth z.

The DBHE performance is evaluated at steady state at t = 25 years
with continuous heat withdrawal from the well. Fig. 4(a) illustrates how
the steady state is approached when a 2 km DBHE is discharged
continuously with a constant mass flow rate (9 kg s™1). The output from
t = 0 to t = 25 years drops by ca 45 % in this case, but at t = 25 years the
yearly power output changes less than 1 % indicating full steady state.
The temperature development around the well is illustrated in Fig. 4(b)
and 4(c) showing that the ‘cold pulse’ spreads to ca 35 m from the well,
which also sets the minimum distance of wells in a multiple-well system
in this case. The development of the temperature contours in Fig. 4(d)
shows that steady-state in the ground is reached close to t = 25 years,
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Fig. 4. (continued).

thus justifying the choice of the time point t = 25 years for the length of
the simulations.

Coupling to heat pump

The inlet temperature of the fluid fed into the well is determined by
the application. Typically, the heat well is coupled to a heat pump,
which uses the well as a heat source. The system layout of the heat pump
system was illustrated in Fig. 1. The outlet temperature from the evap-
orator of the heat pump is then set as the inlet temperature of the fluid in
the well, i.e., Ti, = T¢(t,0). The inlet to the evaporator is connected to the
outlet of the well, i.e. Ty = Te(t,L). Then, the thermal power from the
well to the heat pump system (®) can be calculated as follows:

= mcp(Taut - Tm) (7)

wherem = the mass flow rate corresponding to the fluid velocity u in the
pipe (kg s’l), Ti, = inlet temperature of the fluid to the well (°C), Toyt =
outlet temperature of the fluid from the well (°C),

To determine Toy, the performance of the heat pump need to be
considered. Based on the energy conservation law, the high-temperature
condensing heat of the heat pump (Q.onq) equals to the low-temperature
evaporation heat (Qgyqp) plus the compression power (Qcomp), i.€., Qcond
= Qcomp + Qevqp- The Coefficient of Performance COP describes the ef-
ficiency of the heat pump as follows [39,40]:

Qcond

COPHP = Q‘Ci (8)
omp

The COP of the heat pump depends on the operating conditions, and it
can be approximated as follows [41]:

TCUT[
COPrp ~ a5 ©

cond — Tevap

where 7.4, = Carnot non-ideality factor (0.45-0.55), 1,,= mechanical
efficiency of the compressor (0.90-0.95) [41], Teond = condensing
temperature (K), Tevap = evaporating temperature (K). The temperature
of the heat source and application cannot be directly used in Eq.(9)
because of the heat losses in the heat exchanger and piping, and the non-
ideal heat transfer to the heat pump. The condensing and evaporating
temperatures need typically to be adjusted by AT = 5-10 K, i.e., the
condensing temperature = application temperature + AT and the
evaporation temperature = heat source temperature-AT [41].

The coupling of the DBHE and the heat pump takes place through
three terms: Tj, = T(t,0), Tout = Te(t,L), and the fluid flow in the pipe (u),
which affect the delivered heat and the COP of the heat pump. T, is
determined by the heat pump performance and internal set values, and it

is handled exogenously in the modelling, e.g., here Ty, is set to 2 °C.

There is an additional loss factor which need to be considered in
DBHE, namely the pressure losses, which will influence the power need
of the circulation pump. The electricity needed for the pumps will in
turn affect the total system performance. To account for theses parasitic
losses, we defined a system COP considering the pumping power for the
fluid flow in the wells (Qpump):

COP,
COPystom = Qevap + Qeomp. = COPyp x Qeomp — HP (10)
chmp + qump Qcomp + qump 1+ g‘::::

The pumping power can be estimated from the pressure losses in the
borehole as follows [42]:

Ap = 0.5f4Ld, " por® an

qump = pf717771 Apm (12)
where L = pipe length (m), Ap = pressure drop (Pa), n = pump effi-
ciency. The frictional heat generated through the pressure loss is
negligible and has no effect on the fluid temperature.

