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A B S T R A C T

The aim of this work is to improve the performance of Ground-Source Heat Pumps (GSHPs) by placing the heat
exchanger pipes in the soil under the building foundation and in the building foundation reconstructed in
Turkey. In this scope, firstly, experimental studies have been performed on horizontal parallel pipes buried in
soil under the foundation of the 2400m2 Central Laboratory building, which was newly built at Yıldız Technical
University. A comparison between the results of the experimental and newly developed numerical model is
presented. Then, a full-scale numerical model for a shopping mall is developed based on the pipe location (soil
and concrete layer), Numbers of Parallel Tube (NPTs) and different condensation temperatures in the heating
season. The results show that the COP of GSHP when the pipes are buried in the soil under the building foun-
dation is greater than when the pipes are buried in the building foundation. Furthermore, considering capital
investment and operational costs, a reference function is defined as an optimization parameter. The effects of the
pipe location, increasing rates in electricity prices and NPTs on reference function are investigated. For higher
NPT values, locating the pipes in the foundation gives higher values of the reference function while for lower
NPT values it is vice versa.

1. Introduction

In the west of Turkey, particularly in and around Istanbul, buildings
are reconstructed rapidly with state support due to the earthquake risks.
As it is obligatory to acquire an energy performance certificate for the
buildings, renewable energy sources have started to be in demand. The
subsidization of low-carbon houses and workplaces by the state has got
the consumers to prefer renewable energy sources. GSHP and solar
energy systems are favored notably in large-scale buildings, such as
shopping malls or state buildings. Thus, Turkey is devoting significant
efforts about energy diversity by using renewable energy sources in
order to diminish its energy dependence and increase the utilization of
local resources (Lund and Boyd, 2015).

ASHRAE (ASHRAE Geothermal heating and cooling, 2014) essen-
tially classifies geothermal energy resources into three categories: (i)
high-temperature (> 150 °C) for electric power production, (ii) inter-
mediate- and low-temperature (< 150 °C) for direct-use applications,
and (iii) GSHP applications (< 32 °C). GSHP systems have attracted
intensive attention in recent decades as an alternative energy source for
residential and commercial space heating and cooling applications.

Many studies have been carried out analytically, numerically or

experimentally to obtain the temperature distribution in the soil. There
are basically two types of analytical approaches in literature. The first
of these is the Kelvin Line Source Theory and the other is the Cylinder
Source Theory. Only the symmetrical soil temperature distribution
around the pipe can be obtained by using these source theories (Gu and
O’Neal, 1995; Hastaoglu et al., 1995; Lei, 1993; Mukerji et al., 1997;
Negiz et al., 1993, 1995; Chiasson, 1999; Mei, 1991). In the analytical
model proposed by Metz (1983), the temperature distribution in the soil
was obtained by dividing the soil into blocks around the coil by making
some changes in the Line Source theory. However, two or three-di-
mensional steady-state and time-dependent temperature distribution in
the soil can only be solved using numerical techniques.

In Demir et al. (2009) is developed a model to solve the unsteady-
three dimensional heat conduction equations with the surface effects
and real meteorological data in soil. The model written in MATLAB was
compared with the experimental studies carried out at Yildiz Technical
University and found to be in good agreement with each other. Kayaci
and Demir developed (Kayaci and Demir, 2018a) a new model to obtain
transient soil temperature distribution for horizontal Ground Heat Ex-
changer (GHE) for ten year period. In addition to this study, the long
time performance analysis of GSHP for space heating and cooling
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applications based on thermo-economic optimization criteria is exe-
cuted (Kayaci and Demir, 2018b).

Nam and Chae (2014) suggested the method for the prediction of
the ground Heat Exchange Rate (HER) to determine the optimum de-
sign tools of an energy-foundation for a horizontal heat exchanger. The
simulation model that links the models with ground heat transfer,
ground surface heat and GHE was developed. The many case studies on
predication of HER were carried out at different conditions of the GHE
design such as the pipe spacing, burial depth, volumetric flow rate, pipe
diameter, and operation condition.

Moon and Choi (2015) carried out the heating performance analysis
of a GSHP system using energy-pile and energy-slab Ground Loop Heat
Exchangers (GLHXs) experimentally. This experimental system de-
creases the construction cost of the GLHXs since it does not need ad-
ditional area and boring for installation of GLHXs. 150 building struc-
tural energy-piles of GLHX with a length of 13.8 m from the bottom of
the basement floor and 10 energy-slab GLHX with a length of 180m
were installed. The results showed that the minimum COPs of the heat
pump unit for the energy-pile and energy-slab systems were 4.2 and
4.5, respectively.

The aim of this work is to improve the performance of GSHPs by
placing horizontal GLHX in the soil under the building foundation and
in building foundation reconstructed in Turkey, by which not only will
the most important obstacle in the applications of GSHP, namely
earthwork costs will be eliminated or diminished but also houses and
workplaces with low-carbon emissions will be acquired. In this scope,
firstly, experimental studies have been performed on horizontal GLHX
pipes buried in soil under the foundation of the 2400m2 newly Central
Laboratory building established at Yıldız Technical University, the
newly developed numerical model is validated with experimental re-
sults. Then, a full scale numerical model for a shopping mall is devel-
oped based on the installation place of the pipes, and NPTs. The mall is
conditioned from 9 a.m. till 10 pm all the year round. At this time in-
terval for each day during heating and cooling seasons, a continuous
20 kW of total heating/cooling load of shopping mall is extracted/
transferred from/to the soil or concrete. Thanks to the code written in
MATLAB environment, the effects of installation place of the pipes and
NPT are analyzed in the case studies.

The hourly fluid inlet and outlet temperature in the pipe, soil and
concrete temperatures vicinity of the pipe are obtained in ten years by
conducting case studies. By means of a new code developed in

MATLAB, these temperatures are given as input parameters and then
the energy analysis is performed in the heat pump cycle. This procedure
is carried out for 3 different condensation temperatures in the heating
season. As a result of these optimization studies, many different case
studies are achieved.

