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This study deals with determining the long period performance of a swimming pool heating system by
utilizing waste heat energy that is rejected from a chiller unit of ice rink and subsequently stored in
an underground thermal energy storage (TES) tank. The system consists of an ice rink, a swimming pool,
a spherical underground TES tank, a chiller and a heat pump. The ice rink and the swimming pool are both
enclosed and located in Gaziantep, Turkey. An analytical model was developed to obtain the performance
of the system using Duhamel’s superposition and similarity transformation techniques. A computational
model written in MATLAB program based on the transient heat transfer is used to obtain the annual
variation of the ice rink and the swimming pool energy requirements, the water temperature in the TES tank,
COP, and optimum ice rink size depending on the different ground, TES tank, chiller, and heat pump char-
acteristics. The results obtained from the analysis indicate that 6–7 years’ operational time span is necessary
to obtain the annual periodic operation condition. In addition, an ice rink with a size of 475 m2 gives the
optimum performance of the system with a semi-Olympic size swimming pool (625 m2).

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most important conditions for the development and
industrialization of countries is energy and the ability to use it effi-
ciently. A large part of energy such countries use is obtained from
polluting sources, such as coal and fossil fuels, leading to the
increase of CO2, SOx and NOx emissions. Therefore, the national
energy strategies of many countries should concentrate on the uti-
lization of environmentalist, renewable and sustainable energy
sources [1,2].

In addition, the number of sports facilities is increasing every
day to promote public health, especially in developing countries.
These facilities can contain several sections such as ice rinks,
swimming pools, basketball courts, and volleyball courts. Widely,
ice rinks and swimming pools are used for hockey, curling, figure
skating, swimming races and water games. These swimming pools
are commonly heated by conventional methods (e.g. coal or gas-
fired boilers), and recently solar energy is also being used instead
of these methods [3,4]. A swimming pool water temperature
should be between 22 �C and 28 �C for comfortable conditions
[5]. In an ice rink, in order to provide a necessary hardness of the
ice surface for different types of ice sports, the ice temperature
should be kept between �6 �C and �1 �C by circulating a brine
solution in pipes or tubes under the ice layer [6]. Excess energy
from the ice rink is rejected from the condenser of a chiller unit
into the environment as waste energy by using conventional air
source chillers [7–9]. Furthermore, the instantaneous change in
air temperature can cause irregularity of the system performance
(COP) and conventional air source chillers work at low COP values
when the weather temperature is high in summer. However, a
ground couple chiller, which uses the buried thermal energy stor-
age (TES) tank in the ground as a heat exchanger, can operate at
more stable COP values. This is because the ground temperature
does not fluctuate greatly during the whole year. It can be easily
seen that underground TES tank can be a viable solution for saving
the waste energy from the chiller unit.

Analytical and experimental investigations have been studied in
the literature related to the design, analysis and optimization of
TES for heating and cooling applications. Caliskan et al. [10]
investigated energetic, exergetic, environmental and sustainability
analyses of various TES systems (Latent, Thermochemical, and
Sensible) for building applications at varying environment temper-
atures. They reported that the most sustainable system is the
aquifer TES while the worst sustainable system is the latent TES.
Rismanchi et al. [11] developed a computer model to determine
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Nomenclature

A area (m2)
AF activity factor
C specific heat (kJ/kg K)
COP coefficient of performance
f gray body configuration factor
F view factor
h convection heat transfer coefficient (W/m2 K)
H ceiling height (m)
k conduction heat transfer coefficient (W/m K)
ln length (m)
L thickness (m)
LH latent heat (kJ/kg)
M rate of mass transfer (kg/s)
N number of daily repetition
p pressure (kPa)
q dimensionless heat energy
Q heat energy (kW)
r radial distance from the tank center (m)
R tank radius (m)
t time (s)
T temperature (�C)
m air velocity (m/s)
U overall heat transfer coefficient (W/m2 K)
V volume (m3)
w dimensionless work
wd width (m)
W work (kW)
x dimensionless radial distance
a thermal diffusivity of the ground (cm2/s)
c dimensionless parameter
e emissivity
g Carnot Efficiency (CE)
q density of ground (kg/m3)
r Stefan-Boltzmann constant (5.67 � 10�8 W/m2 K4)
s dimensionless time
/ dimensionless temperature
U relative humidity

