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Abstract: In ground-source heat-pump systems, the heat exchange rate is influenced by various
design and operational parameters that condition the thermal performance of the heat pump and the
running costs during exploitation. One less-studied area is the relationship between the pumping
costs in a given system and the heat exchange rate. This work analyzes the investment and operating
costs of representative borehole heat-exchanger configurations with varying circulating flow rate
by means of a combination of analytical formulas and case study simulations to allow a precise
quantification of the capital and operational costs in typical scenario. As a conclusion, an optimal flow
rate minimizing either of both costs can be determined. Furthermore, it is concluded that in terms
of operating costs, there is an operational pumping rate above which performance of geothermal
systems is energetically strongly penalized.

Keywords: shallow geothermal energy; Borehole Heat Exchangers (BHE); optimization assessment;
Thermal Response Test (TRT); pressure losses; hydraulic assessment; cost saving; EED

1. Introduction

The thermal efficiency of a borehole heat exchanger is characterized by its thermal resistance,
i.e., the thermal resistance between the circulating fluid and the borehole wall. This parameter
originally was defined by Mogenson [1] and widely analyzed by Eskilson [2] and Hellström [3]
where the thermal behavior of geothermal heat exchangers is modelled on the basis of the following
key parameters:

(i) the thermal conductivity of the ground (λ),
(ii) the thermal resistance of the borehole heat exchanger (Rb),
(iii) the undisturbed ground temperature (T0), and,
(iv) the injection (or extraction) of heat ratio (thermal power input) (q) (that depends on flow rate

and temperature gap of working fluid).

The (effective) borehole resistance (Rb) should be as low as possible since it has direct relationship
with the thermal efficiency of the heat exchanger. The higher borehole thermal resistance, the lower
heat transferred between the heat carrier fluid and the ground. Hence, by increasing the borehole
thermal efficiency (a smaller borehole thermal resistance, Rb), the average working fluid temperature
under the same thermal power ratio is decreased. Therefore, by improving the thermal efficiency of
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the borehole, either the number of drilling meters can be reduced (while maintaining the thermal
efficiency of the heat pump) or the average working fluid temperature of the borehole can be
improved (while improving the thermal efficiency of the heat pump, maximizing the system efficiency).
This parameter, Rb, should consequently be optimized to the lowest possible value.

The thermal resistance of the borehole is mainly affected by the following key parameters:

– Properties and flow rate of the fluid through the heat exchanger,
– Diameter of the geothermal borehole,
– Geometry and materials of the heat-exchanger pipe, and,
– Grouting material.

Most of these key parameters depend on borehole design. However, the flow rate can be
to a certain degree controlled during the operation phase taking into account that the pumping
requirements of a Ground-Source Heat Pump (GSHP) should be kept as low as possible to
minimize losses. It should be noted that these hydraulic losses may be significant (between 4% to 21%
of total system consumption [4], especially at high flow rates), increasing electricity consumption, and,
substantially penalizing the overall performance. On the other hand, borehole heat resistance depends
on the fluid flow rate and, thus, borehole thermal resistance and pumping losses are interrelated.
Hence, to seek a compromise between increasing of the thermal efficiency of the borehole and reducing
of the hydraulic losses in the GSHP system is reasonable.

There are numerous publications dealing with the thermal resistance of borehole heat
exchangers [5] either using finite element numerical techniques [6,7] or based on analytical solutions
of the heat exchange problem with different more or less realistic simplifying assumptions [8–10].
The latter are easily applied but can only to a limited type of pipe geometries and under
certain conditions. These studies show that factors such as an increased thermal conductivity of
the fluid conducting pipes and grout material or a closer distance of these pipes to the borehole wall
will improve the thermal performance [11]. In [12] these claims were subsequently demonstrated
in several field tests. Other studies focused on the impact of the heat carrier fluid flow rate on the
borehole resistance (showing a strong decrease with decreasing flow rate [13]), on the thermo-hydraulic
performance of a specific geometry GHE [14] or of a particular installation [15]. Even [16] proposes an
analytical solution basing an entropy minimization technique in order to calculate the optimal flow
rate but this analysis do not consider the heat-pump operation.

The evaluation of GSHP investment cost has been carried out in several studies for specific
buildings or facilities, mainly compared to other renewable energies or HVAC technologies.
For example, in [17] is carried out an energetic and economic analysis comparing the traditional
system (boilers, chimneys and split system air conditioners) with innovative systems: GSHP,
GSHP coupled with thermal solar collector, hybrid boiler-GSHP, GSHP coupled with photovoltaic cells.
Operating costs are analyzed in bibliography by comparison with other systems, mainly economic
evaluation of a GSHP system versus an air source heat pump [18] or evaluation of strategies to
minimize costs in hybrid systems [19]. Studies show that improving GSHP system efficiency is usually
done by oversizing the BHE field [20] but it is also possible to increase the efficiency decreasing the
borehole thermal resistance as described above. In this context, the studies analyzed show how to
improve the efficiency of the system by comparing different BHE configurations [21,22]. The aim of
this work is not to characterize the best BHE configuration but to analyze the impact of working fluid
flow rate on total costs (execution and operation expenditures).

