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In this study, a new residential heat pump system was designed for domestic use in the geothermal dis-
trict heating system (GDHS). A heat pump system was integrated into the substations of the residences
with this aim. The heat pump system was formed by replacing the conventional evaporator with thermal
energy storage (TES) unit. In this regard, a shell and tube latent heat TES system was used and designed
for the peak loads. 66 different systems were parametrically formed and analyzed thermodynamically.
The observed cases were later evaluated from economical and environmental points of view. Finally,
the most appropriate system was determined by a multi-criteria decision-making analysis named effi-
ciency analysis technique with output satisficing (EATWOS). It was concluded that it is available to obtain
an investable design with an NPV value of 6.35 million $, exergy efficiency of 15.24% and CO2 reduction of
1435.32 ktons per year.

� 2023 Elsevier B.V. All rights reserved.
1. Introduction

Depending on the environmental issues and experienced global
crisis of fossil fuel, renewable energy sources came into promi-
nence in recent years. The effective and efficient use of these
renewable sources has a key role in this regard. Geothermal energy
is the most stable one amongst the renewable since it has no fluc-
tuating from the time and physical properties points of view. How-
ever, the geothermal resources are limited depending on the
reservoirs’ capacity. So, geothermal energy systems still need to
be improved for a sustainable future.

Geothermal energy is used for many purposes such as balneo-
logical use, power generation, refrigeration and heating of spaces
[1–3]. District heating systems are the most common one of the
utilizing methods of geothermal sources [4,5]. In a common
geothermal district heating system (GDHS), the heat of the
geothermal fluid is transferred to a secondary fluid through a main
heat exchanger system as the first step. Later, this heat is trans-
ferred to heating circuit systems through a substation heat exchan-
ger system to be used for the final heating purposes of the
buildings. These kinds of systems are designed for peak loads
according to the meteorological conditions of the districts. These
systems work constantly under these conditions although there
is no need for peak requirements [6,7]. Thus, these kinds of sys-
tems need to be improved to avoid this wasting energy and over-
consumption of electricity as well as to increase efficiency.

Thermal energy storage (TES) based district heating systems
(DHS) are an alternative solution in this sense [8]. Knudsen et al.
[9], in their study, indicated that it is possible to achieve a 12 %
reduction of effective peak heating with TES use in DHS sourced
by industrial waste heat. Zhang et al. [10] investigated the applica-
bility of TES in the low-temperature DHS. They indicated that the
central tank is the most favourable for variable renewable energy.
they also indicated that the benefits of the TES in small-scale sys-
tems can not offset the increased network heat losses since the
storage capacity is less than 1 % of the daily load. Saloux and Can-
danedo [11] indicated it is available to obtain an annual saving of
47 % on pump electricity use by the seasonal TES-integrated DHS
sourced by solar energy. Li et al. [12], in their study, indicated that
it is possible to achieve a 5 % annual saving of reduction of effective
peak-heating with a TES use in DHS sourced by the waste heat of
data centres. Arslan and Arslan [13], in their study, indicated that
it is possible to achieve an electricity-saving of 30.24 GWh and a
heat-saving of 130.94 GWh per year through the TES integrated
DHS sourced by geothermal energy. TES-integrated DHS are also
effective systems from the environmental, economic, and effi-
ciency points of view. Rezaie et al. [14], in their study, indicated
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Nomenclature

A area (m2)
C cost ($)
Cp Specific heat (kJ/kgK)
D diameter (m)
E multi-criteria efficiency
_E energy rate (kW)
_Ex exergy rate (kW)
F enforced convection boiling factor or correction factor
G mass velocity
Gr Grashof number
h convective heat transfer coefficient (W/m2K) or specific

enthalpy (kJ/kg)
ip distance matrices for input (kg/m2s)
J dimensionless heat factor
k conductive heat transfer coefficient (W/mK)
_m mass flow rate (kg/s)
n number of plates or pipe
Nu Nusselt number
op distance matrices for output
P pressure (kPa. bar. or atm)
Pr Prandtl number
_q heat rate per length (kW/m)
_Q heat rate (kW)
r radius (m) or normalized output
Re Reynolds number
s specific entropy (kW/kgK) or normalized input
S effectiveness factor
T temperature (K or oC)
U Total heat transfer coefficient (W/m2K)
v weight for output
V volume (m3)
w weight for input
_W work rate (kW)
x input value, dryness fraction
X input matrices
Xt Martinelli parameter
y output value
Y output matrices

Greek symbols
b volumetric expansion coefficient (-)
e exergy efficiency (%)
Η energy efficiency (%)
K friction factor
l dynamic viscosity (Ns/m2)

Ν Specific volume (m3/kg)
Ρ density (kg/m3)
r surface tension (N/m)
w specific flow exergy (kJ/kg)

Subscripts
b boiling
d destruction
e enforced convective, electricity saving
f fluid phase, heat saving
fg fluid-gas mixture phase
g gas phase
h hydraulic
i inner, inlet or ith component
if two-phase condition
ins insulation
k kth component
lm logarithmic mean
o outer, outlet
o&m Operating and maintenance
T value at a specified temperature
w wall conditions
0 value at the reference state

Superscripts
* normalized values

Abbreviations
C Heat centre
COP Coefficient of performance
DHS District heating system
GDHS Geothermal district heating system
GWP Global warming potential
HC Heating circuit
H-line Heating zone transmission line
HP Heat pump
MCDM Multi-criteria decision making
NPV Net present value
ODP Ozone depletion potential
PCM Phase change material
TbHP Thermal energy storage-based heat pump
T-line Geothermal zone transmission line
TES Thermal energy storage
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that it is available to achieve an energy efficiency of 60 % and
exergy efficiency of 19 % through the TES-integrated DHS sourced
by solar energy. Dorotić et al. [15], in their study, showed that it is
available to increase energy efficiency by up to 65 % via the inte-
gration of the TES system into DHS sourced by the waste heat, elec-
trical energy, and solar energy. He et al. [16], in their study,
determined that it is available to reduce CO2 emissions by 5480.6
kgCO2eq per year with a payback period of 3.7 years. Matuszewska
et al. [17] also indicated that the mobile TES system is quite effec-
tive in the reduction of CO2 emissions and profitable in distances
around 3–4 km. Kyriakis and Younger [18] determined that TES
integrated DHS sourced geothermal energy enhances geothermal
energy utilization. They also indicated that the two-tank TES sys-
tem is beneficial depending on the decreased heating cost and
emissions.
2

The integration of heat pump (HP) systems into DHS is also an
effective solution for the effective use of energy sources. Arat and
Arslan [19,20], in their studies, indicated that it is available to
achieve an efficiency value of 76.92 % for the HP-integrated DHS.
In the study, a large-scale HP was integrated into the heat centre
of DHS with a higher performance coefficient (COP) of 9.56 and a
net present value (NPV) of 23,195,962 US$. Wang and Zhang [21]
investigated the integration of HP into DHS. They conducted that
it is available to increase the heating capacity by 0.4 times in com-
parison to the conventional system. Zhang et al. [22] conducted a
new DHS integrated with ground source absorption HP. They indi-
cated that it is possible to increase the efficiency by 22 % with a
decrease of 15 % in heat loads. Marx et al. [23] investigated the
integration of HPs into solar district heating (SDH) systems. They
concluded that it is available to save primary energy and reduce
CO2 emissions by 69.9 %. Kang et al. [24] investigated the integra-
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tion of HP into combined heat and power generation systems. They
indicated that the energy efficiency of the new system is 3.9 %
higher than the reference system. Bach et al. [25], in their study,
investigated the two integration ways of HP into DHS. They con-
ducted that the integration into the distribution network is more
attractive than the integration into the transmission network.
The highest COP value of the proposed system was recorded at
about 3. In the study, it was also suggested that it would be better
to operate the HP system at a constant temperature.