By performing the energy analysis for all case studies, hourly COP
values for ten years are calculated. The electricity consumption of
compressor is determined by dividing the certain heating and cooling
loads provided to shopping mall into the hourly calculated COP values.
The electricity consumption of the circulation pumps during the run-
ning time is also calculated. The total electricity consumption of the
system is calculated on an hourly basis and then operational costs are
obtained. According to the Energy Regulators Regional Association
(ERRA) of Turkey, the electricity prices for workplaces have gone up
11% in the last decade. This is called the increasing rate in electricity
prices and it is included in all case studies. Besides the operational costs
of GSHP systems, the capital investment costs are as follows: pipe cost,
earthwork cost, heat pump cost, circulation pump cost and labor cost.
Considering capital investment and operational costs, a reference
function is defined as an optimization parameter. The reference func-
tion is determined by dividing the total annual heating and cooling
loads provided to shopping mall into the total annual payment. It is
obtained for the all case studies.

The novelty of this work, although the GSHP systems are well-
known method, its applied engineering costs like excavation costs make
them infeasible for the economic aspects. Also, the additional land re-
quirements of the GSHPs bring another challenge for the real-scale
engineering studies. Thus, we proposed a new method to bury the GHEs
into the building foundation layers (two layers are studied in this study
as the soil and concrete layers), therefore, it is eliminated or diminished
the excavation costs. To investigate the thermal performance of new
method in the building foundation, experimental studies with the real-
scale (2400m2 area) GSHP systems is conducted. Also, a unique nu-
merical modeling, which includes conductive and convective heat
transfer phenomena, is validated with the experimental outputs for the
further developments.

2. Experimental study

Experimental setup was applied to the newly built Central
Laboratory building at Yıldız Technical University, Davutpaşa Campus

Nomenclature

A Total annual payment (ncu)
Ci Capital investment (ncu)
Cpipe Pipe cost (ncu)
Cearthwork Earthwork cost (ncu)
Cheatpump Heat pump cost (ncu)
Ccircpump Circulation pump cost (ncu)
Clabor Labor cost (ncu)
Ce Operational costs (ncu)
e Increasing rate in electricity prices
Etariff The tariff of unit electricity consumption of workplaces

(ncu/kWh)
Epump The total electricity consumption of the circulating pump

(kWh)
Ecomp The total electricity consumption of the compressor (kWh)
Fref Reference function (kW/ncu)
H Simulation depth (m)
kf Thermal conductivity of fluid (W/m K)
ks Thermal conductivity of soil (W/m K)
kc Thermal conductivity of concrete (W/m K)
L Pipe length (m)

Ps Pipe spacing (m)
qḣ Heat flux due to convective heat transfer (W/m2)
Ta Air temperature (K)
Ta,h Indoor air temperature in heating season (oC)
Ta,c Indoor air temperature in cooling season (oC)
Tf,i Fluid inlet temperature (oC)
Tf,o Fluid outlet temperature (oC)
Ti Initial temperature (°C)
Ts Soil temperature (°C)
Ts,a Amplitude of soil temperature (oC)
Ts,m Average temperature of soil surface (oC)
Ty Surface temperature (K)
Vf Flow rate (m3/h)
Y Burial depth (m)
Yc Foundation height (m)

Greek Letters

αt Thermal diffusivity of soil (m2/h)
τh Running time in the heating season (hours)
τc Running time in the cooling season (hours)
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(Kayaci et al., 2019). After excavation, the GLHX pipes were placed in
the soil under the building foundation and covered with sand (Fig. 1a
and b).

The GLHX pipes placed in the soil under the building foundation is
included of 10 parallel pipes with a length of 85m. The distance be-
tween pipes is 0.5 m. Following the GLHX pipes were buried in the soil,
the lean concrete was poured (Fig. 1c). The final appearance of the
Central Laboratory building is given in Fig. 1d. The GLHX pipes were
connected to the collector and taken into the building, and then in-
tegrated to the heat pump. The view of the heat pump is shown in
Fig. 2. The technical characteristics of all installation components on
the heat pump are given in Table 1.

Within the scope of experiments, in the continuous operation of the
system, that is, when the living space needs the heating load, the results
of experimental and simulation are fairly compatible with each other.
However, when the living space does not need the heating load, the
heat extracted from the Ground layer continues until the temperature of
the accumulation tank, integrated into the heat pump, reaches the
operation temperature, and the heat pump switches itself off.

For the measurement system in experiments, the water inlet and
outlet temperatures of the GLHX pipes were measured using Resistance
Temperature Detectors (RTDs), and the flow rate was measured using a
turbine-type flow meter. The data obtained from RTD and flow meter
were recorded by connecting to Programmable Logic Controller (PLC)
as is indicated in Fig. 3a.

Ceiling cassette fan-coil unit is used for occupied space, is depicted
in Fig. 3b. Ceiling cassette fan-coil unit provide each served space an
independent controlled temperature zone to suit many different re-
quirements.

3. Model development

A new model with realistic boundary conditions is developed to
solve the unsteady-three dimensional temperature distribution around
the pipes placed in soil and concrete. The temperature gradient along

the pipe axis is negligible as it is very small. Thus, the heat transfer
equations in soil and concrete are solved in dynamic boundary condi-
tions and two-dimensional geometry by including the water tempera-
ture in the domain. Firstly, the governing Eq. (1) is solved for the all
domain in two-dimensions and the solution is then expanded along
pipe’s length to obtain the solution in three dimensions.

+ =T x y t
x

T x y t
y

T x y t
t

( , , ) ( , , ) 1 ( , , )2

2

2

2 (1)

where α is the thermal diffusivity of the medium through which heat
travels. Some assumptions about the developed model were described
previously (Kayaci and Demir, 2018a). The details were given in the
study.

