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11  Abstract.
12 This work presents the optimal design of a hybrid ground source heat pump
13 (GSHP), taking into account thermal imbalance and space limitation for the ground heat
14  exchanger field (GHE), applied to an official building. Once the building loads are
15  calculated and devices selected, experiments carried out from a single vertical borehole
16  obtain the ground thermal characteristics, including a local short-term period function
17 (STGF). From them, the Finite Line-Source (FLS) model simulates the GHE behavior,
18  from decomposing the ground thermal loads in hourly linear steps for 50 years. A set of
19  input variables, such as geometric configuration data of boreholes field, and additional
20  terms associated with this hybrid operation, must be provided to the model. For
21  optimization purposes, a design of experiments (DoE) considers the thermal ground
22 characteristics and input factors, providing both energy savings and the internal rate of
23 return as outputs (objective functions). Pareto’s optimal solutions method provides the
24 selected case, considering a compromise between economic and environmental benefits.

25 It has been established for 18 boreholes (rectangular disposition) of 120 meters deep,
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providing a 33.12% energy saving and an internal rate of return of 3.9%, also showing

89% of the total building load supported by the GHE.

KEYWORDS: GSHP system; G-function; FSL model; Geothermal Heat exchanger;

Building Energy Efficiency; Pareto.

ABBREVIATIONS.

ANN Artificial Neural Network

DoE Design of Experiments

EW Equal Weighted

FFDoE Full Factorial Design of Experiments
FLS Finite Line Source Model

GA Genetic Algorithm

GHE Ground Heat Exchanger

GSHP Ground Source Heat Pump

GHG Greenhouse Gasses Emissions

GTT Ground Temperature Test

HP Heat Pump

HVAC Heating-Ventilation-Air Conditioning
IF Input Factors

ILS Infinite Line Source Model

LCA Life Cycle Analysis

LGE Lower Greenhouse Gas Emission

LTGF Long-term g-function
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RSM Response Surface Methodology
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NOMENCLATURE

Latin letters

a Constant (°C) of aggregated term in ILS equation depending on In(t)
c Cost (€/kWhe)

C Volumetric Heat Capacity (J-m=-K™)

COP Coefficient of Performance

e Discount Rate

EER Energy Efficiency Ratio

ES Energy Savings (%)

eS Energy Savings (MWh/year)

f Approach Function of COP and EER

g g-function

H Depth (m)

1 Current hour

I Investment cost (€)

IRR Internal Rate of Return (%)

] Current year

L Length (m)

m Slope (°C-s™!) in ILS equation depending on In(t)
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NPV
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r/q
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SF

SPB

Greek Letters

Subscripts

Number of elements or Piles
Net Present Cost (€)

Net Present Value (€)
Payback Period (year)
Unitary Heat pulse (W-m™)
Thermal load (kW)

Radius (m)
Rectangular/quincunx shape
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Reynolds (dimensionless)
Shave factor (%)

Simple Payback Period (year)
Temperature (°C, K)

Electrical work of the compressor in the HP (MWh/y)

Thermal Diffusivity (m?-s™)

Euler’s Constant (dimensionless)

Annual Increment of electricity price (dimensionless)
Thermal Conductivity (W-m™-K™)

Time (s, h)

Diameter (m)



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

av

aux

cond

dim

(A%

ext

int

max

reg

1. Introduction.

Average
Auxiliary
Borehole
Building
Compressor
Condenser
Dimensional
Electric
Evaporator
External
Fluid
Heating
Number of hour
Internal
Lower
Maximum
Refrigeration
Regeneration
Soil

Upper

Experiment



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Andalusia is the warmest region of Spain, where temperatures can reach more
than 45°C in summer, while several zones drop their temperatures below zero degrees in
winter [ 1]. On the one hand, it justifies the use of efficient HVAC systems to reach
adequate ambient conditions in buildings. On the other hand, the environment in this
particular region causes thermal load imbalances making the HVAC systems reject
more heat towards ambient in summer than the corresponding captured one in summer
by the heat pumps (cooling-dominated). In any case, the buildings’ energy consumption
(electricity) to cover their loads for adequate heating and cooling constitutes a
significant source of primary mover consumption and emissions. Therefore, apart from
the main improvements that can be adopted to reduce them, both passive and active, a
promoting alternative such as the GSHP can contribute significantly to these reductions,
leading to COz saving emissions |[2]. Passive improvements consist of the envelope
isolation and the internal shape or orientation of the building. On the other hand, active
improvements are based on increasing the components’ efficiency of the HVAC system,
such as compressor, heat exchangers, thermodynamic cycle, or device control. This kind
of HVAC system has been adopted worldwide, increasing significantly during the last
years, exceeding 77,000MWt installed until 2020 [3]. In Spain, the share of energy from
renewable sources in HVAC systems (including geothermal) was increased from 9.6%
in 2004 to 16.9% in 2019 [4], which was used to produce 3,542TJ/y the current year [5].
It maintains a growing trend, helping to reach, next to other solutions, the objectives of
overall decarbonisation in the near future. Particularly, this region has adopted vertical
boreholes, which need smaller areas and present higher efficiencies [6]. In any case, the
first stage to convince potential customers to install a GHSP system into a building
consists of designing it conveniently, demonstrating the energy/environmental and

economic costs savings in front of a conventional HVAC system.
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Design methods of Ground Source Heat Pump (GSHP) systems with vertical
boreholes involve evaluating the total length, Leue (m), of the Ground Heat Exchanger
(GHE) field, which are capable of using as efficient as possible the HP for heating and
cooling loads. For this purpose, the most advanced procedures vary the total length of a
particular field configuration, evaluating the ground response temperature along time by
an energy balance at each step. The iterative process finishes when the carrier fluid
temperature does not exceed the imposed limits in the GHE (0°C in winter and 35°C in
summer) throughout all the time evaluated (25 years). A deep description of the existing
models and sizing tools can be reviewed in these references [ 7, §]. Concerning most
used models, both based on analytical infinite line source (ILS) and analytical finite line
source (FLS) methods are applied to single-pile for ground characterization purposes
from thermal response test (TRT) results. Other ones, such as finite difference and finite
element/volume models, can be quite accurate for a complete GHE simulation, so sizing
tools based on them provide quite reliable results due to their accuracy. Nevertheless,
each simulation requires long computation times, involving an extremely computational
charge because of a multi-objective optimization process to provide an optimal sizing.
Therefore, they are impractical for design applications into a prudential period, but are
recommended for customized detailed plant modelling by experimented users. Finally,
the so-called analytical response factor models extend the use of the FLS method,
applying a response factor of the ground attached to the GHE. The major of the
analytical sizing tools are based on this last method (such as ASRHAE or EED),
adapting to a friendly environment for designers. They can be associated with different
categories related to the detail level of the model applied, being tighter as the sample

time is shorter, up to hourly evaluation.
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In this model, thermal ground characteristics are included, as well as a
temperature response factor, called g-function |9, 10]. This function depends on time,
borehole geometry, and ground characteristics and can be properly constructed for a
complete GHE field (formed by several holes) by superimposing in space this initial
function for a single borehole [ 11]. This g-function is composed of a short-term period
function (STGF) and a long-term one (LTGF). Although, in the beginning, the last term
(LTGF) was numerically estimated, it was validated later in an analytical and useful
way [ 12]. In relation to the STGF, there are several methods to approximate it, such as
numerically [ 13] and even by Artificial Neural Networks (ANN) [14]. In any case, they
are generated synthetically, implying minor mismatches with a lack of accuracy when
the response factor model is run with very short time steps [ 7]. In this sense, an
experimental technique has been recently validated to provide this STGF, with the
advantage of being evaluated for the own location where the GHE will be drilled [ 15].
Therefore, data from an initial test can provide it with excellent accuracy, overcoming
the previous disadvantage.