There is a trade-off between the pumping power and the thermal
output from the well: Increasing the flow rate will increase the thermal
output from the well, but also the pumping power requirement, and vice
versa. Also, a higher flow rate will decrease the outlet temperature from
the well, and hence the COP of the heat pump, and vice versa. Thus, the
overall system performance of the DBHE system is a result of several
interacting factors, which are analyzed in Section 4.

3.2. Parameters and input values

For the performance analysis, the effect of the following set of key
geological and well parameters is investigated in more detail:

e Deep borehole heat exchanger parameters: Well depth, mass flow
rate, inner and outer pipe diameter, insulation between the inner and
outer pipe.

e Geological parameters: Geothermal temperature gradient, thermal
conductivity of the bedrock.

In the reference case, the following parameter values are used: Depth
of well 2000 m, diameter of inner pipe 90 mm, diameter of outer pipe
200 mm, insulation of inner pipe 0.4 Wm™K ! (HDPE, standard high-
density polyethylene) [43], geothermal temperature gradient 20 °C/
km, thermal conductivity of ground 3 Wm™'K™!. The U-value of the
insulation of the inner pipe is varied between 0.02 Wm™K! to 0.4 Wm’
1K1, The value of 0.02 Wm™K! corresponds to vacuum insulated pipe
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Table 1

Range of parameter values used in the analysis.
Parameter Range Unit
Depth 1000-3000 m
Inner pipe diameter 80, 90, 100 mm
Outer pipe diameter 180, 200, 220 mm
Insulation of inner pipe (U-value) 0.02, 0.2, 0.4 WmK!
Geothermal temperature gradient 15, 20, 30 °C km™!
Thermal conductivity of ground 2,3, 4 Wm'K!

and 0.2 Wm™ 'K ! to polypropylene or PVC. Table 1 gives the range of
parameter values used in the analyses.

The geothermal temperature gradient depends on the local condi-
tions. In Central Europe, typical values are 20-45 °C/km [37] and even
beyond these in the volcanic areas. For instance, in France, the pre-
dominant gradient is around 30°C/km, but it approaches 50°C/km in
some regions [46]. In Croatia, a typical gradient is 30-45°C/km, but in
some places, it can be as low as 5°C/km or as high as 73°C/km [47].
Similarly, in the Scottish West Orkney basin, the gradient can locally
vary from 20.6 to 37.1 °C/km [49]. In active volcanic regions the
gradient may exceed 100 °C/km [52]. The geothermal temperature
gradient in Scandinavia is typically 15-20°C/km, but sites with 30 °C/
km are also found, e.g., in the Baltics [48]. The geothermal temperature
gradient in Finland varies from 8 °C/km to 25 °C/km [36]. The reference
geothermal temperature gradient is set here to 20 °C/km, which is
typical to the Finnish bedrock [44,48]. The surface temperature is set at
6.8 °C which is the average ambient temperature for the case here
(Southern Finland). The vertical ground temperature is initially set to its
natural temperature value according to the geothermal temperature
gradient as described earlier in the methodology section.

Another geological parameter of importance is the thermal conduc-
tivity of rock, which is influenced by several factors such as mineral
composition, porosity, water content, etc. [50]. Thermal conductivity of
rocks falls usually in the range of 0.4-7 W m~! K™}, where the lower
values are typical to dry, not consolidated sedimentary rocks, and the
higher values for sedimentary and metamorphic rocks; the quartz con-
tents increases the thermal conductivity, even above 7 W m™! K™! is
possible with very high contents. Claystone and siltstone falls in the
range of 0.80-1.25 W m~! K1, sandstones 2.5-4.2 W m~! K™, and
crystalline granite rock 3-3.5 W m ™! K~ [49,50]. The intrusive bedrock
in Finland typically has a thermal conductivity of 2-4 Wm™K! [44,45].