w dimensionless temperature

Indices
b building
c ceiling
C cooling
comp compressor
cond conduction
condns condensation
conv convection
eva evaporation
flw flood water
frzw freezing water
fw supplementary feed water
g ground
H heating
i indoor
ia indoor air
ice ice
IR ice rink
is ice surface
j component number
light lighting
lum luminaries
o outdoor
oa outdoor air
ps pool water surface
pw pool wall
rad radiation
ren renovated feed water
rsurf ice resurfacing
SP swimming pool
TES thermal energy storage
w water
1 infinity
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the potential energy savings of implementing cold TES systems in
Malaysia. They found that the overall energy usage of the cold TES
storage strategy is almost 4% lower than the non-storage conven-
tional system. Kizilkan and Dincer [12] presented a comprehensive
thermodynamic assessment of a borehole TES system for a heating
case at the University of Ontario Institute of Technology (UOIT).
They performed energy and exergy analyses based on balance
equations for the heating application. COPHP and overall exergy
efficiency of the studied system are calculated as 2.65% and
41.35%, respectively. Zhang et al. [13] analyzed a model of a space
heating and cooling system of a surface water pond that has an
insulating cover, which serves as the heat source in the winter
and heat sink in the summer. They considered three running
modes to analyze the interaction of the seasonal heat charge and
discharge for heating and refrigeration individually. Yumrutas�
and Ünsal [14] analyzed an annual periodic performance of a solar
assisted ground coupled heat pump space heating system, which
had a hemispherical surface tank as a ground heat source based
on a hybrid analytical–numerical procedure, using analytical and
computational models. Yumrutas� et al. [15] presented an analytical
and a computational model for a solar assisted heat pump with an
underground cylindrical storage tank. Yumrutas� et al. [16] devel-
oped a computational model for determining the annual periodic
performance of a cooling system utilizing a ground coupled chiller
and a spherical underground TES tank.
In this study, an analytical model and a computational program
written in MATLAB were developed to obtain the annual variation
of ice rink and swimming pool energy requirements, a periodic
solution of the transient heat transfer of the underground TES tank,
system performance (COP), and the optimum size of the ice rink.
The program was executed to investigate the effects of the size
of the ice rink and parameters such as ground type, Carnot effi-
ciency, and TES tank volume. Results obtained from the computa-
tional program are given as figures and discussed in the study.
2. Description of the system

The simplified system shown in Fig. 1 is located in the city of
Gaziantep in Turkey, which lies between 37�40 latitude N and
37�290 longitude E and has a Mediterranean climate. The system
under investigation consists of five main sections: an ice rink, a
swimming pool, an underground TES tank, a cooling unit (Chiller)
and a heating unit (Heat pump). In the system, the ice rink and
the swimming pool are coupled by the chiller and the heat pump
to the underground TES tank, respectively. The swimming pool is
semi-Olympic sized (625 m2) [17]. Different ice rink sizes (375–
625 m2) are considered in order to obtain optimum performance
of the system. Both of the systems are covered with 10 m high
ceilings as well.



Fig. 1. The swimming pool heating system by utilizing waste energy rejected from an ice rink with an underground thermal energy storage tank.
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An important part of the heating system is the underground TES
tank which is used for long-term energy storage for energy saving.
The TES tank is spherical and buried underground. Keeping the
tank underground provides a large energy storage medium and
less temperature fluctuation than ambient air temperature. The
underground TES tank improves the performance of the system
[14]. The TES tank is filled with water as a storage medium because
it has high heat capacity and thermal charge–discharge rates.

In the ice rink, the brine solution (ethylene glycol, propylene
glycol, and calcium chloride solutions are commonly used [7]) cir-
culates as a secondary refrigerant through the pipes within a con-
crete slab and absorbs the heat from the ice sheet. The total heat
energy absorbed, by means of the compressor of the Chiller using
Refrigerant 134a from the brine system, is rejected into the water
in the underground TES tank and stored. The thermal energy stored
in the underground TES tank is extracted by means of the Heat
pump’s evaporator and transferred to the swimming pool. A stan-
dard gas-fired boiler is integrated into the system for pre-heating
the pool water and balancing the energy demand of the pool for
all seasons and weather conditions, if necessary.
3. Modeling of the thermal system

An analytical model was developed to determine the transient
heat transfer of the underground TES tank, the cooling load of
the ice rink, the heating load of the swimming pool, and the perfor-
Fig. 2. The energy balance of the underground TES tank.
mance of the system. The analysis of each component of the sys-
tem is introduced in the following subsections.