However, selecting an adequate Laue does not suppose itself to be an optimal
design. The economy plays a fundamental role in adopting these types of systems due
mainly to their installation costs [ 16]. In addition, the degradation of the ground thermal
condition over time causes a reduction of the GSHP efficiency [17], making the
associated reduction of operating costs to be less than those activities expected. The Net
Present Cost method (NPC) is selected as the principal economic indicator for this
purpose | 16]. In this sense, hybrid systems have been suggested to provide the major
building thermal load from the GHE, while peak loads are supported by the
conventional way. Therefore, the GSHP efficiency losses are minimized over time,

overcoming the overall lifetime cost limiting factor [ 18, 19]. Several control strategies
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are used for balancing the cooling and heating loads, such as limiting the fluid
temperature (set point control) or regenerating the soil (injecting or extracting heat flow
throughout the GHE) [ 18, 20]. In any case, a minimum lifetime system cost does not
suppose the best environmental solution, related to greenhouse emissions (GHG) and
others, as well as the primary mover. In fact, they are usually contradictory. This
environmental point of view has been commonly evaluated from the Life Cycle
Analysis of the installation (LCA) [21]. It considers all the steps associated with the HP,
from raw materials to the final disposal of equipment, obviously going through the
repercussion of its operation during its useful life (mainly by electricity use). The
lifetime GHG emissions (LGE) can be used as an indicator of this task [16].
Furthermore, several impacts can be evaluated, such as resource depletion, human
health, or ecosystem quality.

Both tasks, economic and environmental, can be evaluated by considering
savings instead of the overall lifetime study separately for conventional and with GHE
uses:

1) All environmental charges associated with the equipment (raw material,
production, transportation, final disposal, etc.) are the same, independently of the use of
the HP device. There is only one difference associated with the borehole setting-up by
drilling, inserting pipes and backfilling the grouts. Nevertheless, its influence is
relatively low for long lifetime use of the GHE (for instance, below 2% for GHG, below
1% for human toxicity, or around 3% for fossil depletion), pointing that removing it
from the overall environmental analysis does not imply substantial errors [21]. As the
main factor corresponds to the electricity (the largest contributor to the environmental
charges in an HP), the energy savings (ES) at operating conditions constitute a key

indicator of the differential environmental charge among conventional and GHE use of
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the HP. From an energy/environmental point of view, this value should be above 25%,
considering the efficiency improvements due to the GSHP use in a building with a
balanced thermal load [22].

i1) In addition, the economic factors can be estimated between both HP uses for a
known electricity cost. Therefore, an economic assessment can be applied to the GHE
investment costs instead of the NPC for the overall lifetime separately. In this sense,
investment selection criteria such as the net present value (NPV) or internal rate of
return (IRR) are useful indicators to be evaluated [23]. To take a decision from an
economic point of view, it is used to consider a reference value for the discount rate ‘e’,
particularly in Spain, equal to the so-called the Spanish 10-years bond. In the last years,
it has always fluctuated below 1%, with an average value near 0.5% [24]. The European
policies promote the use of renewable sources, where the NPV is a criterion to be
observed [25]. Once the directive was transposed to Spanish legislation, recommended
solutions are based on an IRR equal to this reference value plus 3%, such as in [26]. For
this reason, the IRR has been selected in this work as an economic indicator or
objective. In this way, the final optimal solution must be selected from those with
maximums in ES and IRR, with a lower limiting value for IRR, which can be
established at about 3.5% to assure the profitability of an installation.

With these principles, a multi-objective optimization method must be performed.
The main problem is to satisfy several objectives that come into conflict (an energy
improvement can mean a higher economic investment, which damages the profitability
of the installation). In this sense, the Pareto optimality method has been proven to be
highly effective in reaching the best compromise solution among all the possible cases

[27].
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The classical optimization procedures are based on Newton’s method 28],
which can be improved in many cases by adopting intelligent optimization techniques,
such as GA of ANN [29]. In many cases, these new methodologies present better
searching for the optimal solution, diminishing the difficulties associated with ill-
conditioned problems, or avoiding weak or local minimums, among other advantages
over those conventional methods. There are many reports justifying the accuracy of
these methods to proper optimizations for both classical [30, 31] and intelligent [ 14, 32-
34| procedures. The optimization method is selected depending on the computing time
to the particular applied model, avoiding a much-extended time required by the
computer to finish the process. When the model consumes a little time to run, a high
number of iterations can be used, while those, which use complex models (such as 2D
or 3D), tend to search for a low number of repetitions.

An alternative strategy to optimums searching, based on statistical premises,
corresponds to the Design of Experiments (DoE) in order to minimize the number of
tests to be carried out (experiments or modeling) [35]. Researchers such as Park et al.
[36] optimize the design of a hybrid GSHP system using a DoE. In this case, instead of
the Pareto’s method, the final solution was selected from the overlaid contour of three
surfaces, each one for a single-objective bi-variant function, generated by Response
Surface Methodology (RSM). The three objective functions were the total initial cost,
the total present value costs, and the annual energy use, and two decision variables
associated with a particular type of control of the device and GHE length. On the other
hand, other researches also use this technique with satisfactory results [37, 38].

In short, using the FLS model with hourly load demands provides accurate
results to determine the temperature evolution in a GHE. However, considering the very

long time of evaluation (50 years) and several internal iterations to conciliate the hourly

11



274  ground thermal loads with the ground carrier fluid temperature evolution, also limiting
275  this last value, the simulation of any case will require a considerable time to perform all
276  the necessary calculations by a computer. When this model or one similar is used in a
277  multi-objective optimization strategy, it is suspected that the computation time would be
278  excessive due to the many different cases to be evaluated. In order to provide a friendly
279  and relatively fast method for the optimal design of a GSHP, an alternative strategy can
280  be adopted, following two steps:

281 -Firstly, an appreciable amount of cases with different input factors /F

282  (variables) must be simulated, to provide economic and environmental (or energetic)
283  indicators such as NCP-LGE or ES-IRR. For this purpose, a systematic sampling must
284  be done from a DoE, from which several optimums can be observed.