From this point, the combined use of TES and HP in DHS can be
handled as a better solution. Kim et al. [26], in their study, inte-
grated the TES system with the geothermal heat pump system
(GHPS). They indicated that it is available to reduce the operational
cost by 36–54 %. Hemmatabady et al. [27], in their study, inte-
grated an HP system into borehole TES-based DHS. In the study,
HP was used to boost the stored geothermal energy. They con-
ducted it is available to achieve a decrease in the emission factor
by 60 %. Siddiqui et al. [28], in their study, investigated the HP sys-
tem integrated into a TES-based DHS. They conducted that electric-
ity costs substantially depend on the TES size. They also conducted
that the minimum electricity cost was achieved at a TES size of 1 %.
Fiorentini et al. [29] investigated the integration of HP and TES into
solar DHS. In the study, the heating demand was met by two HP
systems namely air-sourced and borehole TES-sourced. They indi-
cated that it is available to reduce CO2 emissions by up to 43.7 %
with a small increase in the annual cost by 6.1 %. Bordignon
et al. [30] investigated a TES-based HP system sourced from the
waste of a photovoltaic thermal system to be used in DHS. In the
study, the highest COP value of the proposed system was recorded
as 5.4. In the study, it was also indicated that electricity saving of
up to 21 % is available. The studies in the literature show that
TES-based HP systems used in DHSs have some advantages from
the viewpoints of efficiency, emission reduction and economics.
In the large-scale DHS, the required TES size and HP capacity would
increase. This issue could cause extra efforts and extra investment
costs in the construction phase as well as the operating case. The
geographical layout is also another criterion to be taken into
account. In this regard, the domestic TES-based HP systems can
be an issue for GHDSs. With such a system, it is also possible to
achieve higher COP values depending on the thermophysical prop-
erties of the geothermal sources.

In this study, a new geothermal district heating system was
designed and optimized by multi-criteria decision making for
Simav geothermal field. The novelty of this study lies in the inte-
gration of residential scale heat pump system into geothermal dis-
trict heating system. The other crucial novelty lies in the design of
heat pump system in which a TES system is used as the evaporator.
A domestic shell and tube type TES system including simultaneous
charging and discharging by the heating and cooling pipes was
integrated with an HP system for the residences for this purpose.
A total of 66 different designs were formed by taking the different
temperature scales into account. The formed cases were then ana-
lyzed by energy and exergy methods. The designs were also inves-
tigated from the points of economics and environmental effects.
Finally, the most effective design was determined by the multi-
criteria decision-making analysis taking the economic, efficiency
and environmental issues into consideration.
Fig. 1. Flow diagram of TbHP-GDHS.
2. Material and method

The Simav geothermal resources were evaluated in the TES-
based HP-integrated GDHS (TbHP-GDHS). Simav geothermal wells
with a mass flow rate of 462.0 kg/s and a temperature of 133.5 �C
currently heat 5000 residences [7]. In this study, the S-GDHS was
3

planned to heat 12,500 residences. The flow diagram of the
TbHP-GDHS is given in Fig. 1.

TbHP-GDHS is formed of five subcomponents namely the
geothermal transmission line with the pre-insulated pipes with a
4250 m length (T-line), heat centre (C), heating zone transmission
line with the pre-insulated pipes with a 4000 m length (H-line),
TES based HP substation (HP), and heating circuit (HC). In the
study, it was considered that the geothermal water is transported
to C after the primary use such as electricity generation throughout
T-line (points 1–2). The heat of geothermal water is transferred to
network water throughout C (points 2–3) via plate-type heat
exchangers (HE-1). The heated network water is transported to
HP by H-line (points 4–5 and 8–9 for return). Later, the heat of net-
work water is transferred to substations of the buildings via a TES
system (points 5–8). TES system is a shell-and-tube-type heat
exchanger as seen in Fig. 2. The tube side is formed of two kinds
of pipes namely heating and cooling pipes; therefore, it is available
to operate simultaneously for both charging and discharging. The
shell side is formed of the main structure filled by phase change
material (PCM), insulation layer and aluminium cover. The heat
transferred from the H-line fluid is stored via heating pipes (points
a-d) to feed the vapour compression HP system. The boosted
energy by HP is later transferred to the water of HC (points b-c)
via a conventional shell-and-tube-type heat exchanger (HE-2).
Finally, this heat is transferred to the residences (points 6–7) by
the aluminium panel radiators (HE-3) with a height of 600 mm.

According to the related standards [31], the peak heat demand

of residences ( _Qdesign) at the design point was 56,130 kW, which
means approximately 4.5 kW for each residence [13]. The dynamic
heat demand was calculated by taking the meteorological data of
the Simav region into account as given in Fig. 3.

According to Fig. 3, the average soil temperature ranges
between 5.8 �C and 20.2 �C. The daily average environmental tem-
perature (Toutdoor) changes between �3.5 �C and 14.9 �C. According
to this, the heat demand of the residences ( _Qdemand) ranges between
20,675 kW and 44,936 kW with heating days of 209 [13].



Fig. 2. The structure of TES system.
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The working fluid for the HP system was chosen considering the
available working and environmental conditions such as tempera-
ture, ozone depletion potential (ODP) and global warming poten-
tial (GWP). Therefore, the working fluid was chosen as R600a
since it is commonly used in refrigeration systems in Turkey. The
PCM was chosen considering the heat capacity, melting tempera-
ture, thermal stability, corrosion effects, lower cost, and higher
thermal conductivity. The properties of R600a and PCMs are given
in Table 1.
2.1. Modelling of TES-based HP (TbHP) system

In the TbHP system, the TES unit is the evaporator which
behaves as a heat source for the HP system. In the system, the heat
of the network (water in H-line) is stored by PCM via the heating
pipes (marked with ‘‘100 in Fig. 1). The length of a single pipe was
chosen as 1.5 m with a diameter (D) of 0.025 m and a wall thick-
Fig. 3. Variation of outdoor temperature, soil tem

4

ness of 0.004 m. The material of the pipes was chosen St37 consid-
ering the higher heat conduction coefficient (kpipe = 170W/mK) and
the lower cost. The heat transfer rate of the charging case for a sin-
gle pipe is given by:

_Qpipe;charging ¼
1

1
Nui �ki

D

þ ri
kpipe

ln ro
ri

� �
þ ro

ri
1

Nuo �ko
D

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Upipe

Apipe
T5 þ T8

2

� �
� TPCM;melting

� �

ð1Þ
where ri, ro, Apipe, TPCM,melting indicate the inner radius of the pipe,

the outer radius of the pipe, the heat transfer area and the melting
temperature of PCM. ki and ko are the conductive heat transfer
coefficients of water and PCM, respectively. Nui and Nuo are the
dimensionless heat transfer coefficients (Nusselt number) for the
water and PCM, respectively. Since the flow is laminar according
to the calculated mass ratios of requirements, the Nui number of
waterside for constant wall temperature is taken as 3.66 [36].
Under natural convection conditions, the Nu number for the PCM
side is given by [37]:

Nuo ¼ 0:35 � Gr � Prð Þ0:25

1� 0:143
Pr

� � 9
16

� �4
9

ð2Þ

where Gr and Pr are the Grashof and Prandtl numbers, respec-
tively. So, the required number of pipes is given as:

npipe;charging ¼
_Qdesign

_Qpipe;charging

ð3Þ

The stored energy by PCM is later used for the evaporation of
the working fluid (R600a) of the HP system. This discharging pro-
cess is performed by the cooling pipes in a similar way to the
charging case. The heat transfer rate of discharging case for a single
pipe is given by:

_Qpipe;discharging ¼
1

1
hi
þ ri

kpipe
ln ro

ri

� �
þ ro

ri
1

Nuo �ko
D

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Upipe

Apipe TPCM;melting � Ta þ Td

2

� �� �

ð4Þ
perature and heat demand of residences [13].



