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A B S T R A C T   

Geothermal energy use in district heating systems has been prevalent and familiar in areas with rich sources for 
many years. In conventional geothermal district heating systems (GDHS), the geothermal fluid is transported to a 
heat center to give its heat energy to the secondary fluid. Then, this secondary fluid is circulated in the city 
network to give its heat energy to the heating circuit by the heat exchangers in the substations. Finally, the 
geothermal fluid is re-injected to handle the continuity of the resources. This current system works under the 
designed conditions of a heating system with significant electricity consumption and enormous heat waste. In 
this study, a thermal energy storage (TES) system was integrated into substations instead of heat exchangers to 
prevent the waste of heat and overconsumption of electricity by obtaining just-in-time working conditions. In 
this regard, a shell and tube latent heat TES system was designed for residential use for peak loads and integrated 
into the heating circuit of GDHS, preserving the current main structure. A number of 37 available cases were 
formed parametrically to evaluate the system’s performance. These cases were analyzed thermodynamically by 
energy and exergy methods. The net present value (NPV) method was used to evaluate the cases’ economics. 
Finally, an efficiency analysis technique with output satisficing (EATWOS) was conducted to determine the most 
efficient design from the viewpoints of exergy efficiency, NPV, and CO2 emissions.   

1. Introduction 

Thermal energy storage (TES) has been a popular research area in 
recent years. It is a valuable tool since a TES unit enables to use of 
required energy stored from the waste heat and renewable energy 
sources. So, it is preferred in many systems, from electric vehicles to 
buildings. 

Studies about TES in district heating systems (DHS) increased over 
the last years. Knudsen et al. (2021). investigated the TES use in DHS. 
They proposed a predictive control approach for sizing TES sourced by 
industrial waste heat. They determined that it is possible to achieve a 
12% reduction of effective peak-heating with a TES volume of 1500 m3. 
Dahash et al. (2021). investigated a large-scale TES system integrated 
into DHS powered by renewable energy from a techno-economical point 
of view. They concluded that high-temperature DHS with a large-scale 
TES system was less economical than the low-temperature one 
depending on the insulation costs. Mäki et al. (2021). investigated a 
small-scale TES-based DHS powered by solar energy. The stored energy 
was later fed to the heating network fluid, aided by biomass and fuel oil 

energy for the peak loads. They indicated that the TES sourced by solar 
energy (with a share of 15–25%) in the DHS increased the costs and 
emissions. Siddiqui et al. (2021). investigated the impact of large-scale 
heat pumps in DHS. They also integrated a TES system into DHS to 
provide flexibility of operation. They concluded that a TES capacity of 
1% reduces the electricity peak loads. Cunha et al. (2022). investigated 
the integration of portable TES systems into DHS. The TES system was 
fed by industrial waste heat. They also compared the proposed system 
with a conventional pipeline system. As a result, they concluded that the 
pipeline system is more economical than the TES-integrated one. They 
indicated that this was due to the higher costs of the daily replacement of 
TES. Rezaie et al. (2015). investigated the role of TES in DHS. They 
conducted a case study for the Friedrichshafen district energy system 
using the exergy method. The handled TES system was fed by solar 
energy. As a result, they concluded an energy and exergy efficiency of 
60% and 19%, respectively. He et al. (2022). optimized the space 
heating system with TES. The TES system was fed by solar and electrical 
energy. According to the optimum solution, CO2 emissions can be 
reduced by 5480.6 kgCO2eq per year with a payback period of 3.7 years. 
Saloux and Candanedo (Saloux and Candanedo, 2021) investigated 
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minimizing the primary energy use in solar DHS with seasonal TES. They 
determined an annual saving of 47% on pump electricity use by the 
proposed model-based predictive control strategy. The reduction of 
energy costs and greenhouse gases were reported as 38% and 32%, 
respectively. Dorotić et al. (2019). optimized the DHS with short-term 
and seasonal TES in economic, environmental, and exergetic factors. 
The TES was fed by several energy sources such as waste heat of natural 
gas boilers, cogeneration, electrical energy, waste heat of biomass 
boilers and solar energy. An exergy efficiency up to 65% was reported 
when high solar thermal production was an issue. Li et al. (2021). 
investigated TES integration into the DHS. The waste heat of data cen
ters fed the TES. They considered water tank and borehole for short-term 
and long-term storage, respectively. According to the results, the water 
tank case shaved 31% of the peak load with an annual saving of 5% and 
a payback period of fewer than 15 years. No obvious benefit in CO2 
reduction was recorded in this case. For the borehole storage case, a 
waste heat utilization of up to 96% was achieved with a CO2 reduction of 
8%. All these studies show that TES integration into DHS would posi
tively affect the system from the environmental, economic, and energy 
efficiency points of view. 