285 -In a second step, the final decision is taken by selecting the best option among
286  all of them, using the Pareto’s optimal approach for the overall multi-objective

287  optimization associated with the GSHP design.

288 In this paper, a case study for the optimal design of a hybrid GSHP has been
289  applied to an official building located in Andalusia (Spain), where there is a thermal
290 imbalance by ground cooling-dominant load and a surface limitation for the GHE field.
291 It starts from the hourly profile of the building load, establishing an initial installation
292 scheme. Later, a set of experiments over a single vertical borehole determines the

293  thermal ground characteristics and defines the local STGF exclusively for this set-up.
294  From these previous data, a DoE establishes a combination of different input factors,
295  related to borehole geometric characteristics (depth, number of elements, etc.) and

296  control strategies for this hybrid behavior. For each of them, the FLS method is used to
297  simulate the hourly thermal building load for a very long time (up to 50 years),

298  optimizing the GHE behavior to maximize the energy savings (ES) in relation to the

12
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conventional operation of the selected HP device, also determining the economic
feasibility throughout its IRR. Once all results are provided, the best solution is selected
by searching for a compromise between economic and environmental benefits through

the Pareto’s optimally method.

2. Methodology.

A procedure for an optimal design of a GSHP system searches for the adequate
GHE total length (Lcnue), which matches with the best conciliating solution from the
energetic/environmental and economic points of view. The main procedures start from
the GHE size (Lgug) | 8], from which the ground response is evaluated by determining
the carrier fluid temperature during the useful life of the installation (usually 25 years).
Internal algorithms can be included [ 18, 20] in order not to overcome the temperatures
of 0°C in winter and 35°C in summer, which are implemented into the control system of
the HP. Among available methods, the analytical procedure is quite friendly and
accurate, compared to the numerical ones with high computational costs [7]. Quite
differences have been observed among the different analytical procedures [39], being
the most advanced ones those that simulate the process with a one-hour sample time.

In addition to time-dependent variables (temperatures, heat flows, and so on),
final indicators must be extracted from it, such as shave factor (share of building loads
provided by GSHP and conventional system: 0% is assumed for conventional ones,
while GSHP can reach up to 100%) [ 16], energy consumption (usually corresponds to
electricity), and its economic cost, year by year. From these results, an energetic and

economic assessment can be done, providing an investment selection criterion [23], next
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to energy savings (and/or environmental ones), when the evaluated case is compared
with the conventional case (which does not use GHSP).

For carrying out the optimization procedure, several aspects must be defined: 1)
some inputs (input factors of decision variables) to the selected model; ii) the
characteristics of the outputs from which to take decisions (objective functions, in this
work throughout energy-environmental and economic indicators), and ii1) decision-
making criteria (addition of several objective functions applying weighting factors,
searching maximum or minimum, and so on).

In a general way, once selected the energy/economic model into an optimization
procedure, the overall process can be summarized as follows:

1) Building load calculation.

i1) Selection of the different devices (HP and dry air cooler) and their characterization.
ii1) Thermal ground characterization of the GHE (from experiments).

iv) Multi-objective optimization procedure, from which select the final design.

For the present particular case, the optimization method is based on applying
first a Design of Experiments (DoE), which defines a set of simulations subjected to
different combinations of input factors. At the end of the simulation stage, all the results
are evaluated throughout the Pareto’s optimally process, finally selecting the adequate

design for the desired objectives.

2.1. System description.

General data, characteristics of devices, and installation are summarized in table
1, from which start the design study (justifications will be provided in the following

sub-sections):

14



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362
363

364

365

366

367

368

369

1) The building is an official construction, subjected to a 12h/day schedule every
day. It presents a yearly heat-dominant building load demand but constitutes, in fact, a
ground cooling-dominant case, due to the thermodynamic refrigeration cycle of an
arbitrary heat pump (HP). It implies that, every year, the outdoor element of the HP
rejects to the external thermal source (conventionally the surrounding ambient) more
thermal energy than that absorbed from it.

i1) On the other hand, elements related to the HVAC system also appear in that
table to provide those building load demands, adjusted to weather conditions, even for
extreme cases.

ii1) Finally, the proposal of using a GHE needs a large free terrain surface, which
is quite limited. In addition, the common practice of installers in this zone is to make the

boreholes with the general characteristics indicated in table 1.

Table 1. Main characteristics of the GSHP system.

CHARACTERISTIC

Building Official 1998,05 m?; Heating: 146MWh/year, 277kW peak; Cooling: 124MWh / 210kW
peak

HP Device | CIAT MODEL 400V (X2);

Nominal heating: 137.7kW (COPs: 4.39); Nominal cooling: 119.3kW / (EERs: 4.69)
Eurovent conditions: 12/7°C temp. evaporator; 30/35°C temp. condenser;

Air-to- INDITER AWSN-43D; Capacity: 154kW; V= 27m*/h; max. AT¢= 5°C; Pump/Fan
water heat | Consumption: 1.5/5.8kW
exchanger

GHE Field | 540 m? available surface (18m x 30m);
Boreholes: 0.15m ¢p; U tube 32/40mm ¢ini/dex PE100; Filling bentonite mix

2.1.1. Building load.

The envelope and inner uses origins a thermal load that has been estimated by an
authorised software in Spain [40], which includes the solver DOE-2.2 [41]. Although

this software runs with hourly data, the results are only related to cumulated monthly
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388

389

390

and seasonal heating and cooling loads. To infer hourly demands from that monthly
aggregated energy, a non-linear multivariate regression approach has been carried out,
taking into account the climatic variables profile along the year [42]. In addition, in the
warm periods where both heating and cooling demands appear, outdoor temperature
allows providing the major of these loads (by free-cooling and free-heating). Thus they
have been removed from the demands from the HP device in the current study. The final
effective load is presented in figure 1.a. The resulting hourly building load Qs(t)
(kWh/h) (equivalent to average hourly energy flow in kW units) corresponds to the
main input to the developed analysis, which is segregated as average hourly demands of
heating Qs,u(t) and cooling Qs r(t). An example of the load fraction distribution along a

day in winter and summer can be seen in figure 1.b.
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Figure 1. Building load: (a) initial; (b) final demands removing free heat exchanging periods.

2.1.2.- Devices and their characterization.