A high geothermal temperature gradient and high thermal conduc-
tivity of the ground is advantageous for the energy performance of the
DBHE. How their thermal interplay will influence the performance of
the DBHE will be investigated in more detail in Section 4 (Results), but
from the heat transport relation ( 4,VT,) it is evident that a drop in
either of these factors would reduce the DBHE performance. For
example, based on a test simulation of the DBHE, reducing the gradient
from 45 °Ckm ™! to 20 °C km ! decreased the average heat output by 47
% at 1 km depth and 55 % at 3 km at t = 25 years (Ag =3 W m 1K,
m=6kg s 1). A lower thermal conductivity would decrease the heat flow
in the bedrock and thus also the thermal power of the DBHE. Depending
on the type of rock and geological conditions, a combination of high
geothermal temperature gradient and thermal conductivity could in
principle be possible, at least in some parts of the borehole [53]. Several
other factors of the ground also influence the suitability of a site for
DBHE, e.g. ground porosity and tectonic stability. The Finnish bedrock
considered here is in general well suitable for a coaxial DBHE without
lining despite the somewhat modest geothermal gradient.

The mass flow rate used in the DBHE is varied from 6 kg s~ to 15 kg
s~! and the inlet temperature of water is set to 2 °C, representing the
outlet temperature from the heat pump, which can be kept constant
through internal control of the HP. Lower temperatures than the set
value can pose risks of freezing.

Besides investigating the effects of the parameter range on the well
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performance given in Table 1, the effects on the operation of the heat
pump connected to the well will also be analyzed in Section 4.

4. Results
4.1. Effect of deep borehole heat exchanger parameters

In the next, the effects of the well depth, well flow rate, diameter of
the inner pipe of the well and the heat transfer (insulation) between the
outer and inner pipes of the well are investigated. The effects of the outer
diameter on the performance within the studied range (180-220 mm)
turned out to be very small for which reason a detailed analysis is not
presented here.

Variation of the inner diameter.

The effect of varying the diameter of the inner pipe (return flow) in
the coaxial borehole heat exchanger is illustrated in Fig. 5. The outer
pipe diameter (2r») is kept constant at 200 mm. The ground has A; =3 W
m~! IK’1 and the geothermal temperature gradient is G = 20 and 30 °C
km™".

Fig. 5 clearly shows that increasing the mass flow rate in the pipe will
increase the output power but decreases the output temperature of the
fluid as the output power increases less than the mass flow rate. A higher
thermal gradient in the ground (Fig. 5(a) vs. Fig. 5(b)) yields higher
power output and temperature which is very close proportional to the
higher thermal gradient (1.5 x). The thermal output of a 2-km well at
steady-state would be ca 100-200 kW (G = 20 °C km™!) depending on
the mass flow rath and inner pipe diameter — the higher values corre-
sponding to the higher flow rate.

Considering the G =20 °C km~! case in Fi g. 5(a), the diameter of the
inner pipe has little effect on the outlet power or temperature from the
pipe at depths below 2000 m and a mass flow rate 6 kg s~ . For deeper
holes, the 80 mm pipe yields 3-4 % higher output than the 100 mm one
(Fig. 5(a)). Increasing the mass flow rate to 9 kg s”1, the 80 mm pipe
gives 2-3 % higher output at 1000-3000 m than the 100 mm pipe.
Raising the mass flow to 15 kg s! causes differences in the output be-
tween the different pipe diameters already at shallow depths. For
example, at 1000 m, the 80 mm pipe produces 11 % more power than
the 100 mm pipe, but the difference drops to 7 % at 3000 m.

These results indicate that employing a smaller inner pipe diameter
(for the range considered here) improved the thermal performance of
the well. This can be explained through a couple of factors: Firstly, the
heat transfer in the pipe is enhanced as the flow velocity increases;
secondly, a smaller inner pipe helps in avoiding thermal short-circuiting
as the distance between the cold and warm fluid flowing the pipes
increase.

On the other hand, though a smaller inner pipe in this case improved
the heat extraction from the well, the overall system effectiveness may
not improve, e.g. due to increased pressure losses in the pipe which
increase the electricity consumption of the circulation pumps discussed
later in the paper.

Comparison of the absolute power output at different mass flow rates
and well depths shows that using the 80 mm pipe at 15 kg s~ ! yields 75
% higher output at 1000 m than at 6 kg s~1, but the difference reduces to
60 % at 3000 m. When using a 100 mm pipe, the corresponding per-
centages are 57 % and 54 %, respectively.