Despite the background described, no studies have been found such this holistic sensitivity
analysis of the impact of the heat carrier fluid flow rate on the thermal efficiency of the borehole
and its reflection in the execution and operation costs. By means of a reliable analytical tool,
previously validated by experimental results, an extensive fluid flow rate evaluation on the thermal
efficiency of the borehole is carried out, under different design parameters (conductivity of the
borehole materials, pipe and grout).
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The validation of the analytical tool from experimental data has been done by means of Thermal
Response Tests or TRTs [23,24], a widely accepted method [25,26] to determine the main parameters
that define the thermal behavior of a borehole: the thermal resistance of the borehole (Rb) and the
thermal conductivity of the ground (λ).

A scenario is then presented to evaluate this thermal efficiency impact considering the
economic constraints, both in execution (length of borehole required due to thermal resistance of
the borehole) and in operation (pumping requirements and geothermal heat-pump performance).
The study is focused on a single U-tube configuration, first analyzing the influence of the flow rate on
the thermal borehole resistance and the pressure losses and then conducting a quantification of the
impact of the flow rate on drilling and operation costs in a borehole field of 9 single U-tube in two
scenarios: constant length and constant efficiency of the BHEs.

2. Methodology

As explained in [27], the theoretical basis for the thermal calculation of BHEs was established
long ago (see [3] for the most comprehensive treatment of the subject so far).

In broad terms, the total thermal resistance (Rtot) between the pipe and the ground at a
large distance from the pipe center, mediates the relation between the heat flow q (W/m) and the
temperature difference between the fluid inside the pipe (Tf ) and the temperature in the surrounding
soil (Tg):

Rtot =
(Tf − Tg)

q
, (1)

When the steady flow (or steady flux) conditions are established-after some time-the total heat
resistance can be split up into two terms given by:

Rtot = Rs + Rb, (2)

where Rs is the soil resistance, mainly related to the ground thermal conductivity (λ) and
other soil-related factors and Rb is the—constant—borehole resistance, given mainly by borehole
characteristic parameters.

At long enough time, Rs can be well approximated by simple formulas like the line, cylinder or
finite line approximations—as discussed [3,28], while Rb is a complex function depending on
its geometric features, material properties, internal flow conditions and composite region (grout)
conductivity conditions, more difficult to calculate.

2.1. Analytical Tool to Evaluate Thermal Efficiency of BHE According to Hydrogeological Conditions,
Geometric Characteristics and Material Properties

According to the established theoretical methodology, heat transfer across borehole pipe is
divided into different components which can be treated separately to model the local, steady-state
heat conduction problem between the heat carrier fluid in the pipes and the adjacent surrounding
ground. All these equations have been integrated into a comprehensive analytical tool that assesses
the effective thermal resistance of the borehole. This work is focused on the component of the tool
that allows isolation of the influence of fluid flow on heat transfer and pressure losses in a given
geometrical configuration (single U-tube). The results are subsequently compared to the experimental
results of our TRT tests to assess the validity of the model.

Following [3], this assessment can be characterized by means of the effective borehole resistance
(Rbe f f

) defined as the thermal resistance between the wall borehole temperature and the average
temperature inside the borehole heat exchanger. The average temperature is defined as the average
between the inlet and outlet temperature at borehole. This effective borehole heat resistance is exactly
what a Thermal Response Test (TRT) seeks to determine experimentally from a given real borehole.
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More precisely, the effective borehole resistance is defined as:

Rbe f f
=

T − Tb
q̄

(3)

Here it is important to note that T represents the average fluid temperature inside the BHE,
Tb denotes the temperature in the ground at the distance corresponding to the borehole radius and q̄ is
the average thermal power heat ratio during the thermal test.

The analysis carried out by the tool to calculate the effective borehole resistance is done considering
a simplified model for the counter-flow heat exchange between the downward and upward flows and
solving the corresponding coupled equation system that involves the z-evolution of the temperatures
in both legs (the thermal evolution along the pipe (z axis) of single U-tube for each of the two “legs”
(pipes) that compose it).

2.1.1. Heat Transfer Assessment

The pipe resistance (Rp) is usually split into three parts [3]:

Rp = Rp,wall+Rcontact + R f luid (4)

The first term (Rp,wall) relates with the resistance to heat transfer due to the conductivity of the
material from which the pipe wall is made of. For a cylindrical wall with inner radius rp and outer
radius rpo the relation is given by:

Rp,wall =
ln( rpo

rp
)

2 π λp
(5)

Please note that here λp is now the conductivity of the pipe material. In the case of conventional
polyethylene 100 (PE100) plastic pipes its value is around 0.4 W/(mK) (see new edition of guideline
VDI 4640-2 (VDI 4640 is a widely respected industry standard in Germany and neighboring countries,
first published in 1998, and now comprising 5 parts for different aspects of shallow geothermal energy.),
published in May 2015).

The Rcontact resistance term quantifies the resistance to heat transfer caused by a non-ideal contact
between the outer pipe wall and the surrounding grout. Some authors [3,29,30] have discussed what
could be reasonable values for Rcontact, but there is no general formulation for this term. In most
BHE studies, Rcontact is not considered and just included as one of the many sources of uncertainty in
the analysis of thermal resistances.

Finally, the R f luid term is given by the heat transfer conditions due to the forced convective process
between the fluid at a temperature Tf and the internal wall of the pipe. This process is conventionally
represented by the non-dimensional Nusselt number, for which many correlations and studies have
been made since long ([31,32]). The relationship between the resistance and the Nusselt number is
given by:

R f luid =
1

π λ f Nu
(6)

being λ f the thermal conductivity of the heat transfer fluid (usually water or a glycol and
water mixture).