Considering the HP efficiencies (see table 1) and building thermal load profiles
(see figure 1), a ground cooling-dominant case is identified. It presents a yearly average

ground heat load or imbalance of 4.59kWt (average net load to be injected to the ground
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by the GHE, as a result of subtracting the heat injection in summer and extraction in
winter), and a highest average monthly ground load of 60.38kW (in July). The peak
hourly load at the external devices of the HP in summer corresponds to 259kW. Due to
this high value, it is necessary to use a secondary device at extreme periods, although its
utilization factor will be quite low. As only the main device is attached to the GHE, the
peak hourly ground load is 168kW (from which it has been decided the model of air-to-
water heat exchanger). From evaluating the building and ground loads, the yearly shave
factor that this installation can reach is 89.08% (91.2% in winter and 86.6% in summer).
The scheme of the installation is shown in figure 2. A W-W-HVAC system has
been selected to cover the indoor loads, including two HPs in parallel. The main one
provides the major building load Qs.GuE, by connecting it with the GHE, supporting the
ground load Qcrounp. The auxiliary one takes over the building peaks QB,aux making
use of an air-to-water heat exchanger, interchanging the corresponding ambient load
QawmsienT. In this way, the outdoor thermal sources correspond to the ambient for the HP
attached to the air-to-water heat exchanger, and to the ground (up to 150m deep) for that
main device connected to the GHE. For this last case, the ground temperature far from
piles tends to be constant throughout the year. Thus the HP efficiencies are better than

for the heat exchanged with the ambient, resulting in lower energy consumption [43].
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Figure 2. Scheme of hybrid HVAC- GSHP mstallatlon

Several fluid circuits can be observed in figure 2. The gross lines represent the
pipes through which fluids constantly circulate. Completing the closed circuits for the
regular operation, the tubes appear connected to those denoted with thin continuous
lines. However, this intercooler also has a complementary assignment during
regeneration periods (at night, without human activity in the building), which consists
of heating (in winter) or cooling (in summer) the ground by transferring the load Qreg to
the ambient. For this purpose, three 3-way controlled valves have been included in its
external circuit. The regeneration circuit connects the primary tubes (gross lines) with
those depicted by dash-dot lines, by means of the indicated valves. In this case, only the
auxiliary pump operates.

Considering the characteristics of HP and air cooler in table 1, an energy balance
provides the maximum carrier fluid temperature variation ATr at the outdoor unit of the

HP (evaporator in winter and condenser in summer) around 5°C at full load in summer.
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For the most unfavourable scenario, a constant value of 5°C has been assumed for this
term, thus providing a maximum uncertainty over the calculation following procedure.
As the efficiency of the HP varies with carrier fluid temperature, its
instantaneous behavior over time is quite important to be known. Therefore, to assure
reliable results, a function of the partial and full load HP efficiencies for heating and
cooling has been incorporated into the study. For this purpose, data provided by the
manufacturer relate the flow rates at the evaporator (Qev), condenser (Qcond), and
electrical power at the compressor (Wc) with the outlet temperatures of the carrier fluid
from both the evaporator (Tev,out) and condenser (Tcond,out). From them, the
corresponding efficiency values have been extracted firstly, one for the COP (for
heating, equal to Qcond/We) and another for the EER (for cooling, equal to Qev/We).
Later, a corresponding binomial function was deduced for their instantaneous
behaviour: COP = f1(Tcond,out, Tev,out) and EER = f2(Tcond,out, Tev,out), With the tendencies

shown in figure 3.
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Figure 3. Responses surfaces of f; (COP) and f, (EER) for the evaluated Heat Pump.
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In winter, the external device of the HP acts as the evaporator. Thus ATev = ATt
corresponds to that increment at the GHE field. On the contrary, ATcond = ATt in
summer. In any case, the internal elements of the HP provide to the fluid the
temperatures at nominal conditions for each season, as recommended by the
manufacturer (40/45°C for heating loads and 7/12°C for cooling loads). These relations

make it possible to establish the equalities in eq. (1):

Winter:  Toyour = Trap — 0.5 ATy, = Ty 4, — 0.5 ATy

Summer: Tcond,out = Tf,av + 0.5 ATCO‘nd = Tf,av + 0.5 ATf (1)

2.2. GHE field and characterization.

The GSHP is constituted by the previous elements, adding a boreholes field that
forms the GHE to interchange those heat rates with soil, with the characteristics shown
in table 1, corresponding to the common practice of installers in this zone. The limited
surface for the GHE field makes it necessary to define an optimal disposition of
elements among several possibilities for a number of boreholes between 18 and 24,
placing them in a rectangular or quincunx shape (r/q). These shapes adapt better to the
limited disposal of annexed terrain surface to the building, as shown in table 1.
Therefore, the initial objective of a design procedure is searching for the adequate total
length of the overall GHE field, Lcue (m), (as a result of multiplying the number of
elements Np and their depth H (m)), considering the possible disposition 1/q and the
thermal characteristics that must be determined.

For the thermal characterization of the terrain (including hole filling material and
soil), a single pile is first built, drilling the terrain, inserting the U-tube, and filling the
well with a special cement based upon bentonite and the pipe with the carrier fluid. A
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little time is allowed for the fluid to reach the temperature of the surrounding ground.
Then, a developed device for this purpose carries out two experimental tests [22]:

Firstly, an undisturbed Ground Temperature Test (GTT) is developed, to obtain
the average value for the soil temperature Ts (°C), which will be supposed to remain
constant along time far from each borehole, serving as a thermal source. The procedure
consists of measuring the outlet temperature of the pipe from the grout as the carrier
fluid is circulated in laminar regime (mean velocity of 0.05 m/s giving a Reynold’s
number, Re, around 1800) in order to assure that its temperature is the same as that
corresponding to the ground. It provides its profile with the depth, from which the
average value Ts is calculated [44].

Later, a three-day Temperature Response Test (TRT) is put into practice,
injecting a constant 4000 W heat rate, corresponding to a unitary heat pulse qo of 36.36
W/m (from an experimental borehole depth of 110 m), and with a volumetric flow of 15
L/min (turbulent regime with 11400 Re), providing the time dependent profiles of inlet
and outlet fluid temperatures versus the trial, denoting its mean value as T (°C) [21].
From this experiment profile, the ILS method was used to identify some thermal
characteristics of the ground such as the ground thermal conductivity As (W/m-K) and
volumetric heat capacity Cs (J/m*-K) [45], given the grout radius 1 (m) and the
effective borehole thermal resistance Ry (m-K/W), which must be estimated by an
auxiliary model [46]. As the experimental device assures a constant value for the heat
pulse during the test, T follows a linear tendency of the natural logarithm of time at the

end of the experiment, as eq. (2) shows:

do
41 Ag

_ . _ . _ do 4ag _
Tro = a+min(r) ; m= ; a= T5+qub+4nAS [ln<r§> V] (2)
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where as (m?/s) denotes the soil thermal diffusivity, and y corresponds to the
Euler’s constant. The term As is obtained first from the slope of the straight-line m, and
later, diffusivity is derived from the constant value a, providing then Cs, throughout the
relation as = As / Cs.