The parallel pipe horizontal GLHX and solution area in soil and
concrete are indicated in Fig. 4a and b, respectively. The model consists

Fig. 1. Experimental setup: (a) Work-in progress excavation works, (b) placement of the pipes, (c) implementation of lean-concrete layer, (d) Central Laboratory
building.

Fig. 2. The components of heat pump.
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of horizontal parallel pipes of length L and pipe spacing of Ps. As de-
picted in Fig. 4a, if the pipe is buried in the soil, Y is the depth of the
buried pipe, Yc is the height of the building foundation and Y-Yc is the
depth buried in the soil. As depicted in Fig. 4b, if the pipe is buried in
the concrete, Y is the depth of the buried pipe, Yc is the depth of the
building foundation.

Initial and boundary conditions of problem for solution domain are
defined as below;

= =T T y t t( , ), 0i (2)

=
=

T
x

0
x P /2s (3)

=
=

T
x

0
x 0 (4)

=W m y Hq( / ),2 (5)

=W m yq ( / ), 0t
2 (6)

Initial temperature distribution of the soil profile is obtained as
follows (Kasuda and Archenbach, 1965):

= + = = < <T y t T T e t
P

y
P

( , ) cos 2 , t 0, x x, 0 y Hs m s a
y P

s
, , s

(7)

This equation is only used to determine the unaffected soil tem-
perature (at the beginning of the simulation time). The change of heat
transfer inside the pipe is indicated in Fig. 5.

Variation of fluid temperature inside the pipe can be written by
using energy conservation as below;

= =T T q
m Cp

l dT q
m Cp

dlf o f i
f f

f oi
f f

, , ,
(8)

Due to the difference between the soil temperature and the fluid
temperature, the heat transfer occurs. That is, decrease in soil tem-
perature induces the increase in fluid temperature.

= =T T T dT dTs f f oi, (9)

The amount of heat transferred from the unit pipe length is;

= =q k T T F z k TF z( ) ( ) ( )s s f s (10)

Eq. (8) and (10) are combined and rewritten as;

=k TF z
mCp

dl dT( )s

f (11)

Table 1
The technical characteristics of all installation components.

Element Technical Specification

1-Ground Source Heat Pump Manufacturer: Restherma; Type: IP11SS
Heating: Nominal capacity: 10.5 kW, Power:2.1 kW, COP:5, Operating temp. range:-5/+45 °C,Max. outlet water temp.: 55 °C Cooling: Nominal
Capacity: 8.5 kW, Power:1.98 kW, EER:4.29 Operating temp. range: +10/+43 °C, Max. outlet water temp.: +7 °C

2-Flow Switch Manufacturer: Ayvaz, Type: AK 100, Diameter:16mm
3-Pumps a-) Manufacturer: Grundfos, Type: MAGNA-3 25-100 Max. flow rate: 78.5m /h3 , Max. Head: 18m, Max. System pressure: 16 bar Liquid temp.:

-10 to 110 °C
b-) and c-) Manufacturer: Grundfos, Type : Alpha-2 25-80 180
Max. flow rate: 4.8m /h3 , Max. Head: 5.8m, Max. System pressure: 10 bar, Liquid temp.: 2 to 110 °C

4-Accumulation Tank Manufacturer: Resboyler, Type: KAT Capacity: 100lt, Test pressure: 13kg/cm2, Operating pressure: 10 kg/cm2

5-Thermometer Manufacturer: Pakkens, Type: TE100DB1
Measurement range: -30/+60 °C, Temp. element: Bi-metal

6-Manometer Manufacturer: Pakkens, Type: MG063DRM1
Measurement range: 0-10 bar/0-120 psi

7-Dirt Separator Manufacturer: Reflex, Type: Exdirt
Max. operating temp. 110 °C, Max. operating pressure: 10 bar

8-Air Separator Manufacturer: Reflex, Type: Exvoid T
Max. operating temp. 110 °C, Max. operating pressure: 10 bar

9-Balance Tank Manufacturer: Reflex, Type: 15P1125 Allowable working temperature/flow temp: -10/120 °C
Max. working temp., diaphragm: -10/70 °C, Precharge press: 1,5 bar, Allowable work. pressure: 6 bar, Volume: 23L

10-RTD Manufacturer: Tekon, Type: PT100, Measurement range: 0/100 °C
11-Flow Meter Manufacturer: Bass, Type: FMPV

Range: 0-6m /h3 , Temperature: -10/70 °C, Pressure: 10 bar max.

Fig. 3. The views of (a) PLC system and (b) Ceiling cassette fan-coil unit.
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This equation is integrated and the fluid outlet temperatures are
calculated as below;

=dT
T

k F z
mCp

dl( )

T
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s
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2
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F (z) predicts a decrease in the heat transferred from/to the soil due
to the useless of the soil over time. Eq. (16) is obtained as follows, if the
expression F (z) is not taken into account in Eq. (13).

=T T T T e( )f o s s f i

k L
m C

, ,

s
f pf, (16)

where Tf,i is the fluid inlet temperature, Tf,o is the fluid outlet tem-
perature, Ts is the soil temperature, and ks is the soil thermal con-
ductivity. mf is the mass flow rate and Cp,f is the specific heat of water.

Similarly, when the pipe is buried in the concrete, the fluid outlet
temperatures are calculated by using the energy balance between the
pipe and solution domain in concrete as below;

=T T T T e( )f o c c f i

k L
m C

, ,

c
f pf, (17)

where Tc is the concrete temperature, and kc is the concrete thermal
conductivity.

Fig. 4. The pipes buried (a) in the soil under the building foundation, (b) in the building foundation and solution domains.

Fig. 5. Variation of heat transfer inside the pipe.
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The temperature distribution of the fluid along the pipe is evaluated
and applied by linking it to the two-dimensional solution domains. The
soil and concrete temperature profiles in three dimensions might be
determined by separating the whole pipe into small parts in order to
calculate the fluid inlet and outlet temperatures by using the fluid outlet
temperatures as fluid inlet temperature of the next part.