The Nusselt number (Nu) itself depends on different factors. According to the most accepted
correlations, mainly on the Reynolds number (Re), the Prandlt number (Pr) and the inner radius of the
pipe to borehole deep ratio of the borehole (rp/H), hence:

Nu = f (Re, Pr, rp/H)
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where Pr =
µ f cp f

λ f
and Re =

4 ρ f q f

2 π µ f rp

For long depth boreholes (H >> rp), rp/H is close to zero and does not have influence on
the process. The quantities appearing in the correlation are hence the basic fluid properties (viscosity,
µ f , heat capacity, cp f , and density, ρ f , which are temperature and pressure dependent) and the volume
flow, q f .

For the present analysis, the correlations and fluid property functions were taken from
reference [33], the VDI atlas published in 2010. Figure 1 summarizes the resulting Nusselt number
as a function of Reynolds number and a Prandtl number of 5.43 (which corresponds to water at
atmospheric pressure and temperature of 30 ◦C), for circular section pipes with different internal
radius to deep ratios according to the implementation of the correlations recommended by VDI Heat
Atlas [33]. Each curve is representative for a different diameter, d, to length, l, ratio (in our case,
it can be assimilated to inner pipe radius to borehole deep ratio), being the red curve the one that
represents the long pipe scenario rp/H ≈ 0. As can be seen, in this case the Nusselt number in
the laminar flow condition (Re < 2300) is basically constant. There is a steep increase of Nu in the
transition regime (Re between 2300 and around 104) and finally an increase with a constant slope
(in logarithmic representation) is found within the turbulent flow regime (Re > 104). The blue curve
would correspond to a “very short pipe” scenario with a radius to H relation of 1, while the red curve
at the bottom depicts the result for a very long pipe, were rp/H is about zero.
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Figure 1. Nusselt number as a function of Reynolds number.

2.1.2. Hydraulic Assessment

In this analytical tool, within a framework for pressure losses calculation in arbitrary geometries,
the calculation of pressure loss caused by a given flow in a circular section unit pipe (based on the
Darcy law) using the Gnielinski algorithm have been implemented (as published in [33], Chapter L).

Following the traditional Darcy–Weisbach analysis, the pressure loss through a pipe of a given
length L, is given by:

∆P = ξ
L
dp

ρ f ω2

2
(7)

where ω =
q f

π rp2 is the mean cross-section fluid velocity in the circular section pipe under consideration,

dp the inner diameter of the pipe and ξ is generally known as the drag or friction coefficient,



Energies 2020, 13, 4925 6 of 30

which depends on several factors such as the Reynolds number of the flow, the geometry of the
flowing channel and the internal surface roughness characteristics.

It is important to state that—to standardize and be able to compare different design solutions—our
analysis will be referred to the pipe unit length (L) and thus:

δp =
∆P
L

= ξ
1
dp

ρ f ω2

2
(8)

is the pressure drop per unit length of BHE (δp). From this, the ideal hydraulic power per unit of pipe
length spent to meet the pumping needs, can be calculated in an easy way:

Ph = q f · δp , (9)

where

Ph is the hydraulic power per unit of length (W/m),
q f is the volume flow (m3/s), and,
δp is the differential pressure (Pa/m) [from Equation (8)]

Friction Coefficient and Pumping Losses Calculation

In the case of a circular pipe, the correlation recommended in the VDI atlas [33] and valid for
smooth pipes establishes that the friction factor (ξ):

Laminar f low (Re < 2300) : ξ =
64
Re

(10)

Turbulent f low (2300 < Re < 104) : ξ =
0.3164

4
√

Re
(11)

And the Reynolds number:

Re =
ρ f ω dH

µ f
=

2 ρ f q f

π rp µ f
(12)

being, dH = dp and ω =
q f
Ap

=
q f

π rp2 .

2.2. Capital and Operating Costs

Costs related to ground-source heat-pump installation can be classified into three main groups:
investment costs, operating costs and decommissioning and disposal costs. First group refers to how
much it cost to install the geothermal system, i.e., the cost of drilling, trenching, installing pipes,
hydraulic components, circulation pump and heat pump. Operating costs are the annual costs incurred
during operation such as electricity bills or maintenance work. Finally, decommissioning costs include
scrapping of heat pump, disposal of refrigerants or restoration of land due to the boreholes.

In this article, the installation costs of drilling and equipping the geothermal borehole at designed
depth and the energy operating costs (the electricity consumption of the heat pump during its operating
time and the electricity consumption of the circulation pump necessary to overcome hydraulic losses)
are analyzed for different scenarios in a typical geothermal installation.

According [34], the Capital Expenditures (CAPEX) ( e/year) can be calculated using the following
expression:

CAPEX =
C1 · n · L

N
, (13)

where

C1 is the total cost of an equipped borehole per drilled meter (e/m),
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n is the number of boreholes,
L is the borehole depth (m), and,
N is installation amortization period (years).

In this case, only the capital expenditures related to the borehole field are taken into account as
these are the only ones affected by the thermal efficiency of the borehole.