3.1. Transient heat transfer of the underground TES tank

The energy balance of the underground TES tank is shown in
Fig. 2. The TES tank is spherical, filled with water and located deep
underground. Water temperature in the TES tank is fully mixed
and initially at the deep underground temperature, T1. The ground
is assumed to have constant thermal properties and homogeneous
structure.

In spherical coordinate system, transient heat transfer of the
underground TES tank and its initial and boundary conditions
can be expressed as follows;

@2T
@r2

þ 2
r
@T
@r

¼ 1
a
@T
@t

ð1Þ

TðR; tÞ ¼ TTESwðtÞ ð2Þ

Tð1; tÞ ¼ T1 ð3Þ

Tðr;0Þ ¼ T1 ð4Þ
The energy transferred to the TES tank is equal to the difference

between the energy increase of the TES tank and the conduction
heat loss from the TES tank to the surrounding ground. This can
be expressed by

Q ¼ qwCwVTESw
dTTESw

dt
� kgATES

@T
@r

ðR; tÞ ð5Þ

where qw, Cw, and VTESw are density, specific heat, and volume of the
water in the TES tank, respectively. kg , ATES, and R are, heat conduc-
tion coefficient of the surrounding ground, tank surface area, and
tank radius, respectively. Dimensionless forms of Eqs. (1)–(5) can
be obtained by using following dimensionless variables:

x ¼ r
R
; s ¼ at

R2 ; / ¼ T � T1
T1

; q ¼ Q
4pRkT1

; p ¼ qwCw

3qC
;

wðx; sÞ ¼ x/ðx; sÞ ð6Þ
where x, s, / (or w), and q are dimensionless parameters of radial
distance, time, temperature, and net energy rate to the tank, respec-
tively. q and C are the density and the specific heat of the ground,
respectively.

The dimensionless temperature of the water in the TES tank at
the nth time increment is obtained using Duhamel’s superposition
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and similarity transformation techniques, which are explained in
detail by Ref. [18]. Consequently, the water temperature of the
spherical TES tank is given as:

/TESwðsnÞ ¼
qðsnÞ þ p

Dsþ 1ffiffiffiffiffiffi
pDs

p
� �

/TESwðsn�1Þ �
Pn�2

i¼1
/TESwðsiþ1Þ�/TESwðsiÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pDsðn�iÞ
p

1þ p
Dsþ 1ffiffiffiffiffiffi

pDs
p

ð7Þ
The term qðsÞ in Eq. (7) represents the dimensionless net energy
input rate to the TES tank, which is given by:

qðsÞ ¼ qIRðsÞ � qSPðsÞ þ
WðsÞ
c

ð8Þ

where qIRðsÞ is a dimensionless heat energy rejected by the chiller
unit of the ice rink to the TES tank, qSPðsÞ is a dimensionless heat
energy extracted by the heat pump unit of the swimming pool from
the TES tank, WðsÞ is net Work required by chiller and heat pump
and c is a dimensionless parameter, ½4pRk=ðUAÞh� .

3.2. Cooling load of the ice rink

Each component of the ice rink heat gains is shown in Fig. 3. The
cooling load of the ice rink can be calculated by summing the heat
gains which are convection, condensation, conduction, radiation,
ice resurfacing and lighting. Thus, total cooling load of the ice rink
is given as:

QIR ¼ QIRconv þ QIRcondns þ QIRcond þ QIRrad þ QIRrsurf þ QIRlight ð9Þ
The temperature of the air near the ice surface is higher than

the ice temperature. This temperature difference induces the con-
vection. The convection heat gain can be calculated as [19]:

QIRconv ¼ hconvAiceðTIRia � TiceÞ ð10Þ
where hconv is the convection heat transfer coefficient, which is
given by [19]:

hconv ¼ 3:41þ 3:55m ð11Þ
The general condensation heat transfer can be calculated by:

QIRcondns ¼ hcondnsAiceðTIRia � TiceÞ ð12Þ
where hcondns is the condensation heat transfer coefficient, which
can be calculated by following equation [20]:

hcondns ¼ 1740� hconv
ðpia � pisÞ

ðTIRia � TiceÞ ð13Þ

where pia is the vapor saturation pressure in the air and pis is the
vapor saturation pressure on the ice surface. They can be calculated
by following empirical equations [20]:

pia ¼ e
12:03� 4025

235þTia

� �
ð14Þ
Fig. 3. Ice rink heat gains.
where Tia is the indoor air temperature range from 0 �C to 50 �C.