The equations of heat transfer in the soil and concrete with
Alternating Direction Implicit (ADI) method are used to obtain the
nodal temperatures by writing the difference formulas separately for
rows and columns in two consequent time steps. Eq. (1) is solved using
ADI method (Ling and Zhang, 2004; Mihalakakou, 2002). The finite
difference form of Eq. (1) at (n+1)th time is;
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and at (n+2)th time;
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for equal spacing in x and y directions

= = =x y t
x

t
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.
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These formulas are rearranged to perform the unknown and known
of each time step on the right and left hand side, respectively, as below;
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The energy balance on the interfacial nodes of the concrete and soil
is written for the control volume around each node. Fig. 6 shows the
energy balance for a node on the layer interface between the concrete
and soil by considering the control volume around the node and the
heat fluxes.

The energy balance obtained is given in Eq. 23 (Rezaei et al., 2012):
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and the terms of heat fluxes are:
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Replacing all the heat flux equations into the energy balance
equation and rearranging the equations provide the new parameters in
the difference equation as defined below.
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The difference formulas of the ADI method are reconsidered and
new difference formulas for top and bottom interfacial nodes of soil and
concrete layer are obtained. Eq. (32) and (33) are new interfacial for-
mulas for rows (x-smoothing) and columns (y-smoothing), respectively
(Rezaei et al., 2012).
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Since the upper surface of the building foundation is a covered area,
convection and long wave radiation heat transfer occur on the upper
surface of the building foundation. By using energy balance equations,
the surface heat flux is performed by considering the mechanisms of
surface-ambient heat interaction. The equation of the heat flux due to
the convection and long wave radiation on the upper surface of the
building foundation is given below:

=q h T T( )h combined a y (34)

where hcombined (W/m2 K) is the combined heat transfer coefficient of
air. Ta (K) is the indoor air temperature above building foundation and
Ty (K) is the surface temperature on the upper surface of building
foundation.

By using the equations of ADI finite difference, the temperature
distribution of soil and concrete are solved consecutively at a given
time (Von Rosenberg, 1969). Thomas Algorithm can be applied to solve
the equations as the resulting matrixes are tri-diagonal. Therefore, the
equations of ADI finite difference are solved together with the boundary
conditions in MATLAB environment and the consequences of solution
parameters on the results are analyzed. Block diagram of solution al-
gorithm is created as indicated in Fig. 7. The details of block diagram
about the developed model were expressed previously.

The new developed model, written in MATLAB, can be used in the
engineering applications of GSHP to simulate the three dimensional
thermal behavior of the fluid inside Ground and Concrete layers. Two
different GLHX (the pipes buried in soil and concrete) with a pipe
diameter of 0.026m, a pipe length of 85m and a simulation depth of
20m are quite difficult to generate mesh in commercial programs. Also,
while the finite volume method for solution is used in these programs,
the finite difference method is used in the developed model. In addition
to this, some UDFs must be written to be integrated into these pro-
grams. In order to achieve all of the above-mentioned requirements, the
computers with high processor speeds are needed. More specifically,

Fig. 6. Energy balance of soil and concrete interface.
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using workstation class PC, one-year simulation for GHE design takes
weeks in commercial programs while it takes days in the developed
model. Therefore, the developed model allows the design of the GLHX
with less computer power and less time.

The hourly fluid inlet and outlet temperatures in the pipe, soil and
concrete temperatures around the pipe buried in the soil under the
building foundation and in the building foundation are obtained for a
ten-year period. By means of a new code developed in MATLAB, these

temperatures are given as input parameters and then the energy ana-
lysis is performed in the heat pump cycle. By performing the energy
analysis for all case studies, hourly COP values for ten years are cal-
culated. Considering capital investment and operational costs, a re-
ference function is defined as an optimization parameter. It is obtained
for the all case studies.

Fig. 7. Block diagram of solution algorithm.
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4. Economical analysis and reference function

Capital investment costs of a GSHP system are as follows: pipe cost,
earthwork cost, heat pump cost, circulation pump cost and labor cost.
When the applications of GSHP systems are examined, the earthwork
cost is the most important one among the capital investment costs.
GSHP systems are generally implemented in the vicinity of buildings.
The users avoid employing these systems due to higher costs of the
excavation works compared to the conventional systems. Two methods
are adopted to decrease or avoid the earthwork costs. Firstly, the
earthwork cost is reduced by laying GLHX pipes in the soil under
building foundation that is removed during the construction of the
building. Secondly, the earthwork cost is eliminated by placing GLHX
pipes in the building foundation during the construction.

Operational costs are also considerably indicative in the economic
analysis of GSHP. As electricity prices, which vary according to fuel
prices, increase, the costs of electric consumption in the compressor and
pump increase, leading to an increase in operational costs. By means of
a new code developed in MATLAB environment, the hourly COP values
for 10 years are calculated as a result of the heat pump cycle analysis.
The certain heating and cooling loads provided to shopping mall are
divided into the hourly calculated COP values to obtain the electricity
consumption of the compressor on hourly basis. The electricity con-
sumption of the circulation pumps during the running time is also
calculated. Following the total electricity consumption is calculated as
specified, operational costs can be clearly determined.

The increase in electricity prices are added to these costs and the
present values of the operational costs for each year are determined.
Then, the capital investment costs are added to the present values of the
operational costs. Taking into consideration the fact that Capital
Recovery Factor (CRF) at a constant interest rate, the amount of total
annual payment is determined. The reference function is determined by
dividing the total annual heating and cooling loads provided to shop-
ping mall into the total annual payment.