The output temperature of fluid in Fig. 5 shows that the differences
between the different pipe diameters increase with increasing well
depth. The effect of the flow rate on the outlet temperature behaves
inversely to the flow and the smallest pipe diameter provides the highest
temperature, though the differences between the different pipe di-
ameters are small.

The higher output power and fluid temperature with a higher
geothermal temperature gradient in Fig. 5(b) means that the mass flow
rate could be lowered to reach the same output level than with a smaller
thermal gradient, or alternatively, a shallower borehole could be used,
but this benefit decreases with shorter pipes. For example, 9 kg s~! with
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Fig. 5. (a) Effect of well depth, mass flow rate and inner pipe diameter on the extracted power (left) and on the outlet temperature (right). A; = 3 W m 1K 2r, =

200 mm, G = 20 °C km™. (b) the same as (a) but G = 30 °C km .

G = 20 °C km™! corresponds to 15 kg s~ with G = 15 °C km™.

As a conclusion of the above analysis, the smaller inner pipe diameter
(80 mm) yields the best thermal power output from the well, but the
difference to the other pipe diameters (90 mm, 100 mm) is very small at
lower mass flow rates and well depths. At higher mass flow rates and/or
deeper boreholes, the differences would increase to around 10 %. The
effect of the other factors such as the fluid temperature and the pumping

losses will be analyzed in Section 4.3 enabling a whole system view on
the optimal pipe diameter.

Insulation between inner and outer pipe.

Next the effect of the thermal contact between the inner and outer
pipe of the borehole heat exchanger was investigated by varying the U-
value of the lining of the inner pipe. The results in Fig. 6 show that the
thermal interaction between the two pipes, or forward and return flows
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Fig. 6. Effect of insulation between the inner and outer pipe on the extracted power (left) and on the outlet temperature (right). A; =3 W m 1K1, 2r; = 90 mm, 2r,

=200 mm, G = 20 °C km ..
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Fig. 7. Effect of the geothermal temperature gradient on the extracted power (left) and outlet temperature (right) from the DBHE well. 1y = 3 W m! K’l, 2r; =90

mm, 2r, = 200 mm.

in the pipes, reduces when the mass flow rate increases, e.g., with 15 kg
s7! the effect is negligible between well or poorly insulated cases.
Similarly, with wells less than 1500 m DBHE the effect is insignificant.
However, with wells above 1500 m and at flow rates of 6 kg s ! and 9 kg
s~1, the thermal short-circuiting of the fluids start to show an impact. For
example, in a 3-km well and with 6 kg s71 flow rate, the output power
drops by 17 % and outlet temperature by ca 2 °C between a well and

poorly insulated pipe. From a technical point of view, a well-insulated
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pipe would enable reducing the flow rate to reach the same perfor-
mance than with a less insulated one. For example, in Fig. 6, U = 0.02 W
m 'K land6 kg st corresponds to the output of U= 0.4 W m~ ! K'and
9 kg s~L. From an economic point of view, if an isolated inner pipe were
expensive, raising the mass flow rate could be an option to compensate
for the increased thermal short-circuiting.

As mentioned earlier, thermal short-circuiting may occur at lower
flow rates, in which case the material used for the inner pipe plays a



A.E.D. Lund

Power (kW)

0
1000

Depth (m)
k=2 W/mK - 6 kg/s
k=2 W/mK - 9 kg/s
k=2 W/mK - 15 kg/s

1500 2000 2500 3000

k =3 W/mK - 6 kg/s
k =3 W/mK - 9 kg/s
k =3 W/mK - 15 kg/s

Applied Thermal Engineering 253 (2024) 123764

Temperature (C)

0

1000 1500 2000 2500 3000

Depth (m)

k =4 W/mK - 6 kg/s
k=4 W/mK - 9 kg/s
k=4 W/mK - 15 kg/s

Fig. 8. Effect of thermal conductivity of ground on the power (left) and outlet temperature (right) from the DBHE. 2r; = 90 mm, 2r, = 200 mm, G = 20 °C km™!. NB:

thermal conductivity is denoted here with k.

significant role, i.e. using an isolating material would prevent thermal
shunting. Also, if the mass flow rate is increased, the fluid velocity will
increase helping to decrease the residence time of the fluid in the
borehole, thereby reducing the risk of a thermal shunt.