Table 1
Properties of PCM and working fluid used in HP system [32–35].

Properties R600a RT55 RT60 RT70HC

Boiling Point (C) �11.7 – – –
Critical Temperature (C) 134.7 – – –
Critical Pressure (MPa) 3.63 – – –
Density, q (kg/m3) 508.7*
Liquid – 770 770 770
Solid – 880 880 880
Volumetric expansion, b – 1.14 1.14 1.14
Latent heat capacity (kJ/kg) – 140**** 130**** 230****
Conductive heat transfer coefficient, k (W/mK) – 0.2 0.2 0.2
Dynamic viscosity, l (Ns/m2) – 0.01 0.01 0.01
Specific heat, Cp (kJ/kgK) 2.67* 2 2 2
Melting temperature, Tmelting (C) – 55 60 70
ODP 0** – – –
GWP �20*** – – –

*values at 56 �C, ** relative to R11, ***relative to CO2, **** calculated according to Ref [33].

O. Arslan, A. Ergenekon Arslan and T. Eddine Boukelia Energy & Buildings 282 (2023) 112792
where hi is the convective heat transfer coefficient for the pipe
flow. This heat transfer mechanism is modelled as the boiling pro-
cess. According to this, hi includes two terms namely bubbling boil-
ing heat transfer coefficient (hb) and enforced convective
coefficient (he). The calculation formula is given as follows [36]:

hi ¼ hb þ he ð5Þ

hb ¼ 0:0122
k0:79f C0:45

pf q0:49
f

r0:5l0:29
f h0:24

fg q0:24
g

 !
DT0:24

s DP0:75
s S ð6Þ

he ¼ 0:023
G 1� xð ÞD

lf

 !0:8

Pr0:4f
kf
D
F ð7Þ

where DTs is the temperature difference between the inner sur-
face temperature of the pipe (Tw) and the saturation temperature
of the fluid (Ts). DPs is the pressure difference between the pressure
at the inner surface temperature of the pipe (Ps, Tw) and the satura-
tion pressure of the fluid (Ps). r, q, l, x, Cp and k are the surface ten-
sion, density, dynamic viscosity, dryness fraction, specific heat and
conductive heat transfer coefficient of the fluid, respectively. hfg is
the enthalpy of phase change. The subscripts f and g indicate the
properties of the saturated liquid and saturated vapour, respec-
tively. G is the mass velocity described as the mass flow rate for
the unit cross-section area of the pipe (G ¼ 4 _m=pD2). F and S are
the enforced convection boiling factor and effectiveness factor,
respectively. F is given by [36]:

F ¼ 1:0 1
Xt
� 0:1

F ¼ 2:35 1
Xt
þ 0:213

� �0:736
1
Xt
> 0:1

ð8Þ

S ¼ 1þ 0:12Re1:14if

� ��1
Reif � 32:5

S ¼ 1þ 0:42Re0:78if

� ��1
32:5 < Reif < 70

S ¼ 0:1 Reif � 70

ð9Þ

where Xt and Reif are defined as the Martinelli parameter and
two-phase Reynolds number, respectively. They are given as [36]:

Xt ¼ 1� x
x

� �0:9 qf

qg

 !0:5
lf

lg

 !0:1

ð10Þ

Reif ¼ F1:25 G 1� xð ÞD
lf

ð11Þ
5

According to this, the required pipe number is calculated as:

npipe;discharging ¼
_Qdesign

_Qpipe;discharging

ð12Þ

The heat losses from the TES unit were also taken into account
in the modelling. Taking Fig. 1 into consideration, it is given as:

_QTES;loss ¼
1

1
Nuo �ko

D

þ r1
k4
ln r2

r1

� �
þ r1

k5
ln r3

r2

� �
þ r1

k6
ln r4

r3

� �
þ r4

r1
1

hambiance

ATESðTTES � TambineceÞ ð13Þ
where ATES are the heat transfer coefficient and lateral area of

the shell side of TES. TTES is handled as the melting temperature
of the PCM. Tambiance was taken as 10 �C for the substation as the
non-heated space [31]. ho is the convective heat transfer coefficient
of the environment of the substation space, and the heat resistance
value related to this value (1/hambiance) is taken as 0.17 m2K/W [31].
Finally, the required volume of the TES system is calculated by tak-
ing the required PCM, charging pipes (n1) and discharging pipes
(n2) volume was considered in the system volume. The total vol-
ume of the TES system is the sum of the pipe volume (Vpipe) and
PCM volume (VPCM). The related volume on daily basis is given by:

VTES ¼ Apipe� n1 þ n2ð Þ � H� �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Vpipe

þ
86400 � _Qdesign þ _QTES;loss

� �
QTES

� b
0
@

1
A

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{VPCM

ð14Þ
where Apipe is the cross-sectional area, H is the height of the TES

system (1.5 m), b is the volumetric expansion rate of PCM during
the phase change, and QTES is the latent heat capacity (see Table 1).
The installed model was validated using the data from Wu et al.
[38] and Mohaghegh et al. [39]. The results are in good agreement
with the related references as given in the previous study by the
authors [13].

The condenser (HE-2) side of the HP system was modelled as a
shell-and-tube type heat exchanger in according to the common
use. It was assumed that the refrigerant is circulating on the tube
side. According to this, the average heat transfer coefficient for
the condensation process is given by [36]:

htube ¼0:555
gqf qf�qgð Þ hfgþ0;375Cpf Ts�Twð Þk3fð Þ

lf Ts�Twð ÞD

� �0:25

Reg ¼ qgVgD
lg

<35000

ð15Þ
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Here the wall temperature (Tw) is taken as the average of the
inlet (T6) and outlet (T7) of HC. The inner diameter of the tubes
was taken as 0.01 m. On the other hand, it was assumed that the
heating circuit water is circulating in the shell side of the heat
exchanger. The convective heat transfer coefficient is determined
as [40,41]:

hshell ¼

JResPr
1
3

l
lw

� �0;14
zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{Nu0

BB@
1
CCAk

De
ð16Þ

where J is the dimensionless heat factor according to the Kern
method and taken from Ref [40,42]. De is the equivalent shell diam-
eter, and Res is the Reynolds number for the shell side. For the
design of 30� triangle placement, these values are given as [41]:

De ¼
4

ffiffi
3

p
P2t
4

� �
� pD2

o
8

pDo
2

ð17Þ

Res ¼
_mDe

l Ds � ND0ð ÞDsf
ð18Þ

where Ds is the inner diameter of the shell side (0.1445 m), Do is
the outer diameter of the tubes (0.017 m), N is the number of cen-
tral tubes (7), Pt is the ratio of the distance between tube centres to
Do (1.25). f is baffle cut, which is defined as the ratio of baffle spac-
ing (Lb) to Do. f was kept in the range of 0.4 and 0.6 as advised in
Ref. [42]. According to this the required heat transfer area of the
condenser is given by:

Acondenser ¼
_Qdesign

1
htube

þ
ln Do

Di

� �
ktube

þ 1
kins

ln r3
r2

� �
þ Do

Di

1
hshell

0
@

1
ADTlmF

ð19Þ

where ktube is the conductive heat transfer coefficient of the
tubes (Stainless steel-16.3 W/mK). DTlm and F are the logarithmic
mean temperature and correction factor [40,41]:

DTlm ¼ T6 � Tbð Þ � T7 � Tcð Þ
ln T6�Tb

T7�Tc

� � ð20Þ

F R; Pð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 1

p
R� 1

ln 1�P
1�PR

� �
ln

2�P Rþ1�
ffiffiffiffiffiffiffiffi
R2þ1

p� �
2�P Rþ1þ

ffiffiffiffiffiffiffiffi
R2þ1

p� �� � ð21Þ

where

R ¼ T6 � T7

Tb � Tc
andP ¼ Tb � Tc

Tb � T7
ð22Þ
2.2. Modelling of heat exchangers for the heat centre and the heating
circuit

A plate-type heat exchanger with titanium coating (HE-1) was
used in the heat centre of GDHS to prevent the corrosion effects
of the geothermal fluid. The efficiency of the exchanger was
assumed as 0.98 to cope with the worst cases. The convective heat
transfer coefficient for both hot and cold streams, the related heat
transfer area and the number of required plates are given as [36]:

h ¼ 0:2 � Re0:67 � Pr0:4 � l
lo

� �0:1
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Nu0

BBB@
1
CCCA k

Dh
ð23Þ
6

AHE ¼ 0:98 _m2 h2 � h3ð Þ
1

1
hi
þRiþ l

kplate
þRoþ 1

ho

T2�T4ð Þ� T3�T9ð Þ

ln
T2�T4
T3�T9

� � ð24Þ

nplate ¼ AHE

Aplate
ð25Þ

where lo indicates the dynamic viscosity at the average tem-
perature of the hot and cold streams. Dh is the hydraulic diameter
(0.0139 m), and Aplate is the heat transfer area of a single plate
(1.38 m2) [43]. The aluminium panel radiator (HE-3) was used
for the heating process of the residences in the heating circuit.
The panel has a nominal height of 0.6 m. The required panel length
was calculated taking the heat transfer ability into account for the
peak heat demand of the residences. The heating capacity changes
with the inlet (T6) and outlet (T7) temperatures of circulating water
as given in Fig. 4 [44].

2.3. Heat losses of transmission lines

The heat loss per unit length in the pipelines is given by:

_qloss ¼
2p Ti � Toð Þ

1
r1hi

þ 1
kpipe

ln r2
r1

� �
þ 1

kins
ln r3

r2

� �
þ 1

kcover
ln r4

r3

� �
þ 1

ksoil
ln r5

r4

� � ð26Þ

where the convective heat transfer coefficient is defined by
[36]:

hi ¼ 0:012 Re0:8D � 280
� �

Pr0:4
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Nu

0
BB@

1
CCA kfluid

2ri
ð27Þ

The used properties in Eq. (25) are given in Table 2. The diam-
eter of the soil was determined the as the point where the heat
losses can be neglected [6,44].

The temperature decrease depending on heat loss at the non-
operational conditions is given by:

DT ¼ _qloss � L � 86400
mCp

ð28Þ
2.4. The required power for pumps and compressor

The required power of the pumps is calculated in terms of pres-
sure drops (DP). The required power of the compressor is calcu-
lated in terms of the designed conditions of HP as well as
pressure drops. Assuming efficiency (g) of 0.8 for the pumps and
compressor, the pump and compressor power are given by:
Fig. 4. The heating capacity of the aluminium panel radiator.



Table 2
Technical properties of the transmission lines [5,6].

Layer Material k (W/mK) r (m) Length-L (m)
H-line T-line H-line T-line

Pipe St-37 steel 76 0.20 (inner)
0.2063 (outer)

0.15 (inner)
0.1556 (outer)

4250 4000*

Insulation polyurethane 0.028 0.28 0.23
Cover polyethylene 0.43 0.286 0.2352
Soil – 2.1 0.6

*The longest line.
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_Wpump ¼
_mvDP
g

ð29Þ

_Wcompressor ¼
_m hb � hað Þ þ vDPð Þð Þ

g
ð30Þ

The pressure drop is given as:

DP ¼ k
L
D
qV2

2
ð31Þ

or for the shell side of the condenser (HE-2) unit [45];

DP ¼ 8Jr
DG

De

L
Lb

qV2

2
l
lw

� ��0;14

ð32Þ

where L and D (or Dh) indicate the length of the pipes (or
plates). k denotes the friction factor and is given in terms of Rey-
nolds number (Re). Jr is the dimensionless pressure factor accord-
ing to the Kern method and taken from Ref [40,42], DG is the
nominal shell diameter (0.19 m). The used friction factors are given
in Table 3.

3. Energy and exergy analysis

The general mass, energy, and exergy balances of the kth compo-
nent under steady-state conditions are given by:X

_mið Þk �
X

_moð Þk ¼ 0 ð33Þ

_Qk � _Wk þ
X

_mihið Þk �
X

_mohoð Þk ¼ 0 ð34Þ

1� T0

T

� �
_Qk � _Wk �

X
_miwið Þk �

X
_mowoð Þk � _Exd;k ¼ 0 ð35Þ

where _Q is the heat rate term, _W is the work term, ṁ is the
mass flow rate. i indicates the inlet conditions, and o indicates
the outlet conditions. Exergy of flow is given by:

w ¼ h� h0ð Þ � T0 s� s0ð Þ ð36Þ
Table 3
The friction factors for the pumps and compressor.

Component Friction Factor Expl

T-line pump (P1) Line side *
HE-1 side k ¼

R

H-line pump (P2) Line side *
HE-1 side k ¼

R

Substation pump (P3) TES side k ¼ 6

HC pump (P4) HE-3 side k ¼ 1

Compressor TES side k ¼ 0
HE-2 tube side k ¼ 0

*Taken from Moody diagram.
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Here, h and s indicate orderly enthalpy and entropy at a partic-
ular state. Subscript 0 indicates the reference state conditions. The
energy and exergy balance equations of the considered system are
given in Table 4.

4. Economic and environmental evaluation

Net present Value (NPV) analysis is used for economic evalua-
tion since it considers the time value of the cash flow for the life-
time of the handling systems [19,47]. NPV is given by:

NPV ¼
Xn
t¼0

Ce þ Cf � Co&m

1þ rð Þt � CTES þ CPCM þ Cpr
� � ð37Þ

where r, n, and t are the discount rate (15.75 %), the lifetime of
the system (20 years) and the related year, respectively [48]. Co&m

is the operating and maintenance cost (10 % of the total investment
cost) [49], Ce is the saved electricity cost (0.14 $/kWh) [50], Cf is the
saved heating energy cost (12.92 $/MWh) [51]. CTES is the invest-
ment cost of the TES unit, CPCM is the investment cost of required
PCM (95 $/ton) [52], CHE-3 is the investment cost of the additional
panel radiator (77.55 $/m) [53], Ccompressor is the investment cost of
the compressor of HP system, CHE-2 is the investment cost of the
condenser of HP system, and Cev is the investment cost of the
expansion valve of HP system (26 $/residence) [54]. CTES is calcu-
lated by [13]:

CTES ¼ 7:489 � 10�7 npipe
� �4 � 4:915 � 10�4 npipe

� �3
þ 0:106 npipe

� �2 � 6:106npipe þ 741:040 ð38Þ
where npipe is the total number of charging and discharging

pipes. Ccompressor is given by [55]:

Ccompressor ¼ �92:4 _Wcompressor

� �2
þ 453:19 _Wcompressor þ 28:01 ð39Þ

Ccondenser is given by [56]:

Ccondenser ¼ �58:82 Acondenserð Þ2 � 487:34Acondenser þ 112:11 ð40Þ
In the environmental evaluation, prevented emissions by the

save electricity and heat were considered. Since the required elec-
tricity of the region was supplied by a coal-fired power plant, the
emission values related to the plant were considered. Since the
anation Source

– [46]
1:22
e0:252

– [40]

– [46]
1:22
e0:252

– [40]
4

Re
Re < 2300 [40]

5:064
Re

– [40]

:316 1
Re

� �0:25 Re < 2�104 [36]

:184 1
Re

� �0:20 2�104 < Re < 3 � 105



Table 4
Energy and exergy balance equations for TbHP-GDHS.