In addition, the Annual Energy Operating Costs (OPEX) ( e/year):

OPEX = AOCHP + AOCCP = CHP · h · Ce + CCP · h · Ce , (14)

where

AOCHP is the Annual energy Operating Cost of Heat Pump ( e/year)
AOCCP is the Annual energy Operating Cost of Circulating Pump ( e/year)
CHP is the Heat-Pump electrical hourly consumption (kW),
CCP is the Circulation Pump electrical hourly consumption (kW),
h is the number of operating hours per year, and,
Ce is the electricity cost (e/kWh).

To quantify these costs, hydraulic losses must be calculated based on the characteristics of the
BHE using an analysis tool that allows a thermal and hydraulic evaluation of the borehole.

3. Experimental Validation

To validate the tool and the conclusions obtained from the analytical study, several thermal tests
(called Thermal Response Test, or TRT) were performed with a constant and controlled heat injection
at different flow rates to allow the thermal transfer in the borehole to be characterized.

The methodology used in these thermal tests is described in [35] and highlights the importance
of a strict thermal heat injection control (by means of a PID). In this way, more precise results are
obtained than in the traditional methodology, in which no control of thermal injection is carried out,
being limited only to the generation of a constant heat pulse that does not take into account thermal
losses of the connecting pipes and the thermal influence of the fluctuating outdoor temperatures.

The experimental validation was carried out by means of 3 thermal tests (TRTs) on a single U-tube
borehole heat exchanger installed at Universitat Politècnica de València (see Figure 2 that shows the
position of the temperature sensors at inlet and outlet of the borehole).

AMBIENT 
INSPECTION WELL TEMPERATURE 

SENSOR

Figure 2. Scheme of the single U-tube borehole with temperature sensors position.

3.1. Experimental Data

Borehole characteristics are 15 m deep and diameter of iron casing 126/101 mm equipped with
a PE-Xa probe, 32 mm of diameter and 2.9 mm thick, and filled with a commercial thermal grout.
Table 1 summarizes all technical parameters of the borehole, which are then used as input parameters
to the analytical tool.
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Table 1. Parameters of single U-tube borehole.

Borehole Borehole Borehole Outer Pipe Pipe Thermal
Type Depth Diameter Diameter Thickness Conductivity

single U-tube 15 m 126 mm 32 mm 2.9 mm 0.41 W/mK

Borehole Effective Borehole Casing Inner Distance between Grout Thermal
Probe Depth Thickness Diameter centers Conductivity

RAUGEO PE-Xa 14.6 m 12.5 mm 26.2 mm 75 mm 1.2 W/mK

The thermal tests were performed at the geothermal laboratory test site located inside the
Universitat Politècnica de València campus. All the information on the description of the installation is
provided in Chapter 2.1 of Reference [35]. TRTs were carried out with different thermal power rate
and fluid flow rate and their main parameters are indicated in Table 2.

Table 2. Main test parameters.

Test # Flow
Reynolds Number 1 Thermal Power Injected

(l s−1) (W m−1)

1 0.022 1625 40
2 0.044 3249 80
3 0.083 5908 60

1 water properties at 40 ◦C: density 992.3 kg/m3 viscosity 0.000653 kg/(ms).

The thermal test duration was variable but longer than 100 h. Test were performed, for three
different Reynolds numbers: Test 1 under laminar flow conditions, Test 2 in the boundary between
laminar and turbulent flow and Test 3 under turbulent flow in order to analyze Reynolds influence in
borehole thermal resistance. Both the installation for carrying out the thermal tests and its procedure
are thoroughly described in [36].

The raw temperature data logged during the thermal test (average temperature between borehole
inlet and outlet sensors-see Figure 2 and thermal power injection) of each TRT carried out is shown
in Figure 3.
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Figure 3. Average Temperature (in black color) and Thermal Power injected (in grey color) (a) Test 1;
(b) Test 2; (c) Test 3.

3.2. Comparing Results

The procedure used for the analysis of the TRTs is explained in detail in [37] and the
parameters thermal conductivity of the ground (λ), borehole thermal resistance (Rb), undisturbed
ground temperature (T0) and ground thermal diffusivity (α) are drawn by means of a method of
adjustment (emplsqurvefit) to the main models (Infinite Line Source Model—ILSm—Finite Line Source
Model—FLSm—and Finite Cylindric Source Model—FCSm), using the Levemberg–Marquardt algorithm
implemented in Matlab c©.

The geological setting of the borehole field corresponds to continental alluvial sediments
like sands, silts, conglomerates, peat deposits, etc., (Quaternary deposits). Sediments are related
to the activity of major river (Turia) and small ravines that have influenced the geomorphology of the
Valencian region during the Quaternary [38]. The hydrogeological regime in this area was described
in [37]. The area has been characterized with a low estimated Peclet number [37]. For this reason,
the possible influence of the groundwater flow has not being considered in the models applied.

The comparison between the experimental results and the model data is presented below,
by selecting in each experiment the model (ILSm, FLSm or FCsm) that yields the least Mean Squared
Error (see Figures 4–6). As can be seen, in the case of the cylindrical model, no adjustment was obtained
with the lowest Mean Squared Error.
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Figure 4. Fitting model of Test 1.
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Figure 6. Fitting model of Test 3.