pis ¼ e
17:391� 6142:83

273:15þTice

� �
ð15Þ

where Tice is the ice temperature range from �40 �C to 0 �C.
Heat gain from the ground can be calculated as:

QIRcond ¼ UIRAiceðTIRg � TiceÞ ð16Þ
where UIR is the overall heat transfer coefficient of ice floor, which is
given as:

UIR ¼ 1
1
hg
þPn

j¼1
Lj
kj

ð17Þ

A wide variety of flooring can be constructed depending on the
sports to be performed on the ice rink. The thermal and physical
properties of materials of the ice rink structure are given in Table 1
[21].

The heat radiation between the ceiling and the ice rink can be
calculated on the basis of the Stefan–Boltzmann law. The ice rink
arena can be taken as completely enclosed. The radiation equation
is given below:

QIRrad ¼ Aicef IRcr T4
IRc � T4

ice

� �
ð18Þ

where f IRc is a gray body configuration factor and TIRc is the ice rink
ceiling surface temperature, which can be calculated as:

TIRc ¼ TIRia � QIRc

hiAIRc

� �
ð19Þ

where QIRc is heat gain of the ice rink through the ceiling, which is
given below:

QIRc ¼ UIRcAIRc TIRia � Toað Þ ð20Þ
where UIRc is the overall ice rink ceiling heat transfer coefficient,
which is given as:

UIRc ¼ 1
1
hi
þPn

j¼1
Lj
kj
þ 1

ho

ð21Þ

where hi and ho are indoor and outdoor convection heat transfer
coefficient, and are taken to be 10 and 20W/m2 K, respectively; Lj
is the thickness of ceiling insulation, and kj is the conduction heat
transfer coefficient of ceiling components, which is 0.035 W/m K
for a wool insulated roof panel.

Gray body configuration factor ceiling to the ice rink interface
can be calculated as follows [22]:

f IRc ¼
1

1
FIRc

þ 1
ec � 1

� �
þ AIRc

Aice

1
eice

� 1
� �h i ð22Þ

where ec and eice are the ceiling and the ice emissivity, which are
important factors in radiation, and are 0.90 and 0.95, respectively
[23]. FIRc is the view factor from ceiling to the ice surface, which
Table 1
Thermal and physical properties of the ice rink structure [21].

Materials k (W/m K) L (m) h (W/m2 K)

Ice 2.220 0.025 –
Second layer stucco 0.645 0.020 –
First layer stucco 1.032 0.030 –
Concrete 1.290 0.250 –
Bitumen 0.129 0.020 –
Gas concrete 0.030 0.100 –
Lean concrete 0.947 0.100 –
Blockage 1.290 0.150 –
Ground – – 1
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depends on the ceiling dimensions, ice surface dimensions, and the
arena height. The view factor can be calculated by the following
equations [24]:

X ¼ wdice=H and Y ¼ lnice=H ð23Þ
where wdice is ice rink width, lnice is ice rink length and H is ceiling
height. The view factor is:

FIRc ¼ 2
pXY

ln ð1þX2Þð1þY2Þ
1þX2þY2

h i1=2
þ Xð1þ Y2Þ1=2 tan�1 X

ð1þY2Þ1=2

þYð1þ X2Þ1=2 tan�1 Y

ð1þX2Þ1=2
� X tan�1 X � Y tan�1 Y

8>><
>>:

9>>=
>>;

ð24Þ
An ice resurfacing machine shaves the ice surface to maintain

smoothness and rigidity and then sprays a thin layer of warm
water, which is approximately 60–65 �C, on the ice. The ice resur-
facing heat gain can be estimated by [19]:

QIRrsurf ¼
1000VflwðLHfrzw þ 4:2Tflw � 2TiceÞNrsurf

24tflw
ð25Þ

Lighting is another heat source for the ice rink. The actual heat
gain quantity depends on the type of lighting and its applied style.
The heat gain component of the lighting can be 60% of the power of
luminaries and can be expressed by [19]:

QIRlight ¼ 0:60Qlum ð26Þ
3.3. Heating load of the swimming pool

Heat losses from the indoor swimming pool are schematically
shown in Fig. 4. They occur in five different ways which are con-
vection heat loss, conduction heat loss from bottom surface and
side wall to the ground, latent heat loss due to evaporation from
the surface of the water, radiation heat loss occurring between
the surface of the pool and the ceiling, and energy requirements
for renovating feed water heating. Total heating load of the swim-
ming pool consists of the summation of each heat loss at design
operating conditions, as in the following equation:

QSP ¼ QSPconv þ QSPcond þ QSPeva þ QSPrad þ QSPren ð27Þ
Convection heat loss is proportional to the difference between

the ambient air and pool water temperatures. Forced convection
occurs when ambient air is not stationary (m–0). Convection heat
loss can be calculated on the basis of Newton’s formula given
below:

QSPconv ¼ h � Aps � ðTw � TSPiaÞ ð28Þ
Heat loss by conduction through the poolside and bottom sur-

faces can be calculated as:
Fig. 4. Swimming pool heat losses.
QSPcond ¼ UpwApwðTw � TSPgÞ ð29Þ
where Upw is the overall pool wall heat transfer coefficient, which is
given as:

Upw ¼ 1
1
hg
þPn

j¼1
Lj
kj
þ 1

hw

ð30Þ

In the construction of a swimming pool, structure materials
should be selected to provide thermal insulation, durability for
water pressure, and waterproofing. Thus, thermal and physical
properties of suitable materials for swimming pool construction
are shown in Table 2 [21].

The evaporation amount of the water from water surface
depends on the difference between the saturated vapor pressure
on the surface of the water and the indoor air saturation pressure.
Fluctuations also have an effect on the amount of evaporation from
the swimming pool’s water surface. The equation below can be
used to find the rate of evaporation [25].

Meva ¼ Aps

LHeva
� ðpw � piaÞ � ð0:089þ 0:0782� uÞðAFÞ ð31Þ

where LHeva is the latent heat required to water evaporation at the
water temperature, pw is the saturated vapor pressure at the water
temperature, and pia is the vapor saturation pressure at the indoor
air temperature, which can be calculated by Eq. (23), ðAFÞ is the
activity factor which is taken 1 for public and school pools [25].

The latent heat required to water evaporation for the tempera-
ture range from �40 �C to 40 �C is estimated by the following
empirical cubic formula [26]:

LHeva ¼ 2500:8� 2:36Tw þ 0:0016T2
w � 0:00006T3

w ð32Þ
Swimmers and spectators are affected by relative humidity, and

50–60% relative humidity is most comfortable for swimmers [25].
The relative humidity can be defined as:

U ¼ pia

pw
ð33Þ

The swimming pool evaporation heat loss is then given by:

QSPeva ¼ MevaðLHevaÞ ð34Þ
In swimming pools, the radiation heat loss can be calculated by

Stefan–Boltzmann equation as given in Eq. (18). The swimming
pool ceiling temperature TSPc can be obtained by Eqs. (19)–(21).
Gray body configuration factor f SPc also can be calculated from
Eqs. (22)–(24).

In addition to the evaporation of water in swimming pools,
water losses occur from water splash and filtering system leaks.
Also, a certain amount of water is refreshed in order to ensure
hygienic conditions for swimmers and avoid microorganism prolif-
eration. Therefore, 0.1 kg/s�1 water for semi Olympic-sized swim-
ming pool should be added to the pool [5]. The renovated feed
water heating can be calculated as:
Table 2
Thermal and physical properties of the pool structure [21].

Materials k (W/m K) L (m) h (W/m2 K)

Pool water – – 429.92
BTB & BTB plaster 0.774 0.03 –
Second layer stucco 0.645 0.02 –
First layer stucco 1.032 0.03 –
Concrete 1.290 0.25 –
Bitumen 0.129 0.02 –
Gas concrete 0.030 0.10 –
Lean concrete 0.946 0.10 –
Blockage 1.290 0.15 –
Ground – – 1
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QSPren ¼ ðMeva þMfwÞCwðTw � TfwÞ ð35Þ
Table 3
Thermal and physical properties of the ground structures [28].