Components Balance equation Efficiency

T-line _QT�line ¼ _mh2 � _mh1 � _WP1 g ¼ _mh2ð Þ
_mh1þ _WP1

C _QC ¼ _mh9 � _mh4ð Þ � _mh3 � _mh2ð Þ g ¼ _mh9� _mh4ð Þ
_mh3� _mh3ð Þ

H-line _QH�line ¼ _mh5 þ _mh9ð Þ � _mh4 þ _mh8ð Þ � _WP2 g ¼ _mh5þ _mh9ð Þ
_mh4þ _mh8ð Þþ _WP2

HP _QHP ¼ _mh6 � _mh7ð Þ � _mh5 � _mh8ð Þ � _WP3 � _Wcompressor COP ¼ _mh6� _mh7ð Þ
_Wcompressorþ _WP3

HC _Quseful ¼ _mh7 � _mh6 � _WP4 g ¼ _Quseful

_mh6� _mh7ð Þþ _WP4

Overall system g ¼ _Quseful

_mh1� _mh3ð Þþ _Wtotal

T-line _Exd;T�line ¼ _mw1 � _mw2ð Þ þ _WP1 � 1� T0
Tave

� �
_QT�line e ¼ 1� _Exd;T�line

_mw1þ _WP1

C _Exd;C ¼ _mw2 þ _mw9ð Þ � _mw3 þ _mw4ð Þ � 1� T0
Tave

� �
_QC e ¼ 1� _Exd;C

_mw2� _mw3ð Þ
H-line _Exd;H�line ¼ _mw4 þ _mw8ð Þ � _mw5 þ _mw9ð Þ þ _WP2 � 1� T0

Tave

� �
_QH�line e ¼ 1� _Exd;H�line

_mw4þ _mw8ð Þþ _WP2

HP _Exd;HP ¼ _mw5 þ _mw7ð Þ � _mw8 þ _mw6ð Þ þ _WP3 þ _Wcompressor � 1� T0
Tave

� �
_QHP e ¼ 1� _Exd;TbHP

_mw5� _mw8ð Þþ _WP3þ _Wcompressor

HC _Exd;HC ¼ _mw6 � _mw7ð Þ þ _WP4 � 1� T0
Tave

� �
_Quseful e ¼ 1� _Exd;HC

_mw6� _mw7ð Þþ _WP4

Overall system _Exd;total ¼ _Exd;T�line þ _Exd;C þ _Exd;H�line þ _Exd;HP þ _Exd;HC e ¼ 1� _Exd;total
_mw1� _mw3ð Þþ _Wtotal
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most used energy source for heating is natural gas, the probable
prevented emissions were considered taking handling the equiva-
lent natural gas consumption. On the other hand, the emission pre-
vented by saving heating energy was considered to be sourced
from natural gas since it is the most used source in Turkey. The
basis of the emissions is given in Table 5 [57–59].

5. Multi-Criteria decision making (MCDM) analysis

MCDMwas successfully applied to the energy systems to deter-
mine the most efficient design [60]. Efficiency Analysis Technique
with Output Satisficing (EATWOS) is a sufficient technique depend-
ing on the successful results for energy problems [13,61,62]. The
efficiency value in EATWOS is given as [63]:

Ei ¼
PJ

j¼1v j � opijPK
k¼1wk�ipik

ð41Þ

where wk and vj are the weights of input and output parame-
ters, respectively. ipik and opik are distance matrices for the input
and output values, respectively. These values are given by:

ipik ¼ 1þ sik � s�k ð42Þ

opik ¼ 1þ rij � r�j ð43Þ
where sik, rij, s�k and r�j are normalized input, normalized output,

maximum normalized input and maximum normalized output val-
ues, respectively. These values are given as follows:

sik ¼ xikffiffiffiffiffiffiffiffiffiffiffiffiPK
i¼1

x2ik

s ð44Þ
Table 5
Basis of the emissions [57–59].

Source Emission

CO2 CO NO2 SO2

Natural gas* 1.95023 0.00024 0.03384 –
Lignite** 0.47848 0.01418 0.00782 0.00077

*per kmole-fuel, **per kg-fuel.
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rij ¼
yijffiffiffiffiffiffiffiffiffiffiffiffiPI
i¼1

y2ik

s ð45Þ
s�k ¼ min
i

skf g ð46Þ
r�j ¼ max
i

rj

 � ð47Þ

The input (XÞ and output (YÞ matrices in terms of the input (x)

and output (y) values are respectively formed as follows:

X ¼
x11 � � � x1K

..

. . .
. ..

.

xI1 � � � xIK

2
664

3
775 xik 2 R�0 8i ¼ 1; � � � ; I 8k ¼ 1; � � � ;K ð48Þ
Y ¼
y11 � � � y1J

..

. . .
. ..

.

yI1 � � � yIJ

2
664

3
775 yij 2 R�0 8i ¼ 1; � � � ; I 8j ¼ 1; � � � ; J ð49Þ

Since the EATWOS aims for the maximum outputs with mini-
mum inlets, the inlet parameters were modified to give the mini-
mums. The inlet and outlet parameters are shown in Table 6.
6. Results and discussion

A new TbHP-GDHS was designed and parametrically analyzed
from the thermodynamics, economics and environmental points
of view. Different cases were formed considering the working con-
ditions based on the temperature scales. Three temperature differ-
ence scales (DTmin) for the heat exchange process were handled in
the development of the cases. In this way, DTmin was tried to be
kept at 5 �C, 10 �C, and 15 �C as the minimum. DTmin for the main
heat exchanger of C (HE-1) was kept at 5 �C since all the flows are
at the liquid phase. In this range, the thermodynamically available
designs were determined in a number 66 different cases. This
means that the formed cases include the maximum and minimum
available working conditions under the assumed minimum tem-
perature difference. The formed cases are given in Table 7.

Under the circumstances of the designed systems, the energy
analysis was conducted and energy balances were obtained to
determine the characteristic parameters of the system. So, the heat



Table 6
The inlet and outlet parameters.

Inlet parameter Modified outlet parameters Outlet parameters

T1 T1 e
T3 1/ (T1- T3) CO2

T5 1/ (T5- T8) NPV
T8 1/ T8
T6 T6
T7 1/(T6- T7)
Ta 1/ (Ta- Td)
Td

Table 7
The formed cases of TbHP-GDHS.