In order to model the heat exchange in the GHE field for the design purposes of
the present study, the FLS method simulates the evolution along time 7i (being ‘i’ the
hour number, finishing the 50 year-period at the hour k£ = 50-365-24) of the average
fluid temperature of the GHE Trav, subjected to a superposition of piecewise linear step

heat inputs in time, derived from the heat pulses gi(z) (W/m) [13], as eq. (3) shows:

1

s S @ - gD gons (TR F R @ -0 O

Ts

Tf,av = TS +

Apart from incorporating 7’s, As, and R», gi(z) terms are initially determined from the

hourly building load, HP efficiencies, and LGue , that is:

Qp,H(T) 1

Gin(T) = 7= (1) 3.1)
GHE fi
QB,r(T) 1

qir(r) = 2= (14 ) (3:2)
GHE 2

The key component of this expression corresponds to the g-function, as the thermal
response factor of the GHE, which depends on a combination of the number of piles
(Nb), depth (H), and disposition (7/g) [9, 10]. A long-term period g-function (LTGF)
profile for a single borehole can be derived by a time-dependent analytical function
subjected to as, H and ¢» [ 12]; going forward of the methodology established previously

by Eskilson’s approach [10], who obtained it first numerically. This approach could be
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enough for design purposes when peak loads were not considered. However,
developments demonstrated also that intermittent heat transfer by short cycles of
operation at vertical GHE improves their effectiveness [6, 43|. Thus models must
include the transient behaviour of the borehole at the first stages of any arbitrary heat
pulse, beyond the one represented by R», which does not consider the thermal capacity
of the grout. For this reason, a complementary short-time g-function (STGF) must be
evaluated to build a single borehole g-function.

In this sense, Yavuzturk and Spitler [ 13, 47] extended the Eskilson’s method by
applying eq. (3) to a single unitary heat pulse qo to provide the STGF by solving the
expression of eq. (4), generating Tr synthetically throughout a 2D numerical model for

a given steady-state time s =H*/9- as, and a Ts previously established.
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Recently, the authors demonstrated that eq. (4) can also be used to obtain this
STGF but determining T and Ts experimentally from GTT and TRT tests [15],
extending the capabilities of TRT to provide short-time information about a single
vertical GHE. This procedure was validated by matching model results with a set of
quite demanding heat pulse cycles in a short-term, where a high accuracy was proven.

In short, the global characterization of a single borehole starts from both the
GTT and TRT tests and then, by solving the ILS method of eq. (2) the analytical
approach for LTGF and the experimentally based determination of STGF at eq. (4).
These two last components provide a precomputed complete thermal response factor for
all the time in a single borehole. From this, the overall function for a GHE field with

several grouts must be constructed considering Nb, H, and r/q, with adequate separation
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543  distances between them into the available GHE surface, and finally applying the

544  superposition principle in space.

545

546  2.3. Energy and economic analysis procedure.

547

548 The model described in this section determines, as a last resort, the energy and
549  economic savings (output variables) from operating the GSHP system subject to a

550  combination of certain varying input factors (IF), which will be explained later. The
551  output variables are presented for a 50-year period, corresponding to annual and global
552  percentages for energy savings ES (%), shave factor SF (%), and internal rate of return
553  of the investment IRR (%). Annual energy indicators have been evaluated from the
554  integration of the hourly-step analysis of the system. From these annual cumulated

555  energy results, an economic assessment is done, providing their savings and the IRR.
556 The energy analysis uses the eq. (3) to evaluate the heat transfer throughout the
557  GHE field, simulating the evolution of Ttav. Since the hourly evolution during a year of
558 the building load is considered the same for all the period studied (50 years), the load
559 transferred to/from the ground changes from one year to another depending on several
560 tasks, making necessary a detailed assessment along all the period. These tasks are as

561  follows:

562 1) The HP efficiencies (COP for heating, approached by the surface

563 function fcor(Teond,out, Tev.out) and EER for cooling by that

564 fEER(Teond,out, Tev,out)), were previously fitted (as can be observed in Figure
565 (3) and are closely subjected to Ttav, as eq. (1) showed.
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A key factor to optimize the installation establishes set points (upper and
lower limits) for the fluid temperature, Tr,u and TtL, in order to maximize
these efficiencies [20].

The maximum thermal load of the device to be transferred: a maximum
Qs,umax (winter) of 137.7kW is initially assumed, since for QB rmax
(summer), it corresponds to 119kW (nominal conditions). But these load
peaks may produce the Trav to overtake those mentioned temperature
limits (Tru and TtL). They must be prevented.

For this same purpose, another strategy consists of including a
regeneration cycle [20] by extracting (or injecting) a certain heat flow
during several hours in a day (Nreg and Nregr for heating and cooling
seasons, respectively). It corresponds to another key factor in the global
model of the GSHP system. The Qreg (W) could correspond to the
maximum capability of by the air-to-water heat exchanger (154kW, see
table 1). From a sensitivity analysis of this system, it has been concluded
that those terms for heating demands (Tt and Nreg1i ) are not necessary
to be changed, always assuming a 2°C value for Tt and no regeneration

is needed at winter season (Nreg,n = 0).

Thus, the variable input factors to the model (IF) correspond to: the number of

boreholes Nb and depth H, disposition of them into the GHE field (rectangular or
quincunx, r-q), and the control strategy factors Tru and Nreg,r. These inputs together
with some pre-processed terms (such as the hourly building load, HP characteristics, Ts,
As, Rb and g-function, Qreg, terms at fcop and feer surface functions related to HP

efficiencies), act as input variables to the algorithm presented in figure 4.a, in order to
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determine the desired cumulative results: yearly and overall period loads and

consumption, differentiating between winter and summer seasons. To obtain these

cumulative results, it is necessary to evaluate the hourly GHE behavior firstly during a

very long time, resulting in: Trav(t), COP(t) and EER(7), Wcn(t), Wer(T), QB.H(T) and

Qg.r(1) supported by the GHE, avoiding to exceed the fluid temperature limits

throughout the boreholes.
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Figure 4. Mathematical model of GHSP behavior: a) Global Procedure and b) Hourly Energy Procedure.

For this purpose, the hourly simulation procedure (see “HOURLY ENERGY
MODEL” in figure 4.a, which develops the algorithm in figure 4.b), decomposes first
the overall period on yearly calculations, starting with Qg,u(t), QB.r(T) and also
considering QB H max and QB.r max (taking initially the values 137.7kW and 119kW,
respectively). This algorithm fixes the bounds QB Hmax and QB rmax (Which can change
from one year to another) that avoids trespassing Trav limits (Tt and Tru), by
evaluating the generated Trav(T) profile from the “FLS model algorithm” (see it in

figures 4.b): if any of the Trav limits are exceeded, the initial constraints Qs umax and
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QB.rmax are a 3% diminished. New Qg,n and Qs r profiles appear, where the absolute
maximums are slightly lower than before, and the procedure starts again. Once those
objectives are reached for one year, the process continues with the following one until
the end of the overall period of study (50 years).