Ground type Conductivity
(W/m K)

Diffusivity
(m2/s)

Specific
heat
(J/kg K)

Density
(kg/m3)

Heat
capacity
(kJ/m3 K)

Coarse gravel 0.519 1.39 � 10�7 1842 2050 3772
Clay 1.4 1.1 � 10�6 848 1500 2250
Granite 3.0 14.0 � 10�7 811 2640 2164.8
3.4. Derivation of COP for the chiller and the heat pump

The chiller and the heat pump – consisting of an evaporator, a
condenser, a compressor and an expansion device – work based
on a vapor-compression cycle. The chiller absorbs heat from the
ice rink cooling system and rejects it into the underground TES
tank. Later on, the heat pump extracts heat from the TES tank
and transfers it into the swimming pool heating system. The per-
formance of the chiller COPC and the heat pump COPH can be
expressed as:

COPC ¼ QC

Wcomp
¼ QC

ðQH � QCÞ
ð36Þ

COPH ¼ QH

Wcomp
¼ QH

ðQH � QCÞ
ð37Þ

Tarnawski [27] expresses the actual COP of the chiller and heat
pump by multiplying the Carnot Efficiency (CE) factor g:

COPC ¼ g
TC

ðTH � TCÞ ð38Þ

COPH ¼ g
TH

ðTH � TCÞ ð39Þ

Energy requirements of the ice rink and the swimming pool can
be expressed as a function of outdoor and indoor air temperature:

QIR ¼ ðUAÞIRbðToa � TIRiaÞ ð40Þ

QSP ¼ ðUAÞSPbðTSPia � ToaÞ ð41Þ
Energy requirements of the ice rink and the swimming pool can

also be expressed as:

QIR ¼ ðUAÞIRðTIRia � TiceÞ ð42Þ

QSP ¼ ðUAÞSPðTw � TSPiaÞ ð43Þ
Eqs. (40) and (42) are combined and solved for TC; and Eqs. (41)

and (43) are combined and solved for TH . When TC and TH are
inserted into Eqs. (38) and (39), and using dimensionless parame-
ters given in Eq. (6), we obtain following equations:

COPC ¼ g
uIR½/IRia � /oa� þ /IRia þ 1

uIR½/oa � /IRia� � /IRia þ /TESw

� �
ð44Þ

COPH ¼ g
uSP½/SPia � /oa� þ /SPia þ 1

uSP½/SPia � /oa� þ /SPia � /TESw

� �
ð45Þ

When Eqs. (40) and (44) are inserted into Eqs. (36), (41) and
(45) are inserted into Eq. (37), the dimensionless works can be
expressed as:

wIR ¼ ð/oa � /IRiaÞ½uIRð/oa � /IRiaÞ � /IRia þ /TESw�
g½uIRð/IRia � /oaÞ þ /IRia þ 1� ð46Þ

wSP ¼ ð/SPia � /oaÞ½uSPð/SPia � /oaÞ þ /SPia � /TESw�
g½uSPð/SPia � /oaÞ þ /SPia þ 1� ð47Þ

The parameters uIR in Eqs. (44) and (46), and uSP in Eqs. (45) and
(47), respectively, are defined as:

uIR ¼ ðUAÞIRb
ðUAÞIR

¼ TIRia � Tice

Toa � TIRia
ð48Þ

uSP ¼ ðUAÞSPb
ðUAÞSP

¼ Tw � TSPia

TSPia � Toa
ð49Þ
3.5. Meteorological data and properties of the ground structures

In this study, hourly weather temperature of the city of Gazian-
tep, Turkey is used for thermal analysis of the system. During
numerical calculations, winter and summer outdoor air design
temperature (Toa) were taken as �10 �C and 39 �C, respectively.
The ice rink (TIRia) and the swimming pool (TSPia) indoor air design
temperature were 15 �C and 20 �C, respectively, and the ice
(Tice = �4 �C) and the pool water (Tw = 26 �C) design temperature
were constant. Three types ground structure (coarse gravel, clay,
and granite) are considered, and thermal and physical properties
are given in Table 3. The deep ground temperature was taken as
15 �C, and it is assumed that the initial water temperature of the
TES tank is equal to ground temperature.
4. Results and discussion

The computer code written in MATLAB using the analytical
model describing above was executed to investigate the effects of
the size of the ice rink (375–625 m2) and parameters such as
ground type (Coarse gravel, Clay, and Granite), the Carnot Effi-
ciency (CE) factor (0.30, 0.40 and 0.50) and TES tank size (100,
200 and 300 m3) on the system. In the following section, the results
obtained from the computations are presented in figures and
discussed.