4.2. Effect of geological parameters

The geothermal temperature gradient of ground varies geographi-
cally for which reason the effects of the gradient was investigated by
analyzing the well performance for three gradient values: 15, 20, and
30 °Ckm™". Fig. 7 illustrates the results for the fixed reference geometry
of the well as a function of the well depth and the mass flow rate as
parameter, which demonstrates the importance of the gradient on the
output thermal power and fluid temperature from the well. The effect of
the mass flow rate increases with the depth of the well: In a 1-km DBHE
with 6 kg s71, a 30 °C km™! geothermal temperature gradient would
deliver 63 % more thermal power than a 15 °C km™! gradient, but the
difference grows to 90 % at 3 km. Had the flow rate been 15 kg s, the
differences would have been 38 % and 72 %, respectively, which in-
dicates that the effect of the mass flow rate gets more pronounced at
larger depths. If focusing on the output power only, the effect of the
thermal gradient could thus be compensated through a higher mass flow
rate.

If striving for a certain output power from the well, a higher
geothermal temperature gradient would require a shallower well lead-
ing to lower drilling costs of the well. The difference could be substan-
tial, e.g., between 20 and 30 °C km™! the required well depth could
differ by from some hundred meters (high flow rate) to close to 1000 m
(low flow rate).

Another benefit from a higher geothermal temperature gradient will
be the higher outlet temperature of the fluid shown in Fig. 7 (right),
which would positively affect the COP of the heat pump. The tempera-
ture effect is substantial and is pronounced at lower flow rates and deep
wells. For example, for 6 kg s~* and 2 km depth, the temperature dif-
ference would be 2.3 °C between the 20 and 30 °C km ™! geothermal
temperature gradients.
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The mass flow also affects the performance. In all cases, increasing
the mass flow rate in the pipe will increase the heat extraction rate, but
at the same time, the outlet temperature of the fluid from the borehole
will decrease. At very high mass flow rates, the heat extraction rate will
increase marginally only, and the temperature difference over the
borehole will approach zero, which would not be practical for heating
applications. In addition, higher flow rates will also cause higher pres-
sure difference in the pipe.

Another important geological parameter is the thermal conductivity
of the ground, which will affect the output power and the temperature
from the well. In Fig. 8, Ay is varied from 2 W m'K 'to4Wm'K . The
results show that irrespective of the mass flow rate in the well, a higher
conductivity yields always a higher thermal power and outlet temper-
ature from the well. For example, for 6 kg s~ and 1000 m, doubling the
thermal conductivity from 2 W m™ K~* to 4 W m™ K~! would increase the
output by 51 %, but a higher flow rate of 15 kg s~ would reduce the
difference to 32 %. Increasing the well depth increases the difference at
high mass flow rates, e.g., in the previous example to 49 %, but the
relative difference reduces slightly at lower flow rates. The outlet tem-
perature would also increase with increased conductivity as shown by
Fig. 8 (right). For example, for 6 kg s~* and 2 km depth, the temperature
difference would be ca 2 °C between 2 W m™ K ! to 4 Wm™ K.

4.3. Effect of heat pump system

In the previous sections, the thermal performance of the borehole
heat exchanger (well) was evaluated in respect to the delivered thermal
power from the ground and the outlet temperature from the well. The
results from this analysis showed that the smaller inner pipe and a
higher flow rate in the well gave the highest output.

In the next, the well is connected to a heat pump system to provide a
whole systems view of the performance such as the effects on the COP of
the heat pump and required pumping energy. The system to be evalu-
ated consists of a single DBHE well connected to a heat pump and of a
circulation pump-unit for the well. The outer diameter of the well is set
to 200 mm and the heat pump parameters in Eq.(9) are 7., = 0.5 andy,,
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Fig. 9. Pumping power requirement with different mass flow rates and inner pipe diameters. A; = 3 Wm 'K}, 2r, = 200 mm, G = 20 °C km™.
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Fig. 10. Output power from the heat pump with a DBHE well. A, = 3 W m~! K7}, 2r, = 200 mm, G = 20 °C km ™.