On the other hand, to build the analytical tool, the analytical formulas described in the previous
subsection were implemented as a collection of Mathematica c© [39] functions that allow a flexible
and general access to a variety of tools to analyze and visualize results. The resulting graphs for the
optimization analysis of single U-tube are shown in the next section.

Figure 7 shows the good correlation between the experimentally determined borehole resistances
and the predicted values. The results correspond to the standard PE-100 plastic pipe single U-tube
BHE of our facility at UPV measured at three different volume flows (ranging from laminar to
highly turbulent). The individual dots (◦) represent the experimental data (from TRT tests) while the
continuous curve represents the calculated values at any flow rate.
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TRT results

Analytic tool

0 0.05 0.2 0.25
0.1

0.15

0.2

0.25

0.1 0.15 

Flow (l s-1)

R
b e
ff 
( m

K
/W

)

Figure 7. Flow influence on Thermal Borehole Resistance (Rb) [analytical and experimental data].

Table 3 shows the results of the experimental tests (from adjustments shown in Figures 4–6)
and compares them with the results obtained by the analytical tool for the same characteristics
of each thermal experiment. As it can be observed, the values of borehole thermal resistance
obtained by means of the analytical tool predict with considerable accuracy the values obtained
by the experimental analysis, which justifies the robustness of the results obtained with the analytical
tool for the optimization analysis detailed in the following section.

Table 3. TRT results and comparison.

Test #
TRT Results Analytical Tool

λ Rb Ad. R-Squared Mean Squared Error Rb Error
(W/mK) (mK/W) (mK/W) (%)

1 2.22 0.221 0.89 (FLSm) 1.92 × 10−2 (FLSm) 0.224 1.36
2 2.23 0.167 0.99 (FLSm) 2.21 × 10−3 (FLSm) 0.166 −0.60
3 2.22 0.159 0.97 (ILSm) 8.77 × 10−3 (ILSm) 0.157 −1.26

4. Optimization Assessment

The methodology explained in Chapter Section 2 was implemented in the framework of European
projects GEOCOND (Further information at https://geocond-project.eu/) and GEO4CIVHIC (Further
information at https://geo4civhic.eu/) to allow a general setting for the optimization of materials and
geometrical configurations of BHEs. This methodology is used here to calculate the effective borehole
thermal resistance (Rbe f f

) and the hydraulic parameters (pressure losses) in a single U-tube borehole
configuration to characterize the installation’s operating costs analyzing their mutual influence. First,
the influence of the flow rate on the thermal borehole resistance and the pressure losses in a single
U-tube borehole are studied analytically through the tool. This analysis is then extended to a combined
study of the influence of the conductivity of the materials (pipes and grout). Subsequently, a case study
of a typical geothermal installation is carried out to quantify the impact of the flow rate on drilling and
the operating costs (based on the electricity consumption of the heat pump and the circulation pump)
in two limiting scenarios, constant length and constant efficiency of the BHEs.

https://geocond-project.eu/
https://geo4civhic.eu/
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4.1. Thermal Resistance and Pressure Losses Analysis by Means of Analytic Calculations

Once the results obtained by means of the analytical tool have been validated experimentally,
the following analysis has been carried out: the influence of the fluid flow rate on pressure losses
per meter of borehole has been calculated by the tool in order to subsequently show the relevant
correlation between the pressure drop in the borehole and the thermal efficiency of the borehole.

In Figure 8, the flow rates analyzed are shown reflecting the pressure drop resulting from each
unit of borehole length (Pascal per meter). As expected, hydraulic losses in the borehole increase
exponentially as the flow rate of fluid through it increases.
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Figure 8. Flow influence on Pressure Drop per borehole length.

Combining Figures 7 and 8 results Figure 9, which shows the significant relationship between
the thermal resistance of the borehole and the pressure losses produced. It can be observed that to
obtain very low values of borehole thermal resistance, a very high energy expenditure in pumping is
required; and, conversely, to obtain low pressure losses, the thermal efficiency of the borehole has to
be penalized. However, as it can be observed in the graph, in each configuration and properties of the
borehole, there is an optimal point that minimizes those two values (the closest value to the origin).
In our case, the optimal point would be approximately for a flow rate of 0.08 l/s (Rb:0.152 mK/W,
∆p:12 Pa/m).
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Figure 9. Pressure drop vs. effective borehole resistance (Rbe f f
).
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4.2. Multi-Parameter Analysis

The combined influence of pipe conductivity, grouting material conductivity and fluid flow rate
on the efficiency of the borehole thermal resistance has also been analyzed given the robustness of the
analytical tool developed. This is performed by calculating the thermal resistance of the borehole with
different input parameters of pipe conductivity, grouting material conductivity and heat carrier fluid
flow rate. In Figure 10, different Rb surfaces can be seen depending on these material conductivities
for 4 reference flow rate values.

Figure 11 shows iso-Rb surfaces: combinations of pipe conductivity, grout conductivity, and flow
rate where the same borehole resistance value is obtained (the same thermal efficiency at the borehole
heat exchanger).

The above Figures show the importance of the impact of not only optimal flow values, but also
of the added effect of improved conductivity values of the pipe and grout, which can, conjointly,
significantly improve the thermal efficiency of the borehole.

(a) (b)

(c) (d)

Figure 10. Rb Surfaces for different Flow values (in l/s): (a) 0.01; (b) 0.02; (c) 0.05 and (d) 0.25.
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Figure 11. Iso-surfaces for Rb selected values: 0.1, 0.15, 0.2 and 0.4 mK/W.