The procedure for evaluating the annual energy balance included in the previous
algorithm is as follows (see “FLS Model Algorithm” in figure 4.b): given an initial Ttay
along the current year, eq. (1) establishes the values entering and leaving the external
device of the GSHP (Tev.out in winter and Tcond.out in summer), while the corresponding
ones to the internal exchanger are fixed, depending to the season (Tcond,out = 40°C in
winter, and Tev, out = 12°C for summer). The previous fitted surface functions,
fcor(Teond,out, Tev,out) and fEER(Teond,out, Tev,out), determine the COP(t) and EER(t) values
along time during that year. In addition, Qs u(t) and Qgr(t) provide the load to be
exchanged by the GHE, qin and qir (for annual hours i = 1 to 8760) throughout eqs.
(3.1) and (3.2), respectively. An additional term qj,reg = - Qreg/LGHE, 1S superimposed in
time to the profile qir(t), related to the regeneration cycles in summer, into a night
schedule (during a number of hours, from j = 0 to Nreg). In addition, the HP compressor
consumption at each instant (Wen(t) and WeRr(1)), is also evaluated, by dividing Qs u(t)
and Qaru(7) into their corresponding efficiencies. Then, a Trav(t) profile is determined
from eq. (3). It generates new conditions about Tcond,out(T) and Tev,out(t), establishing
new COP(1) and EER(t) profiles, and consequently, qin(t) and gir(t), from which to
evaluate newly Trav by eq. (3). This procedure is repeated until that annual Trav profile
does not change between iterations. At this point, it is important to remark that the FLS
model evaluation during one year implies an initial Trav profile beyond the year under
study due to the superimposing of heat pulses at eq. (3), that enlarges until the end of

the overall period. This profile will serve as initial curve of the Ttav to start the iterative
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procedure described here for the following year. For the first year, this initial Ttav is
considered constant and equal to Ts.

Once the hourly analysis from the previous algorithm is developed and
following the general procedure in figure 4.a, results are cumulated by year ‘j” (from 1
to 50). In relation to the energy saving eS (MWh/year), it corresponds to the difference
between the cumulated value W¢j (MWh/year), and that one Wcoj (MWh/year) with
supported loads by a conventional way (heat exchanging of the external HP device with
the ambient, as a result of dividing each seasonal cumulated building load Qs i and
Q'sR, by the corresponding seasonal efficiency of the device working at nominal
conditions, COPs and EERJ, provided by the manufacturer). For each year ‘j’, energy

saving (in energy units eS, and in percentage ES) can be obtained from eq. (5):

, j . j ] ' ;
eS![MWh/year] = <% = WJH> + <% - WC{R>: ESI (%) =100
s S c,H c,R

)

If any of the limits QB Hmax and QB,rmax are lower than the initial ones (137.7kW
and 119kW, respectively), the cumulative energy exchanged with the ground will be
lower than the maximum possible, providing then the shave factor SF by dividing those
cumulated values.

From these energy savings, the corresponding economic savings can be
evaluated considering the electricity cost ce (E/kWhe). For the current year, 2020, it is
around 0.115 €/kWhe (taxes included) according to the regulated market and whose
prices are indicated in the Red Eléctrica de Espafia organization (REE) [48]. In addition,
the investment cost, Igue (m.u.), is calculated by adopting, for a N» and H, a fixed cost

of 500 €/borehole, next to a variable drilling cost of 20 €/m deep, as well as 2000€ of
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auxiliaries, usual data for this geographic zone. The initial cost is then increased up to
40% due to installation and labor costs [ 18].

The economic assessment is carried out from these two data, as well as eS (the
mean value, for all the period, of eS/) next to the annual increment of prices of this type
of energy Ace (dimensionless) [23]. Because of this, the internal rate of return (IRR, %)
is determined, since it corresponds to a very useful indicator of the profitability of the
solution. It corresponds, in percentage, to the discount rate ‘e’ (dimensionless) which
assures a zero Net Present Value (NPV) at the end of the installation useful life (NL), as
eq. (6) shows:

1+Ace\/

_ J
NPV =0=eS-c,- X' (—) ] — Ionp (6)

1+e

From this equation, the payback period PB can also be estimated, deducing the number
of years where NPV is equal to zero (and obviously different from NL), for this discount
rate related to that current Spanish 10-years bond (e = 0.005). In particular, a simple
payback period SPB can be calculated as the ratio of investments Igue and economic

savings for the first year (eS-ce), by not considering year-to-year price changes.
2.4. Optimal Design Procedure.

For an optimal system design, there is a need to assess the GHSP behavior using
the described previous procedure, which assigns different values to the input factors
(IF). A Design of Experiments (DoE) must establish several combinations between
them. This statistical technique analyzes, with the minimum number of experiments, the

response of a system (output variable) depending on several parameters (input variables
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or factors) which guide its behavior, trying to obtain the maximum possible information
about the process [49]. Particularized for this study, the type of design will be full
factorial (FFDoE): the responses are measured for all combinations of factor levels,
providing detailed information but without redundant experiments, evaluating direct
effects of the factors on the output, as well as interactions between those factors [50].
The output variables or responses under study correspond, in this case, to the indicators
ES and IRR.

Input factors must include values into an adequate number of levels, related to
the spatial disposition, a coherent range for the number of boreholes Nb, grout depth H,
maximum temperature to be reached by the fluid Tru, and the number of daily hours to
regenerate the soil in summer, Nregr. An adequate design must be found to avoid
overloading in the number of simulations, limiting the levels to define. Characteristics
of the DoE are summarized in table 2, where the values of the different combinations of
the input factors in /F by this FFDoE can be observed. The space limitations to
distribute the different drillings for the GHE due to the disposal surface, considering an
adequate separation distance between boreholes, justify two spatial dispositions to be
evaluated, (rectangular and quincunx), also establishing a four-level factor related to the
number of piles, Np, into a range of 18 and 24. These dispositions can be observed in
figure 5. In addition, experience recommends affordable deeps between 80 to 140m for
H, using a seven-level factor. For each of the 56 resulting configurations, a g-function
must be generated from a previous single borehole g-function after ground
characterization (connecting both STGF and LTGF functions). In addition, the yearly
unbalanced thermal load produces the ground temperature to rise over time, so it must

be limited. For this purpose, another two factors must be included in the /F matrix: Tru
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in a range between 30 and 50°C and Nregr in a range from 0 to 6 hours, adopting four-

level values for each of them.

Table 2. Characteristics of the FFDoE applied to the model input factors

Factor Range Nr. Levels (values)
r/q (qualitative) | Rectangular /Quincunx 2 (r/q)
N, (number) 18-24 4 (18-20-22-24)
H (m) 80-140 7 (80-90-100-110-120-130-140)
Tty (°C) 30-50 4(30-37.5-45-52.5)
Nregr (h/day) 0-6 4 (0-2-4-6)
Rectangular, 18 Rectangular, 20 Rectangular, 22 Rectangular, 24
Quincunx, 18 Quincunx, 20 Quincunx, 22 Quincunx, 24

Figure 5. GHE configurations into the limited surface of 540m? (30mx18m).