=0.9.

First, the pressure drop in the well and the pumping power required
is analyzed in Fig. 9 as a function of the well depth and mass flow rate. At
low mass flow rate (6 kg s’l) and large pipe diameter (100 mm), the
pressure losses are small, and the pumping power needed represent less
than a few percent of the output power of the well; e.g., at 6 kg s! and
with a 100 mm pipe for 1-3 km depths the share of the pumping power
of the well output was 0.4 % — 0.3 % (from the top to the bottom of the
borehole) and for a 80 mm pipe 1.3 % —0.8 % (see Fig. 5). However,
with a higher flow rate (15 kg s™1), the losses significantly increase, in
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particular with deeper wells and smaller pipe diameters. For example,
with an 80 mm pipe the pumping power demand is twice that of the 90
mm pipe and 3-4-fold compared to the 100 mm pipe. The difference in
the pumping power between 6 kg s~ and 15 kg s ™! grows to an order of
magnitude for deeper wells. Comparing to the thermal output in this
case (Fig. 5) shows that the pumping power represents up to ca 10 % of
the thermal power output of the well; e.g., at 15 kg s~* and with an 80
mm pipe for 1000-3000 m depths the pumping power was 6-10 % of the
output of the well and for a 100 mm pipe 2-4 %. Also, comparing Figs. 5
and 9 shows that the pumping power grows more steeply than the
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Fig. 11. Effect of mass flow rate on the heat pump and system COP. A; = 3 Wm K™}, 2r; = 80 mm, 2r, = 200 mm. (a) G = 20 °C km™}, (b) G = 30 °C km ..

thermal output of the well as a function of the well depth and is also
more sensitive to the inner diameter of the pipe.

Connecting next the heat pump to the system in Fig. 10, but
neglecting the power demand of the circulation pump, shows that the
performance differences between the flow rates are reduced. For
example, at 6 kg s™! and 9 kg s~! flow rates the output from the heat
pump remains almost the same irrespective the inner pipe diameter and
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well depth. This finding is independent of the magnitude of the
geothermal temperature gradient. This is mainly explained by the
dependence of the COP of the temperature levels. Also, the differences
from the flow rates at lower well depths are smaller, but grow to 59 %
(80 mm) and 64 % (100 mm) at 3 km depth, which is somewhat larger
than without a heat pump (Fig. 5).

Finally, the power demand of the circulation pump for the well is also
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considered. The COP of the heat pump and the system COP (heat pump
+ pumping power) are shown in Fig. 11 for two geothermal temperature
gradient cases as a function of the well depth using inner pipe diameter
and mass flow rate as parameters. The effect of the pumping power can
be found throughout the results, i.e., COPgygter < COPyp, The difference
gets pronounced at high flow rates (15 kg s ™), e.g., with an 80 mm pipe
and 2-km well the heat pump COP would be affected by ca 0.4-units due
to the pumping losses, but is reduced to 0.2-units when a 100 mm pipe is
employed. With a 6 kg s™! flow rate, the effect is at most 0.1-units.
Interestingly, the difference between the system and heat pump COP
clearly diminishes with the well depth in the 15 kg s~* case, which is
explained by the higher outlet temperature from the pipe as more heat is
extracted simultaneously. From the system point of view, the best effi-
ciency is now reached with the larger pipe diameter (100 mm) and the
lowest flow rate (6 kg s™1), which minimizes the pressure drop in the
well and the associated pumping power. However, from the application
point of view, both the COP (Fig. 11) and the output power (Fig. 10)
need to be considered simultaneously, because if just maximizing the
COP of the system may lead to a thermal power deficit.

5. Conclusions

Deep borehole exchangers in the ground are a potential clean energy
source for large-scale heating applications. Here a parametric study of
such DBHE wells was undertaken to better understand how the well
design and geological parameters would affect the thermal performance
of the well. A numerical simulation model was employed in the analysis.

Key parameters used in the study included the diameter of the well,
well depth, mass flow rate in the well and insulation between the inner
and outer pipes in the well. Geological parameters included the
geothermal temperature gradient and the thermal conductivity of the
ground.