DTmin = 15 �C
Cases Tmelting T1 T2 T3 T4 T5 T6

1 55 100 99.89 72.59 94.89 94.78 55
2 55 100 99.89 72.59 94.89 94.80 55
3 55 100 99.89 72.59 94.89 94.80 55
4 55 100 99.89 73.76 94.89 94.80 55
5 55 100 99.89 72.24 94.89 94.80 55
6 60 100 99.89 72.00 94.89 94.80 55
7 60 100 99.89 72.96 94.89 94.80 55
8 60 100 99.89 71.73 94.89 94.80 55
9 55 100 99.89 73.29 94.89 94.80 45
10 55 100 99.89 70.87 94.89 94.80 45
11 60 100 99.89 70.62 94.89 94.80 45
12 60 100 99.89 71.17 94.89 94.80 45
13 60 100 99.89 70.62 94.89 94.80 45
14 60 100 99.89 70.51 94.89 94.80 45
15 60 100 99.89 70.84 94.89 94.80 45
16 60 100 99.89 70.85 94.89 94.80 45
17 60 100 99.89 71.07 94.89 94.80 45
18 60 100 99.89 71.17 94.89 94.80 45
19 60 100 99.89 70.94 94.89 94.80 45
20 60 100 99.89 70.61 94.89 94.80 45
21 60 100 99.89 71.17 94.89 94.80 45
22 60 100 99.89 71.11 94.89 94.80 55
23 60 100 99.89 72.29 94.89 94.80 60
24 60 100 99.89 72.29 94.89 94.80 60
25 70 110 109.87 80.93 104.87 104.78 60
26 70 110 109.87 81.46 104.87 104.78 60
27 70 110 109.87 82.01 104.87 104.78 60
28 70 110 109.87 81.46 104.87 104.78 60
29 55 95 94.89 67.21 89.89 89.81 55
30 55 95 94.89 67.21 89.89 89.81 50
31 55 95 94.89 66.51 89.89 89.81 50
32 55 95 94.89 65.84 89.89 89.81 45
33 55 100 99.89 70.86 94.89 94.79 45
34 55 110 109.87 80.94 104.87 104.73 45
DTmin = 10 �C
35 55 100 99.89 71.05 94.89 94.80 55
36 60 100 99.89 70.02 94.89 94.80 55
37 60 100 99.89 70.55 94.89 94.80 55
38 55 100 99.89 70.83 94.89 94.80 55
39 60 100 99.89 70.19 94.89 94.80 45
40 60 100 99.89 70.04 94.89 94.80 45
41 60 100 99.89 70.59 94.89 94.80 55
42 60 100 99.89 71.13 94.89 94.80 55
43 60 100 99.89 70.70 94.89 94.80 55
44 70 110 109.87 80.41 104.87 104.78 60
45 70 110 109.87 80.40 104.87 104.78 60
46 70 110 109.87 80.29 104.87 104.78 60
47 70 110 109.87 80.30 104.87 104.78 60
48 55 95 94.89 65.84 89.89 89.81 50
49 55 95 94.89 65.08 89.89 89.81 45
50 55 100 99.89 70.34 94.89 94.80 45
DTmin = 5 �C
51 55 100 99.89 69.73 94.89 94.79 55
52 60 100 99.89 70.02 94.89 94.80 60
53 60 100 99.89 70.55 94.89 94.80 60
54 60 100 99.89 70.05 94.89 94.80 55
55 70 110 109.87 80.40 104.87 104.78 65
56 70 110 109.87 80.29 104.87 104.78 65
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losses (Q_) and required power values (W_) were obtained as given
in Fig. 5.

According to Fig. 5, the heat losses range between 12,165.53
and 20,867.51 kW. The required compressor powers range
between 3,357.61 and 13,029.91 kW. The required pump powers
range between 5,544.57 and 13,647.65 kW. The main reason for
the pump power and heat losses is the decrease in Td and the
increase in T8. The compressor power is mainly affected by the
variation of Tb. In light of energy analysis, the efficiency of GDHS
T7 T8 T9 Ta Tb Tc Td Pa = Pd Pb = Pc

40 60 59.94 40 73.09 70 30 404.8 1087.5
40 65 64.94 40 73.09 70 30 404.8 1087.5
40 67 66.94 40 73.09 70 30 404.8 1087.5
40 67 66.94 40 81.07 70 20 302.2 1087.5
40 67 66.94 40 70.76 70 33 440.0 1087.5
40 67 66.94 40 70.76 70 33 440.0 1087.5
40 67 66.94 45 75.36 70 33 440.0 1087.5
40 66 65.94 45 73.81 70 35 464.8 1087.5
30 66 65.94 40 81.07 60 20 302.2 1087.5
30 65 64.94 40 61.02 45 20 302.2 604.5
30 65 64.94 40 61.02 45 20 302.2 604.5
30 65 64.94 40 65.06 50 20 302.2 684.9
30 65 64.94 40 60.85 50 25 350.7 684.9
30 65 64.94 40 60.01 50 26 361.0 684.9
30 65 64.94 40 62.54 50 23 330.6 684.9
30 65 64.94 40 62.75 45 18 284.8 604.5
30 65 64.94 40 64.47 45 16 267.2 604.5
30 65 64.94 40 64.91 55 25 350.7 773.0
30 65 64.94 40 63.26 55 27 371.6 773.0
30 65 64.94 40 60.79 55 30 404.7 773.0
30 65 64.94 40 64.89 60 30 404.7 869.2
45 65 64.94 45 70.44 60 29 393.5 869.2
45 65 64.94 45 77.71 70 30 404.7 1087.5
40 65 64.94 45 77.71 70 30 404.7 1087.5
40 75 74.93 55 75.26 55 30 404.7 773.0
40 75 74.93 55 79.20 60 30 404.7 869.2
40 75 74.93 55 83.13 65 30 404.7 973.9
40 75 74.93 55 79.38 55 25 350.7 773.0
40 60 59.95 40 70.63 67 30 404.7 1018.2
40 60 59.95 40 70.63 67 30 404.7 1018.2
40 60 59.95 40 65.71 61 30 404.7 889.4
35 60 59.95 40 60.79 55 30 404.7 773.0
35 60 59.94 40 60.79 55 30 404.7 773.0
35 60 59.92 40 60.79 55 30 404.7 773.0

40 66 65.94 43 65.25 60 33 440.0 869.2
40 65 64.95 50 66.39 60 40 531.2 869.2
40 65 64.94 45 65.61 60 35 464.8 869.2
40 65 64.94 45 65.59 55 30 404.8 773.0
30 65 64.95 40 57.56 47 26 361.0 635.7
30 65 64.95 50 66.49 47 27 371.6 635.7
45 65 64.94 45 65.59 55 30 404.7 773.0
45 65 64.94 45 69.70 55 25 350.7 773.0
45 65 64.94 45 66.41 55 29 393.5 773.0
40 75 74.94 55 71.30 50 30 404.7 684.9
40 75 74.94 55 71.20 60 40 531.2 869.2
40 75 74.94 55 70.41 60 41 545.3 869.2
40 75 74.94 55 70.41 54 35 464.8 754.7
40 60 59.95 40 60.79 55 30 404.7 773.0
35 60 59.95 40 55.05 48 30 404.7 651.8
30 65 64.94 40 56.94 40 20 302.2 531.2

45 60 59.94 50 62.32 55 40 531.2 773.0
50 65 64.95 50 66.39 60 40 531.2 869.2
50 65 64.94 45 65.61 60 35 464.8 869.2
45 65 64.95 45 61.55 50 30 404.7 684.9
55 75 74.94 55 71.20 60 40 531.2 869.2
55 75 74.94 55 70.41 60 41 545.3 869.2

(continued on next page)



Table 7 (continued)

DTmin = 15 �C
Cases Tmelting T1 T2 T3 T4 T5 T6 T7 T8 T9 Ta Tb Tc Td Pa = Pd Pb = Pc