Annual variation of the ice rink heat gain, the swimming pool
heat loss and energy ratios of components are shown in Figs. 5
and 6. The ice rink energy ratios of heat gain components are
obtained as follows: condensation (30%), convection (28%), radia-
tion (27%), lighting (8%), ice resurfacing (5%) and conduction
(2%). In addition, the swimming pool energy ratios of heat loss
components are obtained as follows: evaporation (77%), radiation
(16%), conduction (4%), renovated feed water (2%) and convection
(1%). The highest cooling energy demand of the ice rink is in July,
due to an increase in the total cooling load. In contrast, the lowest
heating energy demand of the swimming pool is seen in July, due
to a decrease in the total heating load.

In the first few years of system operation, the rate of heat
energy exchange between the chiller, the heat pump and TES tank;
and the rate of heat energy exchange between the TES tank and
surrounding ground were not equal. Therefore, the temperature
of water in the TES tank increased until the attainment of the
annually periodic condition, and then the temperature of the water
did not change. The variation of mean water temperature in the
TES tank according to years for the different types of ground struc-
ture (coarse gravel, clay, and granite) is given in Fig. 7. It is clear
that the water temperature rapidly increases in the first few years
and after the sixth year remains almost stable. This indicates that
the periodic condition is obtained for the water temperature in
the TES tank.

The annual variation of water temperature in the TES tank dur-
ing the sixth year for the coarse gravel, clay, and granite is shown
in Fig. 8. It is seen that the water temperature in the TES tank sur-
rounded with coarse gravel has the highest value when compared
with clay and granite. The reason for this is that coarse gravel has a
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Fig. 5. Annual variation of ice rink heat gain components (Aice = 625 m2,
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Fig. 6. Annual variation of swimming pool heat loss components (Aps = 625 m2,
Tw = 26 �C).

0

10

20

30

40

1 2 3 4 5 6 7

T
E

S 
w

at
er

 te
m

pe
ra

tu
re

, o C

Years

Coarse gravel
Clay
Granite

Fig. 7. The variation of mean water temperature in the TES tank according to years
for the coarse gravel, clay, and granite. (Aice = 625 m2, CE = 40%, V = 100m3).
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Fig. 8. The annual variation of water temperature in the TES tank during the sixth
year for the coarse gravel, clay, and granite. (Aice = 625 m2, CE = 40%, V = 100 m3).
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lower thermal conductivity (0.519W/m K) and diffusivity
(1.39 � 10�7 m2/s) than the corresponding values of clay and gran-
ite, as listed in Table 3. Also, the coarse gravel has a higher heat
capacity (3772 kJ/m3 K). This means that the heat transfer occurs
more slowly from the TES tank to the surrounding ground, and
thus, the storage temperature is maintained at a higher value
according to other types of ground structures. This indicates that
thermal conductivity, diffusivity, and heat capacity have a great
effect on the water temperature inside the TES tank.

The annual variation of water temperature, according to the
first, second, sixth and seventh years in the TES tank buried in
coarse gravel is presented in Fig. 9. It is clearly seen that the tem-
perature of the water in the TES tank increases in the first few
years and then the periodic condition is obtained after the sixth
year. In addition, the highest water temperature is achieved at
the end of summer, owing to the high energy input rate into the
TES tank. In contrast, the lowest water temperature is achieved
at the end of winter, owing to the low energy input rate. As
expected, this trend can also be seen in other figures in this study.

The size of the TES tank affects the performance of the system.
Fig. 10 shows the effect of the TES tank’s size (100, 200 and 300 m3)
when surrounded with coarse gravel on the annual variation of
water temperature during the sixth year. It is observed that the
water temperature and amplitude of the water temperature both
increase when the size of the TES tank is decreased. The results
obtained for the periodic condition of the system shown in Figs. 7–
10 are in good agreement with results in [13,14,18].

A reasonable Carnot Factor (CE) value is used to evaluate the
actual efficiency of the system in this study. The COP depends on
the real heat pump system types and sizes. The CE value ranges
from 0.30–0.50 for small electric heat pumps and 0.50–0.70 for
large, high-efficiency electric heat pumps [29]. Accordingly, in
the present study, three CE values (0.30, 0.40 and 0.50) are consid-
ered. The effect of the CE on the annual variation of water temper-
ature in the TES tank during the sixth year is plotted in Fig. 11. It is
clearly seen that the higher CE factor causes the maximum rate of
heat energy exchange from the TES tank. Therefore, the higher CE
factor leads to lower water temperatures in the TES tank. This is
consistent with the results in [16].