4.3. Scenario Analysis

For a more detailed study of the influence on execution and operating costs, a case study is
performed defining the characteristics of a geothermal installation. The installation under study
is a 420 m2 residential building located in a continental climate (Csb according to Koppen climate
classification) and due to the mild summer, it only requires a heating system, supplied by a geothermal
heat pump with power capacity of 28 kW. The building complies with the Spanish construction
standard (Technical Building Normative, 2013) [40] that implies the following thermal transmittance
U-values in the envelope elements: 0.6 W/Km2 in the facade, 0.4 W/Km2 in the floor and ceiling
and 2.7 W/Km2 in windows and external doors with a maximum of air permeability of 27 m3h/m2.
Building hourly thermal demand is showed in Figure 12 (yearly heating thermal load of the building
is 171.94 kWh/m2) and the main installation characteristics are collected in Table 4. This scenario was
analyzed using the DesignBuilder software, EED (Earth Energy Designer) [41], by carrying out hourly
simulations of the thermal behavior of the geothermal heat exchanger field.

The borehole field consists of 9 single U-tube boreholes of same characteristics of Table 1 with 90
depth and 6 m separation between them.

0 2000 4000 6000 8000

5

10

15

20

25

30

Time [hours]

T
he
rm
al
lo
ad

(k
W
)

Figure 12. Hourly thermal demand (heating) of case study.
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Table 4. Parameters of scenario.

Borehole field

Borehole type single U-tube Borehole parameters See Table 1
Borehole field 9 × 90 m Borehole separation 6 m

Ground properties

Undisturbed ground temperature 1 18 ◦C Ground conductivity 2.3 W/mK

Pipe properties 2

Installation properties

Heat Pump GMSW 28 HK 3 Pipe distance from borehole to Heat Pump 2 × 35 m
Common pressure losses (filter, heat pump heat exchanger, fittings,· · · ) 90 kPa

1 Average ground temperature of heat exchange between the ground and the borehole; 2 single U-tube
borehole of same characteristics of Table 1; 3 See Figure 13 for technical data.

Figure 13. Performance curves of GMSW 28 HK Heat Pump depending on supply temperature of
heating system [42].

4.3.1. Same Borehole Field

In the following assessment, a geothermal drilling field of the same length —9 boreholes of 90 m
depth— for all flow rates is analyzed to determine the influence of the flow on the overall cost of the
geothermal system (drilling and operation costs).

The results are listed in Table 5.
Following Figure 14 shows the total costs per year depending on the flow rate. Very low

working fluid flow rate results in higher total costs, due to the increased electricity consumption
of the heat-pump operation [AOCHP] because of the low thermal efficiency of the borehole (higher
working temperatures in the borehole field, as can be found in the Annexes). As the fluid flow rate
increases, these total costs are reduced (higher thermal efficiency of the borehole), but after a certain
point (in this case study, approximately 0.1 l/s), the pumping costs [AOCCP] start to play a bigger role,
increasing the total costs.

The additional data from the simulations performed for each case can be seen in the Appendices.
For each case it is shown:

– The annual evolution of the inlet and outlet temperatures of the heat transfer fluid, which depend
on the thermal performance of the borehole (Rb).

– The hourly thermal capacity of the heat pump and the rate of heat injected to the borehole
throughout the year.

– The electric consumption of the heat pump and its efficiency (Coefficient of Performance—COP)
calculated based on the heat pump rating. The value of the SPF indicated in the analysis is the
COP annual average.



Energies 2020, 13, 4925 16 of 30

Table 5. Scenarios results.

Case # Flow Borehole CAPEX OPEX Total

(l s−1) Field Cost 1 SPF 2 h3 AOCHP
4 ∆Pb

5 CP 6 AOCCP
7 Costs

1 0.033 9 × 90 m 2106 e/year 3.88 2980 h 2429.65 e/year 0.8 kPa 64.2 W 24.88 e/year 4560.53 e/year
2 0.044 9 × 90 m 2106 e/year 4.02 2882 h 2337.81 e/year 1.32 kPa 86.1 W 32.26 e/year 4476.07 e/year
3 0.064 9 × 90 m 2106 e/year 4.30 2701 h 2183.70 e/year 2.54 kPa 126.9 W 44.56 e/year 4334.26 e/year
4 0.083 9 × 90 m 2106 e/year 4.37 2660 h 2148.04 e/year 4.01 kPa 167.2 W 57.82 e/year 4311.86 e/year
5 0.100 9 × 90 m 2106 e/year 4.41 2637 h 2128.11 e/year 5.56 kPa 204.8 W 70.20 e/year 4304.31 e/year
6 0.150 9 × 90 m 2106 e/year 4.48 2600 h 2096.65 e/year 11.30 kPa 325.6 W 110.06 e/year 4312.71 e/year
7 0.200 9 × 90 m 2106 e/year 4.51 2582 h 2081.48 e/year 18.70 kPa 465.8 W 156.37 e/year 4343.85 e/year
8 0.250 9 × 90 m 2106 e/year 4.53 2571 h 2072.25 e/year 27.63 kPa 630.2 W 210.62 e/year 4388.87 e/year

1 C1 = 65 e/m and N = 25 years; 2 See Appendices; 3 Operating hours; 4 C2 = 13 ce/kWhelect; 5 Borehole
pressure losses; 6 Circulation pump power capacity; 7 CCP = Ph · ηpump · ηelect · L, ηpump = 0.6, ηelect =
0.7, L = 250 m, C2 = 13 ce/kWhelect.
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Figure 14. Total costs per year depending on flow rate.