This design implies 896 combinations of input vectors to run the global model
summarized in figure 4. For each combination of factors, the system must be modelled
along time for 50 years, obtaining the main indicators about ES and IRR. Applying
other techniques of optimization or identification (both based on Newton’s method or
intelligent techniques) to non-multidimensional models, such as the present one, usually
require near or more than 1,000 simulations [32, 33, 51]. As the present case does not
reach this value, an affordable computing time can be considered, which considerably
reduces the possible cases to be evaluated compared to those applications. Furthermore,
possible problems concerning local or weak minimums, which may increase the number

of iterations without significant improvements in the results, can be removed.
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These results will serve to make a final decision based on the Pareto’s optimal
solutions, which has already been used with satisfactory results [ 16, 32, 33]. As a result
of all the simulations, a set of cases will appear, being each one a potential candidate to
be an optimum. All of them constitute the so-called Pareto front, from which the
optimal design case must be selected, depending on the decision-making criteria.
Nevertheless, there are no simple rules to making decisions, so the engineer’s
experience is crucial to take them. Usually, it comes from defining a weighting
coefficient for every objective (in this case, corresponds to normalized ES and IRR),
being proportionally added to obtain the global objective function to consider in the
optimization process. Following the suggestion of other researchers, an equal-weighted
coefficient has been adopted in this work to find the final point, in order to give the
same importance to both indicators. The procedure will be graphically explained in the

following section.

3. Results and discussion.

Once analyzed the building thermal loads and selected and characterized the
HVAC devices, this section presents the rest of the design stages sequentially, starting
from experimental tests in a single borehole to characterize the ground and the
generation of the different g-functions. Later, the thermal response along time for all the
input factor combinations established by the proposed FFDoE will be simulated,
providing both ES and IRR indicators as objective functions. Finally, the results will be

analyzed to provide the optimal solution.

3.1. Characterization and preliminary designs.
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To make this first important step, the GTT (providing an average of 16.2°C for
Ts) and TRT tests have been performed. Results of the fluid temperature profiles can be
seen in figure 6. After that, Zeng’s model [46] and the ILS method throughout eq. (2)

provides the thermal characteristics indicated in table 3.
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Figure 6. GTT and TRT profiles.

Table 3. Ground thermal characteristics from GTT and TRT.

THERMAL CHARACTERISTICS

T=16.2°C; A=1.77W/m-K; C:=1.96MJ/m>-K; 0, = 9.03-10"m?/s; Ry= 0.109 m-K/W

Next, the experimentally based STGF and analytical LTGF for a single borehole
are generated and attached, as figure 7.a shows. After applying the superimposition
principle in space, the complete GHE g-function can be derived. A PC performs all
these pre-computing steps in less than 30 minutes. As an example, figure 7.b shows the
overall g-function for the field composed of 20 boreholes in a rectangular disposition,
for different grout depths. As it can be seen, up to about 250h, all these functions are the

same (a little further from STGF limit) due to the absence of interactions among piles (a
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heat pulse into one borehole does not represent influence over others). Later, the

LTGF’s for the different GHE dispositions diverge.
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Figure 7. Construction of g-function: a) for a single-borehole experimented; (b) for an overall GHE g-

function in rectangular disposition for 20 boreholes at different depths.

3.2. Implemented model results from DoE and optimal design selection.

From the defined DoE for the set of IF, the simulations were carried out in
around 24 hours on a PC. Partial results have been presented in figures 8 and 9. For a
particular GHE field configuration (rectangular disposition of 18 boreholes, 120m
deep), figure 8.a shows the evolution along time of COPs and Ttav during several years
(the same tendencies are repeated for all the extended period, with little differences),
and yearly energy savings (see figure 8.b) for the entire 50-years period. Figure 8.a
shows that the final evolution of Trav does not exceed 35°C, as the input variable Tru
has been imposed at 37.5°C. To assure this, the hourly energy model (see figure 4.b)

reduces a 3% the supported load by the GHE from the year where this temperature is
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reached until the end of the simulation period, iterating until this circumstance is

assured.
4[ -
6r Mkl lﬂ "
N -
— COP Winter 36
27 —— EER Summer 1 ==
I [ , A x 34
300 400 500 600 700 (/)32 — Winter
— Summer
— Annual
~ 30
8 =5 F Year
5_ 10 20 30 40 50
= 10

300 400 500 600 700
time (day)

a) b)
Figure 8. Energy model results for rectangular disposition 18 boreholes, 120m deep, Try = 37.5°C and

Nreg,r = 0: a) Hourly results and b) Yearly cumulative results along period on study.

For this case, a shave factor of 89% is supported by the GHE (91.2% in winter
heating, and 86.6% in summer cooling), providing 33.12% of energy savings. This
avoided final consumption corresponds to the same saving percentage for both non-
renewable primary energy and greenhouse gasses. As it can be seen, ES/ remains
practically constant along the period; thus, their mean value ES can be assumed as the
same as any of them.

This situation corresponds to the highest values for IRR and ES, which depend
on Tru and NregRr, as figure 9.a shows (where Tru = 37.5°C, and Nreg,r = 0). These
factors are repeated as the optimums for all the cases by combining GHE disposition, Nb
and H, being demonstrated that this regeneration option is the less useful. Furthermore,
the system always runs with the best overall efficiency by limiting Tru to this value,
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diminishing the sharing load of GSHP, instead of consuming additional energy at the
air-cooler pump at regeneration periods. In addition, the borehole fluid temperatures
take values accordingly to the most efficient operating conditions of the HP. On the
other hand, analyzing the best results for one configuration with a depth (rectangular
field of 18 boreholes, Tru = 37.5°C, without regeneration) between 80 and 140m, figure
9.b depicts that the best economic indicator corresponds to a minimum borehole depth
(80m), while the highest energy savings are related to the maximum depth (140m).

Newly, the same tendencies have been observed for the rest of GHE configurations.
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Figure 9. ES and IRR partial optimum solutions for rectangular disposition 18 boreholes: a) Constant
surfaces for 120m deep, depending on Try and Niegr; b) The best values of Try=37.5°C and Nyegr =0,

depending on H (m).

These contradictory outcomes force to acquire a compromise between the best
solution for the customer (highest economic benefits) and the government (highest
energy and environmental savings). As it was commented in the previous section, the

decision-making method searches for maximizing a global objective function, obtained
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from an equal-weighted (EW) sum of both output indicators (ES and IRR, as single and

independent objective functions), among all the possibilities. For this purpose, figure 10

shows how to proceed:
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Figure 10. Pareto optimum solution from decision-making process.