Capital investment costs of a GSHP system are as follows: pipe cost,
earthwork cost, heat pump cost, circulation pump cost and labor cost.
These costs of capital investment can be expressed as below:

= + + + +C C C C C Ci pipe earthwork heatpump circpump labor (35)

where Ci (ncu), the capital investment cost for yearly system operation.
The general form of the cost functions of capital investment can be
expressed as follows (Sanaye and Niroomand, 2010):

=C c NPT L( )pipe pipe GLHX (36)

= =C a A a NPT L Y Y( ) ( )earthwork earthwork GLHX c1 1 (37)

=C a Qheatpump heatpump
a

2
3 (38)

=C a Wcircpump pump
a

4
5 (39)

cpipe (ncu/m) is the regional cost of polyethylene pipe per meter de-
pending on the geometrical properties of pipes. Clabor (ncu) is the total
labor cost. It contains the piping between heat pumps and the places to
be conditioned, the installation of heat exchanger pipes which is buried
the soil under the building foundation and assembly and commissioning
of heat pump. a1 value is calculated according to the costs of earthwork
and refilling. a2–a5 values are determined according to the load re-
quirement to the shopping mall and regional price of the equipment.

The electricity consumption of GSHP systems are classified as fol-
lows: circulation pump and compressor. The electricity consumption of
the circulating pump, Epump (kWh), can be determined as below;

= +E
V H

( )pump h c
f pump

pump (40)

where τh and τc (h) the total running hours in the heating and cooling
season, respectively. By means of a new code developed in MATLAB

environment, the hourly COP values for 10 years are calculated as a
result of the heat pump cycle analysis. The certain heating and cooling
loads provided to shopping mall are divided into the hourly calculated
COP values to obtain the electricity consumption of the compressor,
Ecomp (kWh), on hourly basis. That is, it is obtained as shown below;

= =W Q
COP

W Q
COP

,comp h
h

h
comp c

c

c
, , (41)

= +E W Wcomp comp h comp c, , (42)

The total electricity consumption is calculated on an hourly basis
and then operational costs, Ce (ncu), are obtained as follows:

= +C E E E( )e pump comp tariff (43)

where Etariff (ncu/kWh), the tariff of unit electricity consumption of
workplaces, which can be taken from ERRA. According to the ERRA of
Turkey, the electricity prices for workplaces have gone up 11% in the
last decade. This is called the increasing rates in electricity prices. Then,
total cost of electricity consumption is obtained for a ten-year period as
follows (Sullivan et al., 2008);

= +
=

=

C C C ee e
n

n

e n,1
2

10

,
(44)

The increases in electricity prices, e, are added to these costs and the
present values of the operational costs for each year are determined.
Then, the capital investment costs are added to the present values of the
operational costs. Taking into consideration the fact that Capital
Recovery Factor (CRF) at a constant interest rate, the amount of total
annual payment, A (ncu), is determined as below;

= +A C C CRF( )i e (45)

where; CRF, is applied to distribute a single amount invested today over
a uniform series of end year payments which have a present value equal
to the amount invested today. It can be determined as follows;

= +
+

CRF i i
i

( 1)
( 1) 1

v

v (46)

The reference function, Fref (kW/ncu), is determined by dividing the
total annual heating and cooling loads provided to shopping mall into
the total annual payment. It can be calculated as below;

= +F Q Q
Aref

h c
(47)

5. Experimental verification

The water inlet and outlet temperatures and flow rates were mea-
sured at every hour for 12 days. The input parameters (fluid, soil and
pipe properties, pipe sizing and layout) of the experimental works for
verification of the developed model are given below.

Experimental study started on 8th February 2018.
Soil and concrete thermal conductivity, ks= 2W/m K, kc= 2.5W/

m K (ASHRAE Handbook, 1999).
Length of parallel pipes, L= 85m.
Number of parallel pipes, NPT=10.
Distance between pipes, Ps= 0.5m.
Building foundation, Yc= 1.30
Burial depth, Y=1.45m.
Working fluid=water.
Pipe material = HDPE.
Pipe thermal conductivity, kp= 0.5W/m K.
Pipe outer/inner diameter, do/di= 32/26mm.
Mesh step in x and y direction, dx=dy=0.05m.
Mesh step along pipe axis, dz= 1m, Time step, dt= 1800s.
As a result of experimental and simulation studies, the hourly var-

iations of the experimental and numerical fluid inlet and outlet
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temperature are given in Fig. 8. The fluid inlet temperature varies ac-
cording to the required heating loads of occupied spaces. As the occu-
pied space does not need the heating loads at the some time intervals,
the system does not work.

As can be represented in Fig. 8a and b, the maximum difference
between the measured and calculated hourly fluid inlet temperatures
was obtained to be 1.45 °C whereas the maximum difference between
the experimental and numerical hourly fluid outlet temperatures was
found as 1.36 °C. Also, the maximum differences between the experi-
mental and numerical daily average fluid inlet and outlet temperatures
were found to be 1.09 °C and 0.84 °C respectively, as shown in Fig. 8c.
In addition, the excess temperature projecting the temperature varia-
tion can be used to compare the experimental and simulation results,
and the error can be expressed as follows;

=
= =T T

T T Error ( )/initial

initial (48)

where T is the experimental absolute temperature, T’ is the numerical
absolute temperature, Tinitial is the initial absolute temperature, θ is the
excess temperature. The maximum errors between experimental and
numerical hourly fluid inlet and fluid outlet temperatures were found to

be 0.32 and 0.28. As can be clearly noted from Fig. 8a-c, the simulation
results show good agreement with the experimental data.