Based on the results of the analysis, it can be concluded that there is a
cause-and-effect relationship between the different design parameters of
the well. For example, when designing an optimal DBHE well, changing
one parameter can e.g. lead to improved heat extraction, but it may also
drop the temperature difference over the well, which may not neces-
sarily be optimal for the heating system.

When considering the heat delivery of the DBHE well only, it was
found that the spread of the well’s thermal performance vis-a-vis the
parameter values was wide. For example, for a 2-km well, the well
design parameters could affect the thermal output by a factor of two. To
maximize the output of the well, a high mass flow rate would be pref-
erable. At high flow rates (15 kg s’l), the effect of the insulation be-
tween the inner and outer pipes is very small. This is due to the increase
in the fluid velocity which helps reducing the residence time of the water
within the coaxial pipe, whereas at lower flow rates (6 kg s, pipe
insulation would clearly improve the performance with increasing depth
to avoid thermal short-circuiting. For example, a 2-km well could yield
10 % more heat with an insulated inner pipe, but at 3 km even 20 %.

As to the ground parameters, a higher geothermal temperature
gradient and a higher thermal conductivity would always improve the
heat delivery of the well. Increasing Ay from 2 W m!'K ! to3Wm!
K™! (G =20 °Ckm™) could yield 28 % more heat with a 2-km well and
6 kg s~! flow rate and 22 % more with 15 kg s~ . Increasing G from 20 to
30°Ckm! (Ag=3W m! K’l) increases the heat output by 44 % with a
2-km well and 6 kg s~! flow rate and 34 % more with 15 kg s~*. The
differences in A and G for different sites could be compensated by the
well depth and mass flow rate for a given output power level.

An important observation was that considering a DBHE heating
system as a whole, the COP of the heat pump is affected by the fluid
outlet temperature from the well, and the pumping power also need to
be compensated for the pressure drop in the well. This has a major effect
on the goodness of the system. The effect of the pumping power gets
pronounced with a smaller pipe (80 mm) and higher flow rate (15 kg
s™1) and could drop the system COP by close to 0.5-units (heat pump

14

Applied Thermal Engineering 253 (2024) 123764

COP 2.7 and system COP 2.2) for a 2-km well. Increasing the pipe
diameter (100 mm) would drop the system COP much less, or, by 0.2-
units.

Designing a DBHE well system with a heat pump and considering the
hydraulic losses requires, however, a trade-off between the system COP
and the output power from the well to meet the heating requirement of
the application. Based on the results of this study, the following design
guidelines could be recommended for different well depths in this
respect:

Shallow wells <_1 km:

e A smaller inner pipe diameter (here 80 mm) and a reasonable mass
flow rate (here 6 kg s™1) is recommended, as a larger-diameter pipe
(here 100 mm) would yield only marginally better system perfor-
mance. Increasing the mass flow rate would increase the output
power, but the system efficiency (COP) would decrease and
enlarging the pipe diameter would be advisable.

Medium-deep borehole heat exchanger 1-1.5 km:

e A medium-sized inner pipe diameter (here 90 mm) yields a better
system efficiency than a small pipe. A higher mass flow rate (here up
to 15 kg s~1) drops the system efficiency less than with shallow wells
and could momentarily be used to increase output power, e.g., dur-
ing peak demand.

Deep borehole heat exchangers > 1.5 km:

e A larger inner pipe diameter (here 100 mm) and a high mass flow
rate (here 15 kg s1) are advised yielding higher output power. The
differences in the system efficiencies (COP) between the different
mass flow rates are small which supports higher flow rates.

It is important to pay attention to the geological conditions and pa-
rameters when planning a DBHE heating system, as the performance of
the well is sensitive to both the thermal conductivity of the local ground
and regional geothermal temperature gradient. Favorable geological
conditions would often mean that a shorter well depth is adequate to
meet the required thermal output and performance.

Though this study provides general design guidelines for designing
DBHE well energy systems, which could well serve the pre-design of
such systems, it should be noted that the final system design always
requires careful planning case-by-case considering the local conditions
and boundary conditions.
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