A two-dimensional space represents all the results (cloud of dots)
concerning ES and IRR for each case, where the ground loads are always
balanced. The frontal curve (Pareto 2D front, gross line in figure 10)
shows the frontier, which includes all the optimums related to one
parameter, maintaining constant another one. It means that there are
candidates to be selected as optimal for every case, although they present
contradictory objectives. This behavior is directly related to the number
and depth of the boreholes: a higher Lcue supposes a more efficient heat
transfer and successfully, energy savings, but the investment cost Igue

increases, so the corresponding IRR becomes lower. The extreme cases
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are the opposite: for a maximum ES (point A in figure 10), the IRR
reaches a minimum value. On the contrary, the maximum IRR (point B
in figure 10) supposes a minimum of ES.

i1) The equal-weighted Pareto’s optimal solution finds a compromise
between both objectives (the three nearest candidates have been marked
with diamonds in figure 10, belonging to this front) in the following way:
first, it traces a line that connects the extreme cases (A and B), and
second, a perpendicular straight line is drawn to match with the so-called
equilibrium point (point C in figure 10). The final conciliating design is
located at the intersection point between the perpendicular and the
Pareto’s front. It coincides with this point with maximum curvature
(elbow of the front, as it has been already suggested) [ 16]. Moreover, due
to applying the same weight to both objectives, this perpendicular is
bisector (with an angle of 45°) to the vertical and horizontal lines that,

starting from A and B, match in C.

Among all the possible optimums, results marked with triangles (the major of
them included in the Pareto’s front) maintain the same decision values about Tru
(37.5°C) and Nregr (Oh). As suggested previously, reducing the shave factor in the
hybridization strategy provides better results than regenerating the soil. In addition, the
most external cases in the front correspond to a rectangular distribution of the GHE.
Allocating all the boreholes into a quite limited surface (540m?) with this shape, makes
the ground response more relaxed than with quincunx dissemination and prevents soil
saturation more easily. Thus, lower temperatures of the fluid in summer (and higher in

winter) are allowed.
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Table 4 shows the main characteristics for the selected case, as well as for the

bests single-optimal. The energetic finest (point A) presents the highest energy savings.

However, it implies an important investment for an Loue greater than 3300 m, risking

its economic availability, as its IRR is below the minimum recommended of 3.5%. On

the contrary, the maximum IRR, which presents the B case with lower investment costs,

provides an ES below 30%, far from other solutions to comply with decarbonization

objectives satisfactorily. Moreover, the shave factor in all cases is the maximum

possible in winter, while in summer, it is also maintained for the solutions at optimal

and point A.

Table 4. GHE characteristics for the optimal solution.

Parameter/Case Multi-objective Single-objective Single-objective
optimized energetic optimal economic optimal
(equal-weighted) (point A, fig. 10) (point B, fig. 10)
Disposition Rectangular Rectangular Rectangular
Nb (number of boreholes) 18 24 18
Inputs H (borehole deep, m) 120 140 80
Tsu (°C) 37.5 30 37.5
Nregr (daily nr. hours) 0 0 0
Lcue (m) 2160 3360 1440
SFauE (%)
Outputs Annual (winter — summer) 89.08 (91.2 — 86.6) 89.08 (91.2 —86.6) | 82.81(91.2—72.94)
ES (%) 33.12 37.11 (maximum) 27.4
IRR (%) 3.9 1.97 4.76 (maximum)

From an energy point of view, the evaluated solutions are adapted to the

hybridization strategies. Nevertheless, from an economic perspective, significant

variations can occur due to two reasons: first, the electricity prices can significantly

oscillate over time; and second, because of the promotion of the use of renewable

energies, the facilities can receive financial aid from the government for their start-up.
For these reasons, a sensitivity analysis has been included for the design point (optimal
case). The IRR (%) variation has been evaluated, depending on the electricity price
(taxes included) ce (€/kWh) and investment grant IG (%), defined as a percentage of the

investment costs of the final selected design.
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Results can be observed in figure 11, where the selected solution without
changes has been marked with black dots, and dash-dot lines present the lower limit of
3.5% for IRR. Figure 11 depicts the economic benefits that this solution represents
nowadays, where instability of the electricity markets has increased the prices
significantly, as well as the advantage that may suppose the government aids to promote
this renewable source. Although the IRR obtained in this work is near the limit (3.5%),
the aim in these official buildings is mainly the energy savings, being profitability a less
critical parameter. Moreover, if the electricity price rises, the IRR will also increase
(figure 11.c). Changes in the economic scenarios may imply higher IRRs to make
decisions. For example, if the Spanish 10-year bond rises up to 2%, the reference IRR

can reach 5% (3%+2%), requiring higher electricity costs and government aid.

50

Y, {3 ; (7 ——
0 “i N 2 | o0 c, (c=€/kWh)
5 10 15 20 25 30 35 10 20 30 40
c, (c€/kWh) a) c)

Figure 11. Sensitivity analysis of IRR for the final design: a) two-parameter sensitivity surface (from IG
and c.); b) single-parameter /G sensitivity (constant c. = 11.5¢c€/kWh); c) single-parameter ¢, sensitivity

(constant IG = 0%).
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Summarizing, the described DoE established a set of 896 cases for the different
combinations of input factors to be evaluated (varying number, depth, and disposition of
the GHE boreholes, as well as considering different possibilities about regeneration and
hybridization). The GSHP energy model that evaluates each of those cases provides a
highly realistic approach: 1) the valuation of intermittent behaviour of GHEs, with
hourly aggregated loads, constitutes a quite precise modelling; i1) it is also favoured by
using an experimental based STGF, from which construct the global GHE g-function,
completing a more reliable ground characterization; iii) finally, the HP operation can be
satisfactorily replicated using the efficiency approach functions fcop and feer, generated
from manufacturer available data. Among the possible optimal solutions (see Pareto’s
front in figure 10), all of them comply with a rectangular disposition of boreholes and
develop better the hybridization strategy compared to using regeneration cycles (they
are not necessary here). Finally, the selected solution allows an ES and an IRR higher
than 33% and 3.9%, respectively. In addition, the sensitivity analysis applied to that
final solution demonstrates that scenarios with higher electricity prices and government

aid can increase its profitability significantly (see figure 11).

4. Conclusions.

The detailed energy model (with intermittent behavior of GHE, efficiencies
functions, and experimentally based STGF), together with regeneration and
hybridization strategies implemented in this study (see figure 4), allows reaching an
effective yearly balance of the ground thermal loads and operate the HP into its most
effectiveness range (see figure 7). It assures significant energy savings, CO2 emissions

reductions, and no soil saturation for each simulated case concerning a given set of five
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input factors (r/q, Nv, H, Tru and Nregr). Furthermore, among all the possible solutions,
the best set complies with a rectangular disposition of the GHE field and does not need
regeneration cycles (see figure 11).

Pareto’s optimally method has been used to find the best solution, searching for
a compromise between both single-objectives, allowing an ES and an IRR higher than
33% and 3.9%, respectively. The sensitivity analysis applied to this solution (see figure
I 1) shows that scenarios with higher electricity prices and government aid can
significantly increase its profitability.

This multi-objective optimization implies a not excessive number of simulations
to be carried out (below 1000), even less than with other methods (both conventional
and intelligent). It supposes a fast procedure for an optimal design of a GSHP, being
quite friendly for the user.

Finally, future works should consider more combinations between different
variables such as number, diameter, deep, U-tube, 2U-tube, and arrangement of

boreholes and several HP devices.
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