57 70 110 109.87 80.30 104.87 104.78 65 45 75 74.94 55 70.41 54 35 464.8 754.7
58 55 95 94.89 65.84 89.89 89.81 55 45 60 59.95 40 60.79 55 30 404.7 773.0
59 55 95 94.89 65.08 89.89 89.81 50 40 60 59.95 40 55.05 48 30 404.7 651.8
60 55 95 94.89 65.08 89.89 89.81 50 35 60 59.95 40 55.05 48 30 404.7 651.8
61 70 110 109.87 80.40 104.87 104.78 65 50 75 74.94 55 71.21 55 35 464.8 773.0
62 60 100 99.89 70.05 94.89 94.80 55 40 65 64.95 45 61.55 50 30 404.7 684.9
63 60 100 99.89 70.05 94.89 94.80 55 35 65 64.95 45 61.55 50 30 404.7 684.9
64 70 110 109.87 80.40 104.87 104.78 65 45 75 74.94 55 71.21 55 35 464.8 773.0
65 55 100 99.89 69.73 94.89 94.79 55 40 60 59.94 50 62.32 55 40 531.2 773.0
66 55 95 94.89 65.08 89.89 89.81 50 30 60 59.95 40 55.05 48 30 404.7 651.8

Fig. 5. Heat losses and power characteristics. Fig. 7. The exergy analysis results.
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and performance of the TbHP system were obtained as given in
Fig. 6.

According to Fig. 6, the performance of TbHP ranges between
4.39 and 15.80, whereas the efficiency of the district heating sys-
tem ranges between 72.90 % and 82.19 %. Contrary to expectations,
the efficiency of the overall system does not increase with the
increase in performance of the TbHP system. The main reason for
this fact, depending on the attainable limits of the design, is the
increase in the power requirement of pumps although the power
requirement of TbHP decreases. From this point, the exergy analy-
sis gives more clear view considering the quality of energy. The
exergy results are given in Fig. 7.

According to Fig. 7, the exergy destruction ranges between
16,562.52 kW and 26,786.32 kW for the overall system. It ranges
between 7,415.63 kW and 16,692.30 kW for the TbHP system.
The main part of the exergy destruction depends on the conversion
of the power consumption to lost heat energy. The exergy effi-
Fig. 6. Efficiency of the GDHS and performance of the TbHP system.

10
ciency ranges between 7.15 % and 20.30 % for the overall system
whereas it ranges between 14.39 % and 44.25 % for the TbHP sys-
tem. The difference between the efficiency values is caused by
the handledDTmin values. According to thermodynamic evaluation,
the most effective case was determined as Case 56 from the exergy
point of view and Case 34 from the energy point of view. Depend-
ing on the formed designs, one of the most important parameters is
the saved energy for the economical and environmental evaluation
as well as the performance criteria. The saved energy values for
heat and electricity are given in Fig. 8.

According to Fig. 8, the electricity-sourced energy saving ranges
between �10.13 GWh/year and 20.78 GWh/year whereas the heat-
sourced saving ranges between 148.79 GWh/year and 196.30
GWh/year. The electricity saving is sourced by the equipment run-
ning on a design basis. So, some cases are not effective depending
Fig. 8. Saving values of TES-based SGDHS.
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on the designing parameters although the performance of TbHP is
comparatively higher. The heat saving is sourced by the decrease in
the use of geothermal fluid, which also directly affects the sustain-
ability of the resources. For the economic evaluation of the newly
designed system, the required heat transfer area of the condenser
(HE-2) and the required volume of the evaporator (TES) are the
most effective parameters. The variations of condenser area and
TES volume are given in Fig. 9.

According to Fig. 9, the required condenser area ranges between
6,281.90 m2 and 40,475.43 m2. The TES volume ranges between
31,582.92 m2 and 55,341.02 m2. The condenser area is highly
affected by DTmin. The required area increases with the decrease
of DTmin. The required number of heating and cooling pipe has rel-
atively lower effects on the volume of TES in comparison to the vol-
ume of PCM. So, the melting point of PCM is the most effective
parameter on the required volume. Under these circumstances,
the formed designs were evaluated from the economic point of
view by the NPV method. The obtained results are given in Fig. 10.

According to Fig. 10, the largest part of the investment cost is
sourced by the TbHP system. This cost varies between 20.98 mil-
lion $ and 29.58 million $. The largest part of TbHP investment is
sourced by TES unit which ranges between 44 % and 59 %. The con-
denser cost ranges between 20 % and 47 % whereas the compressor
cost ranges between 6 % and 23 %. In the study, the additional
panel radiator (HE-3) costs were also taken into account since
the temperature scales of HC were handled as the designing
parameter. This cost was not included in the calculations when
the need was negative. Panel radiator costs reach up to 6.20 million
$. According to this, the NPV values vary between �15.43 million $
and 6.35 million $. The electricity and heat saving are the incomes
of the system. These values range between �1.42 million $ and
Fig. 10. Results of economic evaluation.

Fig. 9. Results of energy and exergy analyses.

Fig. 11. Emission reduction sourced by electricity saving (a) and heat saving (b).

11
2.91 million $ for electricity savings whereas it ranges between
1.92 million $ and 2.54 million $ for heat savings. The most invest-
able case was determined as Case 47 with the highest NPV value.
The heat and electricity savings also directly affect emission reduc-
tion. The obtained results for the environmental evaluation are
shown in Fig. 11.

According to Fig. 11, it is available to prevent the emission of
CO2 ranging between 1,384.87 ktones/year and 1,802.41 ktones/
Fig. 12. EATWOS results and optimal solution.
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year. The prevented emission of NO2 ranges between 24.02 and
31.28 ktones/year. The prevented emissions of CO and SO2 respec-
tively reach up to 0.8 and 0.03 ktones/year. So, the most
environment-friendly design was determined as Case 4.

Since the system includes many parameters which directly
affect the results, it is very hard to make a decision on the optimum
point. So, a multi-criteria decision-making analysis (EATWOS) was
conducted to determine the most effective design. In the study, 7
input parameters and 3 output parameters were handled to make
a decision point. Since it was thought that all the parameters have
an equal significance, the weights were included in the analysis as
1/7 and 1/3 for the input and output parameters, respectively. The
results of EATWOS are given in Fig. 12.
Table 8
Thermophysical characteristics of optimal TbHP-GDHS.

Points Fluids ṁ (kg/s) T (�C) P (kPa) h (kJ/kg)

0 H2O – 25.00 101.33 104.82
R600a 598.03

1 Geofluid 462.00 110.00 461.42
2 Geofluid 462.00 109.87 460.89
3 Geofluid 462.00 80.30 336.26
4 H2O 447.87 104.87 439.75
5 H2O 447.87 104.78 439.36
6 H2O 671.04 60.00 251.19
7 H2O 671.04 40.00 167.54
8 H2O 447.87 75.00 314.03
9 H2O 447.87 74.94 313.76
a R600a 175.07 55.00 464.77 639.18
b R600a 175.07 70.41 754.74 659.76
c R600a 175.07 54.00 754.74 332.60
d R600a 175.07 35.00 464.77 332.60

Table 9
Energy and exergy analysis results of optimal TbHP-GDHS.

Components _W(kW) _Q (kW) _Ei(kW) _Eo(kW)

T- line 1,533.29 �1,780.28 213,178.30 212,931.
C �1,151.55 57,577.60 56,426.
H- line 11,203.76 �11,497.51 337,593.73 337,299.
TbHP 4,532.43 �4,534.73 56,132.30 56,130.
HC 169.32 �56,299.32 168,556.68 112,426.
Overall system 17438.80 �19133.39 57,824.59 56,130.

*COP value.

Table 10
NPV analysis results of optimal TbHP-GDHS (in US$).