The weather temperature of the city of Gaziantep and the water
temperature in the TES tank buried in coarse gravel ranges
between �10 and 39 �C, and between 25 and 38 �C (with
CE = 40%), respectively, during the whole year. It is clearly seen
that the water temperature in the TES tank has less temperature
fluctuation than the weather temperature. Therefore, using water
stored in the underground TES tank rather than ambient air leads
to a more stable operation condition and improves the perfor-
mance of the system [14].

Fig. 12 shows the effect of CE on COPC of the chiller and COPH of
the heat pump according to years. It is observed that the higher CE
factor causes higher COP. As mentioned before, the temperature of
the water in the TES tank increases in the first few years. This is
caused by a gradual decrease in the COPC of the chiller and a grad-
ual increase in the COPH of the heat pump, shown in Fig. 12. In
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Fig. 10. The effect of the TES tank’s size when surrounded with coarse gravel on the
annual variation of water temperature during the sixth year. (Aice = 625 m2,
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Fig. 11. The effect of CE on the annual variation of water temperature in the TES
tank surrounded with coarse gravel during the sixth year. (Aice = 625 m2,
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Fig. 13. The effect of the size of the ice rink on the water temperature in the TES
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either case, after the sixth year, COPC of the chiller and COPH of the
heat pump do not change and remain almost stable. This means
that COPC of the chiller and COPH of the heat pump are attained
from the annually periodic condition.

The size of the ice rink is another important parameter for the
water temperature in the TES tank. The effect of the size of the
ice rink on the water temperature during the sixth year is plotted
in Fig. 13. The amount of heat energy rejected from the chiller to
the TES tank increases with increasing the size of the ice rink. A
higher amount of heat energy rejected means an increase in the
water temperature. It is observed that 125 m2 increments in the
size of the ice rink lead to an approximately 5 �C increase in the
water temperature in the TES tank.

The temperature of the water in the TES tank has a great effect
on the cooling performance of the chiller and the heating perfor-
mance of the heat pump [30,31]. The temperature of the water in
the TES tank increases with increasing the size of the ice rink.
The effect of the ice rink size on COPC of the chiller and COPH of
the heat pump during the sixth year is shown in Fig. 14. It is
observed that due to increasing the size of the ice rink, the increase
in water temperature leads to a decrease of the cooling perfor-
mance of the chiller. At the same time, this leads to an increase
of the heating performance of the heat pump. The COPC of the chil-
ler and the COPH of the heat pump intersect at a COP value of
approximately 4 when the ice rink size reaches 475 m2.

COP is actually a result of work consumption of the compressor.
The effect of ice rink size on work consumption of the chiller and
the heat pump compressors during the sixth year is given in
Fig. 15. The work consumption of the chiller compressor increases
with the size of the ice rink while the work consumption of the
heat pump compressor decreases, and they intersect at the ice rink
size of 475 m2. After this point, the work consumption of the heat
pump increases approximately 20 kW and the work consumption
of the chiller decreases approximately 7 kW when the ice rink size
is reached to 625 m2. Therefore, the compressor of the heat pump
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consumes 13 kW more energy than the compressor of the chiller
and as a result, total energy consumption of the system is
increased. It is clearly seen that the ice rink with a size of 475 m2

gives the optimum performance for a system with a semi-
Olympic size swimming pool (625 m2).

5. Conclusions

In this study, an analytical model was developed to analyze the
long-period performance of a swimming pool heating system by
utilizing waste energy rejected from an ice rink with an under-
ground thermal energy storage tank using Duhamel’s superposi-
tion and similarity transformation technique. A computational
model written in MATLAB program based on the transient heat
transfer of the underground TES tank and energy requirements of
the ice rink and the swimming pool was executed to investigate
the effects of the size of the ice rink and other parameters such
as ground type, the Carnot Efficiency (CE) factor and TES tank size
on the system.

The conclusion from the results of the present study may be
listed as follows:

� The ice rink heat gain components: condensation (30%), convec-
tion (28%), radiation (27%), and the swimming pool heat loss
components: evaporation (77%), radiation (16%) show a clear
superiority when compared with other heat gain and heat loss
components, respectively.

� Coarse gravel shows the best performance among the ground
types considered in this study.

� 6–7 years’ operational time span is necessary to obtain annual
periodic operation condition.

� Carnot Efficiency (CE) factor has a great effect on COPC of the
chiller and COPH of the heat pump and a value of CE = 40% is
obtained as the ideal value.

� An ice rink with a size of 475 m2 gives the optimum perfor-
mance for a system with a semi-Olympic size swimming pool
(625 m2).
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