The accuracy of the experimental study can be affected by the errors
which may be caused for many reasons in the experimental study. Error
in a measurement means the inevitable uncertainty that attends all
measurements. Therefore, performing the error analysis is a very es-
sential topic for experimental study. However, the error analysis is in-
herent in the measurement process and cannot be eliminated simply by
repeating the experiment no matter how carefully. There are two dif-
ferent types of errors; bias (systematic) and random errors. Uncertainty
analysis method, which is one of the most known and applied error
analyses in the literature, is used in experimental study. The total error
account can be calculated with the help of the following equation (Kline
and McClintock, 1953);

= + + +W R
x

w R
x

w R
x

w( ) ( ) ......... ( )R
n

n
1

1

2

2
2

2 2 1/2

(49)

The error caused by thermocouples and PLC for temperature mea-
surement is± 0.3 °C and±0.2 °C, respectively. Also, the error caused
by digital thermometer for calibration is± 0.1 °C. The total error is
calculated as below;

Fig. 8. Variations of hourly experimental and numerical (a) fluid inlet (b) fluid outlet temperatures, and daily average experimental and numerical fluid inlet and
outlet temperature.
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= + + =W [(0.3) (0.1) (0.2) ] 0.374T
2 2 2 1/2

As a result, the total error in temperature measurement is obtained
as± 0.374 °C.

The reading and processing error of turbine-type flow meter
is± 1%, the error is± 0.01m3/h for a maximum measured flow rate of
1m3 / h. The accuracy of the turbine-type flow meter is± 2 % and the
error is± 0.02m3 / h for a maximum measured flow rate of 1m3 / h.
The total error is;

= + =W [(0.01) (0.02) ] 0.022F
2 2 1/2

The total error in flow measurement is found as± 0.022m3 / h.”
When the living space does not need the heating load, the heat

extracted from the Ground layer continues until the tank temperature
reaches the operation temperature, and the heat pump switches itself

Fig. 9. Horizontal GLHX of the energy-foundation system.

Table 2
Conditions of all cases.

Cases Installation
place

Y-Yc Y Yc NPT Tcond in
Heating
season

Tevap in
Cooling
season

e

Case 1 Soil 0.2 – 0.75 30 30 °C 5 °C 8,
10,
12 %

Case 2 Soil 0.2 – 0.75 40
Case 3 Soil 0.2 – 0.75 50
Case 4 Soil 0.2 – 0.75 80
Case 5 Soil 0.2 – 0.75 30 40 °C
Case 6 Soil 0.2 – 0.75 40
Case 7 Soil 0.2 – 0.75 50
Case 8 Soil 0.2 – 0.75 80
Case 9 Soil 0.2 – 0.75 30 50 °C
Case 10 Soil 0.2 – 0.75 40
Case 11 Soil 0.2 – 0.75 50
Case 12 Soil 0.2 – 0.75 80
Case 13 Concrete – 0.8 1 30 30 °C
Case 14 Concrete – 0.8 1 40
Case 15 Concrete – 0.8 1 50
Case 16 Concrete – 0.8 1 80
Case 17 Concrete – 0.8 1 30 40 °C
Case 18 Concrete – 0.8 1 40
Case 19 Concrete – 0.8 1 50
Case 20 Concrete – 0.8 1 80
Case 21 Concrete – 0.8 1 30 50 °C
Case 22 Concrete – 0.8 1 40
Case 23 Concrete – 0.8 1 50
Case 24 Concrete – 0.8 1 80

Fig. 10. T–s diagram of heat pump cycle.

Table 3
Points in the heat pump cycle.

Point Inputs Outputs

1 T1 = Tevap + TSuperheating, P1 = Pevap h1 and s1
2 P2 = Pcond, s1 h2s

h1, h2s, ηcomp,isen h2= h1+(h2s- h1)/ ηcomp,isen
P2, h2 s2

3 P3 = P2, T3 = T3’ - TSubcooling, s3, h3
4 T4 = Tevap, h3= h4 x4, s4
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off. Therefore, some deviations occur between the simulation results
and the experimental data during this time intervals.

6. Case study

The GSHP system with horizontal GLHX provides great advantages
in terms of cost-efficiency particularly when it is applied to a large area.
Due to the significant population increase in Istanbul in recent years,
many high-rise buildings and workplaces have been built and they
mostly have underground car park. In these buildings, except for the
applications of some vertical GSHP, horizontal GSHP has not been
widely applied using energy-foundation systems yet. In horizontal
parallel GSHPs applications, it is seen that the pipes of horizontal GLHX
are generally buried in the gardens or surroundings of buildings. The
increase in capital investment costs due to the excavation works makes
the users avoid employing these systems in comparison with the con-
ventional systems. In order to diminish or avoid the earthwork costs,
two methods are adopted in this study. Firstly, the earthwork cost is
reduced by placing the pipes of horizontal GLHX in the soil under the
building foundation that is moved while the building is constructed.

Secondly, the earthwork cost is eliminated by laying the pipes of hor-
izontal GLHX in the building foundation during the construction. It is
possible to diminish or avoid earthwork costs and to apply it into the
building structure such as the underground car park.

Within the scope of numerical study, Fig. 9 shows the horizontal
GLHX of the energy-foundation system placed in the soil under the
building foundation and in the building foundation at the shopping
mall with an underground car park.

An optimization study is carried out for the pipes of horizontal
GLHX located in the soil under the foundation and in the foundation of
a shopping mall with an underground car park, in Istanbul. The mall is
conditioned from 9 a.m. till 10 pm all the year round. The system works
for 14 h both in the heating and cooling season during the day
throughout the year. It does not work in the rest of the day. In the
heating and cooling season, during the time periods the system oper-
ates, a continuous 20 kW of total heating/cooling load of shopping mall
is extracted/transferred from/to the soil or concrete. As the foundation
is a covered space, the heat transfer with convection and long wave
radiation takes place from the upper surface of the building foundation
of the shopping mall with an underground car park. In case studies, the
pipes of GLHX buried in the soil under the foundation and in the

Table 4
Key parameters of case study.

Water, Vf,total = 20m3/h Ta,h= 10 °C and Ta,c= 20 °C

ks= 2W/m K, kb= 2.5W/m K
HDPE, kp= 0.5W/m K Ps= 1m
L=40m H=20m
do/di= 32/26mm Δx = Δy=0.025m, Δz= 1m, Δt= 1800 s

Table 5
Critical parameters used in economic analysis.