Years

Present 1 5

Investment
TES cost �12,364,955.46
Panel radiator addition cost �199,543.06
Paraffin �123,705.82
HP-compressor �2,241,191.66
HP-condenser �7,894,402.10
HP-expansion valve �325,000.00
Total –23,148,798.10
Cash flow

Expenses
Operating & Maintenance 61,824.78
Electricity benefit 2,602,350.13 2
Heat benefit 1,983,074.28 1
Salvage 2,314,879.81
Total cash flow �20,833,918.29 4,523,599.63 4
Cumulative cash flow �20,833,918.29 �16,310,318.66 1
Discount rate (15,75 %) 1.000 0.864
Present value �20,833,918.29 3,908,077.44 2
NPV 6,346,416.74
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According to Fig. 12, the efficiency values change between 0.768
and 0.945. The most effective case was determined as Case 47. In
this case, the exergy efficiency was calculated as 15.24 % with
the highest NPV value of 6.35 million $. The CO2 reduction was
recorded as 1435.32 ktons/year. DTmin is 10 �C for this case
whereas the melting temperature of PCM is 70 �C. The other design
temperatures of T1, T3, T6, T7, T8, Ta, Tb, Tc, and Td were determined as
110 �C, 80.3 �C, 60 �C, 40 �C, 75 �C, 55 �C, Tb = 70.4 �C, 54 �C, and
35 �C, respectively. Pa and Pd are 464.77 kPa and 754.74 kPa,
respectively.

The analyses with single output were also evaluated in the
study. According to the results of these analyses, Case 61 was
found the most efficient one from the exergy efficiency viewpoint
s (kJ/kgK) v (m3/kg) w(kJ/kg) _E(kW) _Ex(kW)

0.3674 – – – –
2.5104
1.4188 0.001052 43.12 213,178.30 19,920.26
1.4174 0.001051 43.00 212,931.30 19,865.15
1.0792 0.001029 19.20 155,353.70 8,872.19
1.3619 0.001047 38.39 196,949.46 17,194.47
1.3609 0.001047 38.31 196,776.57 17,157.72
0.8313 0.001017 8.04 168,556.68 5,398.42
0.5723 0.001008 1.62 112,426.68 1,084.52
1.0158 0.001026 15.86 140,644.27 7,104.49
1.0151 0.001026 15.82 140,523.42 7,087.13
2.4359 0.091374 63.36 111,899.96 11,092.69
2.4359 0.056063 83.94 115,502.86 14,695.59
1.4384 0.001955 54.19 58,227.35 9,486.84
1.4449 0.013890 52.26 58,227.35 9,148.21

_Exi(kW) _Exo(kW) _Exd(kW) g (%) e (%)

30 21,453.55 20,259.86 1,193.69 99.17 94.81
05 10,992.95 10,319.91 673.04 98.00 93.88
98 35,502.72 26,300.13 9,202.59 96.70 80.30
00 14,585.67 4,908.57 9,677.09 12.67* 33.65
68 5,398.42 1,084.52 127.71 99.70 97.71
00 28,486.86 4,342.41 20,874.11 74.58 15.24

10 15 20

61,824.78 61,824.78 61,824.78 61,824.78
,602,350.13 2,602,350.13 2,602,350.13 2,602,350.13
,983,074.28 1,983,074.28 1,983,074.28 1,983,074.28

,523,599.63 4,523,599.63 4,523,599.63 4,523,599.63
,784,079.87 24,402,078.03 47,020,076.19 69,638,074.34

0.481 0.232 0.111 0.054
,177,103.93 1,047,789.79 504,277.00 242,696.86
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of the system. In this case, the exergy efficiency was recorded as
19.19 % for T1 = 110 �C and DTmin = 5 �C, whereas the CO2 reduction
and NPV were recorded as 1445.84 ktons/year and 2.49 million $.
Case 4 was found the most efficient one from the CO2 reduction
point of view. In this case, the CO2 reduction was recorded as
1680.73 ktons/year for T1 = 100 �C and DTmin = 15 �C. The exergy
efficiency was recorded as 11.94 % in this case. The NPV was
recorded as % and �12.52 million $, which means it is not an
investable design.

The thermophysical characteristics of Case 47 are given in
Table 8. The energy and exergy analysis results obtained according
to these characteristics are given in Table 9.

According to Table 9, the highest exergy destructions occur in
the H-line and TbHP depending on the higher pump power
requirement and heat losses. The exergy efficiency of the H-line
was determined as 80.30 %. The exergy efficiency of the TbHP
was determined as 33.65 % which is the lowest one due to higher
heat losses and power requirements. The exergetic efficiency of
the overall system was determined as 15.11 % whereas the energy
efficiency was calculated as 74.58 %. The economic evaluation of
Case 47 is given in Table 10.

According to Table 10, NPV is obtained equal to 6,346,416.74 $
which means an investable system. The system’s payback period
was determined as 4.5 years with a total investment cost of
23,148,798.1 $.

7. Conclusions

A new thermal energy storage-based geothermal district heat-
ing system (TbHP-GDHS) was designed and parametrically ana-
lyzed from the thermodynamics, economics and environmental
points of view. The system includes a residential-type heat exchan-
ger replaced with a substation heat exchanger. With this aim, a
new heat pump system (TbHP) was designed including a TES unit
as the evaporator and a condenser as the heat source of the heating
circuit of the residences. 66 different cases were formed to investi-
gate the new system considering different working parameters.
The formed cases were analyzed from the thermodynamics, eco-
nomics and environmental points. Finally, the cases were evalu-
ated by the efficiency analysis technique with output satisficing
(EATWOS) to make a decision for the optimal solution. The follow-
ing findings were concluded:

� According to EATWOS results with 3 outputs, Case 47 was
determined best case. In this case, the NPV is 6.35 million $.
For this case, it was recorded a reduction of 1435.32 ktons in
CO2 emission per year, whereas the exergy efficiency of the sys-
tem was recorded as 15.24 %.

� Case 47 is also the design with the highest NPV which means
the parameter of NPV is the strongest one in the determination
of the most efficient design.

� The new system is investable for lower DTmin values. When the
lower DTmin values of 15 �C is taken into account, the required
pump power decreases down to 5,544.57 kWwhereas the saved
heat reaches up to 196.30 GWh/year. It increases up to
13,648.65 kW for the lower DTmin values of 5 �C whereas the
saved heat with 148.79 GWh/year is relatively lower. However,
the required compressor power, depending on the thermody-
namically limitations at the designing stage, the required com-
pressor power increases up to 13,029.91 kW for the lowerDTmin

values of 15 �C whereas it decreases down to 3,557.61 kW for
the lower DTmin values of 5 �C. Under this circumstances, the
investment cost increase from 22.36 million $ to 32.08 million
$. Although the higher DTmin values decrease the required heat
transfer area and TES volume, it increases the power require-
13
ments. So, it is concluded that the highest NPV values are avail-
able for the temperature of 8–10 �C of DTmin.

� In comparison to current system, it available to save electricity
consumption up to 20.78 GWh/year, and to save the used
geothermal energy up to 196.30 GWh/year although extra
power is required for the heat pump system. For the Case 47,
the electricity and heat savings were recorded as 18.58 GWh/
year and 153.53 GWh/year, respectively.

� In Case 47, the inlet temperature was recorded as 110 �C which
is the highest one amongst all cases. This also means less power
generation from a power plant integrated into GHDS. So, it
should be evaluated in decision-making with its NPV value.
The emission taxes also were not included in the analysis since
there is no application in this way for Turkey. This criterion also
should be evaluated in decision-making with its NPV value for a
better decision.
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