4.3.2. Same Heat-Pump Efficiency

By means of the Energy Earth Design (EED) software, taking as a reference the operating
temperatures in the borehole field in Case #3, the total length of the geothermal field has been modified
to equal those temperatures (see Figure A7), and therefore, obtain the same electrical efficiency-SPF-in
the heat pump. Consequently, in cases where low flow rates penalize the thermal efficiency of the
borehole, the necessary length of the geothermal field increases, and in cases of high flow rates, as there
is a better thermal efficiency, a shorter length of the borehole field is required.

The simulation results are listed in Table 6.
Following Figure 15 shows the total costs per year depending on the flow rate. At very low

working fluid flows, very high total costs are observed, strongly penalized by the elevated drilling
costs [CAPEX], due to the longer length of the borehole heat exchanger required to obtain the same
thermal efficiency in the heat pump (same working temperatures in the borehole field). As the
fluid flow rate increases, these total costs are reduced (lower drilling costs), but after a certain point
(in this case study, approximately 0.15 l/s), the pumping costs [AOCCP] start to play a bigger role,
increasing the total costs. However, in the analyzed flow rates these pumping costs [AOCCP] do not
exceed the savings in drilling costs (although they are expected to do so at higher flows).
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Figure 15. Total costs per year depending on flow rate.

Table 6. Scenarios results.

Case # Flow Borehole CAPEX OPEX Total

(l s−1) Field Cost 1 SPF h2 AOCHP
3 ∆Pb

4 CP 5 AOCCP
6 Costs

1 0.033 1215 m 3159.00 e/year 4.30 2701 h 2183.70 e/year 0.8 kPa 64.2 W 24.88 e/year 5367.58 e/year
2 0.044 990 m 2574.00 e/year 4.30 2701 h 2183.70 e/year 1.32 kPa 86.1 W 32.26 e/year 4789.96 e/year
3 0.064 810 m 2106.00 e/year 4.30 2701 h 2183.70 e/year 2.54 kPa 126.9 W 44.56 e/year 4334.26 e/year
4 0.083 738 m 1918.80 e/year 4.30 2701 h 2183.70 e/year 4.01 kPa 167.2 W 57.82 e/year 4160.32 e/year
5 0.100 702 m 1825.20 e/year 4.30 2701 h 2183.70 e/year 5.56 kPa 204.8 W 70.20 e/year 4079.10 e/year
6 0.150 657 m 1708.20 e/year 4.30 2701 h 2183.70 e/year 11.30 kPa 325.6 W 110.06 e/year 4001.96 e/year
7 0.200 630 m 1638.00 e/year 4.30 2701 h 2183.70 e/year 18.70 kPa 465.8 W 156.37 e/year 3978.07 e/year
8 0.250 617 m 1604.20 e/year 4.30 2701 h 2183.70 e/year 27.63 kPa 630.2 W 210.62 e/year 3998.52 e/year

1 C1 = 65 e/m and N = 25 year; 2 Operating hours; 3 C2 = 13 ce/kWhelect; 4 Borehole pressure losses; 5

Circulation pump power capacity; 6 CCP = Ph · ηpump · ηelect · L, ηpump = 0.6, ηelect = 0.7, L = 250 m,
C2 = 13 ce/kWhelect.

5. Conclusions

This work has analyzed the investment and operating costs of a typical BHE configuration taking
into account the relationship between its thermal efficiency and hydraulic losses at different fluid
flow rates. An extensive theoretical and numerical tool was developed to filter, refine and finally
select optimal borehole configuration meeting the required criteria arising from the installation and
conductivity material and evaluating the correlation between borehole thermal efficiency (Rbe f f

) and
borehole pressure losses depending on the fluid flow rate. This tool has been experimentally validated
with results from thermal tests (TRTs) at three different flow rates, obtaining errors between the
calculated and the experimental values of less than 1.5%.

The following results can be concluded:

– As expected, the borehole thermal resistance value significantly depends on the flow rate
(see Figure 7). Within laminar flow (below 0.04 l/s), borehole thermal resistance is rapidly
increasing with small flow rate decreases, whereas in turbulent flow, a further increase in the flow
rate produces only a marginal decrease in the borehole thermal resistance.

– Since pressure losses in the borehole heat exchanger are correlated with the value of the thermal
resistance (see Figure 8), an optimum value is observed where the pressure losses have already
decreased considerably, reducing the electrical pumping costs.

– For the same flow rate value and hydraulic losses, the borehole characteristic that most
penalizes borehole thermal efficiency is the low thermal conductivity of the pipe material
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(Figure 10), with more influence on the borehole thermal efficiency than the value of the grout
thermal conductivity.

– The difference obtained in borehole thermal efficiency values between the lowest pipe thermal
conductivity and the highest for the same grout conductivity is about 0.2 mK/W for all values of
flow rates analyzed. This relevant result, which is not a main objective of this article, opens an
interesting field to analyze in future works.