Tcond,h= 30 °C, 40 °C, 50 °C Tevap,c = 5 °C

Tevap,h= (Tf,i +Tf,o)/2 Tcond,c=(Tf,i +Tf,o)/2
a1= 10 ncu/m2 τh= 2310 h/y
cpipe= 2.1 ncu/m for DN32 τc=2800 h/y
Cheatpump= 20,000 ncu Clabor= (Cghe+Cheatpump)*0.35
e= 8, 10, 12% Etariff= 0.43 ncu/kWh
v=10 year ηcomp,isen= 70%
i= 12% ηcomp,el = 80%
ηpump,el = 80% ηpump,ise= 80%

The unit ncu stands for the national currency unit.

Fig. 11. Variation of fluid inlet, outlet, soil and concrete temperatures according to time if the pipes are buried (a) in soil under foundation of building and (b) in the
foundation of building for NPT=50.

Fig. 12. Variation of daily average fluid inlet, outlet, soil and concrete tem-
peratures for NPT=50.

N. Kayaci and H. Demir Geothermics 83 (2020) 101710

11



foundation are examined for varied NPTs. Furthermore, several case
studies are carried out by taking various condensation temperatures
(30, 40, 50 °C) during the heating season and by taking a single eva-
poration temperature (5 °C) in the cooling season. In all the case stu-
dies, increase rates in the electricity prices are also taken into con-
sideration. In summary, as seen in Table 2, case studies are conducted.

The analysis of the heat pump cycle is performed with a new code
written in the MATLAB environment. T-s diagram of heat pump cycle
and its details is displayed in Fig. 10. Principally, the hourly fluid inlet
and outlet temperature in the pipe, soil and concrete temperatures vi-
cinity of the pipe are obtained in ten years by conducting case studies.
By means of a new code developed in MATLAB, these temperatures are
given as input parameters and then the energy analysis is performed in
the heat pump cycle. This procedure is carried out for 3 different
condensation temperatures in the heating season. As a result of these
optimization studies, many different case studies are obtained. By
performing the energy analysis for all case studies, hourly COP values
for ten years are calculated. The step-by-step determination of the
thermodynamic properties of each point is given in Table 3.

In Table 4, the key input parameters used in case studies are given.
It contains properties of fluid, soil and concrete, the placement of pipes

and its thermal properties. The critical parameters used in economic
analysis to obtain the reference function in all case studies are also
listed in Table 5.

7. Results and discussion

The sizing of GLHX does not only depend on technical parameters,
e.g. installation place of pipes, NPT and different condensation tem-
peratures in the heating season but also on economic parameters such
as capital, operation and maintenance costs, interest rate, electricity
prices and its escalation rate. The hourly fluid inlet and outlet tem-
peratures in the pipe, soil and concrete temperatures around the pipe
laid in the soil under the building foundation and in building founda-
tion were obtained for a period of ten years by conducting many case
studies. The fluid inlet temperatures equivalent to the hourly need for
the heating and cooling loads of the shopping mall all year round were
simulated for a ten-year period in accordance with the different NPT
and pipe location.

In Fig. 11, the variation of the fluid inlet, outlet, soil and concrete
temperatures around the pipe according to time for the two different
cases are given for a one-year period. The temperature profiles show

Fig. 13. The change of COP according to installation place of pipes and the number of different tubes for condensation temperature of (a) 30 °C, (b) 40 °C, (c) 50 °C.
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similar trends for the heating and cooling seasons for both cases. The
amplitude of the soil and concrete temperature is lower than the fluid
inlet and outlet temperatures for a one-year period.

As shown in Fig. 11, the difference between amplitudes of the
hourly soil and concrete temperatures is found approximately 2.5 °C.
That is, the soil temperature is higher in heating season and lower in
cooling season than concrete temperature. This result performs that the
performance of GSHP systems is higher and the service life is longer.
Besides, Fig. 12 shows the change of daily average fluid inlet, outlet,
soil and concrete temperatures for NPT=50. The fluid outlet tem-
perature for the soil layer is higher during the heating season and lower
during the cooling season compared to the concrete layer. In this case, it
provides higher COP values of GSHP systems when the pipes are located
in the soil.

In Fig. 13, the variation of COP values according to the installation
place of the pipes and NPT for different condensation temperatures and
evaporation temperature of 5 °C in heating and cooling seasons are
given respectively. When the pipes are placed in the soil under the
building foundation, the daily average COPh and COPc values are 4.78
and 4.62, whereas when the pipes are laid in the building foundation,
the daily average COPh and COPc values are 4.62 and 4.52 for
NPT=80, Tevap= 5 °C and Tcond= 30 °C, respectively, as shown in

Fig. 13a. It can be clearly seen that the daily average COP values are
higher when the pipes are located in the soil for all three cases.

As represented in Fig. 13a and c, when the pipes are buried in the
soil for condensation temperature of 30 °C in heating season, the daily
average COPh values are 4.35 and 4.78 for NPT=50 and NPT=80
respectively. Similarly, for condensation temperature of 50 °C in
heating season, the daily average COPh values are 3.03 and 3.20 for
NPT=50 and NPT=80 respectively. It can be clearly expressed that
the lower condensation temperatures are more suitable for GSHP.
Therefore, using a GSHP system together with the wall panel heating
system (Tcond= 30 °C), can be recommended. As can be clearly seen
from Fig. 13a, when the pipes are buried in the soil, the daily average
COP values at one year period are found to be 4.25 and 4.70 for
NPT=50 and NPT=80 respectively. Therefore, it can be said that the
placement of the pipes in the soil or the concrete, that is, in both cases,
COP values increases as the NPT increases. Also, it is obviously noted
that the COP values are highest for the beginning of the heating and
cooling seasons due to the temperatures as a result of heat extraction/
transfer during the both seasons (Fig. 13).

Considering the economic criteria, an optimization parameter is
taken as the reference function defined above. In Figs. 14 and 15, the
effects of NPT for the soil and concrete layers on reference function are

Fig. 14. Calculation results of all cases for condensation temperature of (a) 30 °C, (b) 40 °C.
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given together with the escalation rate in electricity prices for the
condensation temperatures of 30, 40 and 50 °C (see in Table 2).

As can be clearly seen from Figs. 14 and 15, for NPT=50,
Tcond= 30 °C and the placement of pipes into the soil, the reference
functions are found as 4.93, 4.88 and 4.83 at e= 8, 10 and 12 %, re-
spectively. Reference function decreases as the escalation rate in elec-
tricity prices increases. For e= 8%, Tcond= 30 °C and NPT=30, the
reference functions are found to be 4.42 and 4.30 for soil and concrete
layers respectively, while for e= 8%, Tcond= 30 °C and NPT=80, the
reference functions are obtained as 5.06 and 5.34 for the soil and
concrete layers respectively. It can be expressly noted that increasing
the NPT increases the reference function for both the soil and concrete
layers.

As represented in 14a-c, for NPT=40, e= 8% and the placement of
pipes in the soil, the reference functions are obtained to be 4.75, 4.38
and 4.06 at condensation temperatures of 30 °C, 40 °C and 50 °C re-
spectively. For NPT=40, e= 8% and the placement of pipes in the
concrete, the reference functions are found to be 4.73, 4.36 and 4.04 at
condensation temperatures of 30 °C, 40 °C and 50 °C, respectively, as
shown in 15a-c.

Likewise, for NPT=50, e= 8% and the placement of pipes in the
soil, the reference functions are obtained as 4.93, 4.54 and 4.19 at

condensation temperatures of 30 °C, 40 °C and 50 °C respectively. For
NPT=50, e= 8% and the placement of pipes in the concrete, the re-
ference functions are found as 4.99, 4.59 and 4.23 at condensation
temperatures of 30 °C, 40 °C and 50 °C respectively. It can be clearly
noted that while the reference function gives better results for the soil
layer at NPT=40, when NPT increases, it gives better results for
concrete layer. Also, in Fig. 15a, it can be seen that the highest values of
the reference function are achieved for Case 16 for condensation tem-
perature of 30 °C together with the evaporation temperature of 5 °C.
Installing the pipes of horizontal GLHX in the building foundation
(concrete layer), earthwork costs will be eliminated. Therefore, higher
values of the reference function are obtained.

Fig. 16a-c show the variations of the reference function according to
NPT for soil and concrete layer at different condensation temperatures.

In Fig. 16, at the change of reference function obtained by con-
sidering technical and economic parameters, the intersection point of
soil and concrete lines is very critical to decide where the pipes are
buried. This is a breakpoint where the economic and technical para-
meters have equal importance. But when it is higher than NPT=43,
effects of economic parameters become dominant on the reference
function. Therefore, the results performed that for higher NPT values
(NPT > 43), locating the pipes in the building foundation (concrete

Fig. 15. Calculation results of all cases for condensation temperature of (a) 30 °C, (b) 40 °C, (c) 50 °C.
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layer) gives higher values of the reference function while for lower NPT
values it is vice versa.

8. Conclusions

In this study, firstly, experimental studies were performed on hor-
izontal GLHX pipes buried in soil under the foundation of the 2400m2

Central Laboratory building newly established at Yıldız Technical
University and the newly developed numerical model was validated
with experimental results. The maximum percent differences between
the experimental and numerical daily average fluid inlet and outlet
temperatures were found to be 8.36% and 5.58%, respectively (Fig. 8c).
The simulation results performed good agreement with experimental
data. Then, the hourly simulations of a shopping mall were conducted
for a period of ten years. The variation of the fluid inlet and outlet
temperatures as well as the soil or concrete temperatures were ob-
tained. The effects of pipe location (soil or concrete layers) and NPT on
the soil and concrete temperature were investigated. According to the
obtained fluid and soil or concrete temperatures, hourly COP values
and energy consumptions were calculated with a new code developed
in MATLAB environment.

A reference function including economic and technical parameters
was defined and investigated for different cases. Following conclusions

were achieved:

• The results obtained from the experimental work were confirmed by
numerical study and found to be very compatible.
• Hourly COP values were calculated according to obtained fluid and
soil or concrete temperatures for a ten-year period and used in si-
mulations and economic analysis as well.
• Higher COP values for all the simulations were obtained when the
pipes are located in the soil. Also, it can be said that when the pipes
are placed in the soil or the concrete, that is, in both cases, COP
values increases as the NPT increases (Fig. 13).
• Rate of increase in electricity prices has negative effect on reference
function.
• Lower condensation temperatures are more suitable for GSHP.
Therefore, using a GSHP system together with the wall panel
heating system is suggested.
• Increasing the NPT increases the reference function for both soil and
concrete layers (Figs. 14 and 15).
• To ensure the highest performance of a GSHP system, a complete
analysis considering all technical and economical parameters should
be done for minimum ten years period. Case 4 (Y-Yc= 0.2m,
Yc= 0.75m, NPT=80, Tcond= 30 °C and e=8%) and Case 16
(Y=0.8m, Yc= 1m, NPT=80, Tcond= 30 °C and e=8%) gave

Fig. 16. The effects of NPT on the reference function for soil and concrete layer at condensation temperature of (a) 30 °C, (b) 40 °C, (c) 50 °C.

N. Kayaci and H. Demir Geothermics 83 (2020) 101710

15



the best results when the heat exchanger pipes are buried in the soil
under the building foundation and in the building foundation, re-
spectively. However, for higher NPT values (NPT > 43), locating
the pipes in the building foundation (concrete layer) was obtained
higher values of reference function while for lower NPT values it is
vice versa (Fig. 16).

It is concluded that by means of GLHX and GSHP simulation code
developed in MATLAB environment, every GSHP system can be in-
vestigated individually and optimum design conditions can be obtained
based on meteorological data, and technical and economic parameters
as well.
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