To complete this theoretical analysis, hourly numerical simulations by EED program of a case
scenario were carried out to check the influence of working fluid flow rate on the total costs of the
installation (drilling and operating costs). As can be seen from both the analysis with the analytical
tool and the scenario simulations, the flow rate affects both the efficiency of the borehole (and therefore
the efficiency of the heat pump-SPF), and the pumping costs. Working at low flow rates will result
in lower borehole efficiency, with a cost overrun on heat-pump consumption. On the other hand,
operating at too high flows will increase the cost of pumping.

The conclusions that can be drawn are as follows:

– As shown in Table 5, for the same increase in circulating flow, the improvement in the energy
consumption of the heat pump is higher at low flow rates. For example, the running cost of the
heat pump is reduced 4% with a flow increase from 0.033 to 0.044 l/s, but the reduction is about
0.4% in the range between 0.2 and 0.25 l/s.

– When the flow rate exceeds a certain value, the penalty in the pumping operating costs are
higher than the decrease in electricity consumption due the improved heat-pump performance.
An optimum flow rate that optimizes the total costs of a certain BHE can be determined according
to the scenario characteristics. In the case studied, this optimum is at a value of 0.1 l/s (Figure 14)
representing 70% of nominal design flow rate.

– If the design objective is to set the performance of the heat pump, there is a carrier flow threshold
value from which a decrease in the total costs of the installation is not very significant (Figure 15).

– In both cases, for the scenario analyzed, it is observed that operating the installation with an
inadequate fluid flow rate can produce an increase in the total electricity consumption of the
geothermal installation of between 4 and 10% (see Figures 14 and 15).

To conclude, the extensive analysis carried out in this article shows that the thermal efficiency
of a BHE increases as pumping losses increase, existing, depending on borehole typology and
characteristics, an optimal design point that minimizes both. What this highlights is the importance,
when designing a geothermal installation, of carrying out a hydraulic assessment to evaluate the
influence of the fluid flow in the borehole on both the thermal efficiency of the borehole and the
electrical expenditure on the circulation pump, and therefore, a compromise must be reached between
both, mainly taking into account that both have impact on the operating cost of a ground-source
heat-pump system. This optimal value can be determined for each specific installation following the
methodology described in this work.

It must be considered that according to the theoretical analysis, only parts of the pressure losses
were included (related with the friction within the pipes). A more complete picture would need
to account for additional losses caused by other system elements such as bends, valves or other
singularities present in the system. On the other hand, another future work would be the evaluation
with more complex models that consider the groundwater flow.
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Abbreviations

The following abbreviations are used in this manuscript:

λ Ground thermal conductivity (W/mK)
λ f Fluid thermal conductivity (W/mK)
AOCHP Annual energy Operating Cost of Heat Pump (e/year)
AOCCP Annual energy Operating Cost of Circulating Pump (e/year)
BHE Borehole Heat Exchanger
CAPEX Capital Expenses
COP Coefficient of Performance
GSHP Ground-Source Heat Pump
GHE Ground Heat Exchanger
H Borehole deep (m)
Nu Nusselt number
OPEX Operating Expenses
∆P Pressure drop (Pa)
δp Pressure drop per unit length of BHE (Pa/m)
Pr Prandtl number
PID Proportional Integral Derivative (PID) Control
q Thermal power heat ratio (W/m)
Rb Borehole thermal resistance (mK/W)
Re Reynolds number
rpo Outer radius of the pipe (m)
rp Inner radius of the pipe (m)
Rtot Total borehole resistance (mK/W))
SPF Seasonal Performance Factor
T0 Undisturbed ground temperature [◦C]
Tf Fluid temperature (◦C)
Tg Surrounding ground temperature (◦C)
TRT Thermal Response Test
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Appendix A. Case 1: Flow 0.033 L/S
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Figure A1. Inlet and Outlet temperature at borehole.
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Figure A2. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A3. COP and Electrical consumption of the heat pump.
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Appendix B. Case 2: Flow 0.044 L/S
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Figure A4. Inlet and Outlet temperature at borehole.
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Figure A5. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A6. COP and Electrical consumption of the heat pump.
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Appendix C. Case 3: Flow 0.064 L/S
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Figure A7. Inlet and Outlet temperature at borehole.
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Figure A8. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A9. COP and Electrical consumption of the heat pump.
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Appendix D. Case 4: Flow 0.083 L/S
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Figure A10. Inlet and Outlet temperature at borehole.
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Figure A11. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A12. COP and Electrical consumption of the heat pump.
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Appendix E. Case 5: Flow 0.1 L/S
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Figure A13. Inlet and Outlet temperature at borehole.
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Figure A14. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A15. COP and Electrical consumption of the heat pump.
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Appendix F. Case 6: Flow 0.15 L/S
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Figure A16. Inlet and Outlet temperature at borehole.
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Figure A17. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A18. COP and Electrical consumption of the heat pump.
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Appendix G. Case 7: Flow 0.2 L/S
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Figure A19. Inlet and Outlet temperature at borehole.
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Figure A20. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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Figure A21. COP and Electrical consumption of the heat pump.
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Appendix H. Case 8: Flow 0.25 L/S
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Figure A22. Inlet and Outlet temperature at borehole.
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Figure A23. Thermal power extracted from the borehole field and Thermal power capacity of the
heat pump.
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