Literature about TES integration shows that the planning is based on 
seasonal energy storage. In this regard, periodic renewable sources such 
as solar energy are the practical solutions; the energy can be stored when 
available and used in the heating season. On the other hand, the plan
ning of TES systems is based on short-term applications to aid the peak 
load requirements. The waste heat of combustion products or electricity 

is commonly considered in these schedules. Also, it is possible to use TES 
systems in DHS powered by non-periodic (continuous) sources, such as 
geothermal energy. In literature, there are limited studies on this issue. 
Matuszewska et al. (2020). investigated the technical and economical 
possibility of geothermal heating including a mobile TES system 
(M-TES) in the southern part of Poland. They indicated that distance is a 
significant factor in economic profitability. They also indicated that 
M-TES is quite effective in the reduction of CO2 emissions and profitable 
in distances around 3–4 km. Halaj et al. (2022). studied an aquifer 
thermal energy storage (ATES) system to increase the energy efficiency 
of geothermal energy systems in terms of different temperature differ
ential scenarios. The study indicates that the ATES is profitable for 
efficient use of the energy source where the geothermal potential for 
direct purposes is low. Kim et al. (2018). investigated the integration of 
the TES system with a geothermal heat pump system. In the study, the 
case with TES was compared with the case without TES. They indicate 
that it is viable to reduce the operational cost by 36–54%. Huang et al. 
(2021). investigated high-temperature aquifer thermal energy storage 
(HT-ATES) for the reduction of greenhouse gases. They showed that the 
ATES system is an economic and efficient tool to reduce emissions since 
it buffers seasonal imbalances. Hemmatabady et al. (2022). investigated 
the integration of a borehole TES system into DHS from environmental 
and economic points of view. As a passive heating system, the heat 
obtained from solar energy is stored in the borehole heat exchangers to 
heat 52 single residences in the winter season. As an active heating 
system, the stored geothermal energy was boosted by heat pumps. Gas 

Nomenclature 

A area (m2). 
B cash flow ($). 
C cost ($). 
E Multi-criteria efficiency. 
Ė energy rate (kW). 
Ėx exergy rate (kW). 
Gr Grashof number. 
h Convective heat transfer coefficient (W/m2K) or specific 

enthalpy (kJ/kg). 
ip distance matrices for input. 
I investment cost ($). 
k conductive heat transfer coefficient (W/mK). 
ṁ mass flow rate (kg/s). 
n number of plate or pipe. 
Nu Nusselt number. 
op distance matrices for output. 
P pressure (kPa, bar, or atm). 
Pr Prandtl number. 
q̇ heat rate per length (kW/m). 
Q̇ heat rate (kW). 
r radius (m) or normalized output. 
Ra Rayleigh number. 
Re Reynolds number. 
s specific entropy (kW/kgK) or normalized input. 
T temperature (K or ◦C). 
U Total heat transfer coefficient (W/m2K). 
v weight for output. 
w weight for input. 
Ẇ work rate (kW). 
x input value. 
X input matrices. 
y output value. 
Y output matrices. 

Greek symbols 
β Volumetric expansion coefficient (-). 
ε exergy efficiency (%). 
η energy efficiency (%). 
μ dynamic viscosity (Ns/m2). 
ν Specific volume (m3/kg). 
ρ density (kg/m3). 
ψ specific flow exergy (kJ/kg). 

Subscripts 
d destruction. 
D diameter. 
i inlet or ith component. 
ins insulation. 
k kth component. 
lm logarithmic mean. 
o outlet. 
T value at a specified temperature. 
0 value at the reference state. 

Superscripts 
Q exergy term related to heat. 
W exergy term related to work. 
o standard. 

Abbreviations 
C Heat center. 
DHS District heating system. 
GDHS Geothermal district heating system. 
HC Heating circuit. 
H-line Heating zone transmission line. 
NPV Net present value. 
PCM Phase change material. 
S Substation. 
T-line Geothermal zone transmission line. 
TES Thermal energy storage.  
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boilers also aid the system for peak loads. Kyriakis and Younger (Kyr
iakis and Younger, 2016) investigated TES integration into geothermal 
district heating systems (GDHS) to increase geothermal energy utiliza
tion. The control strategy was handled to cover a part of the peak loads 
to decrease the usage of peak-up boilers. According to the study, two TES 
systems, namely hot and cold storage, were integrated into the main 
transmission lines of the secondary circuit (the circuit after the heat 
center). As a result, it was found that the proposed system is beneficial 
since it decreased heating costs and emissions. These studies show that 
TES is a valuable tool to boost the energy level of the other sources or 
meet the peak loads for extreme climatic conditions. 

These scenarios are not effective solutions for the DHS powered by 
geothermal fluid energy since the fluid is circulated in continuous and 
stable conditions. Such systems are commonly used in areas with large 
geothermal reservoirs, as in the Simav geothermal region in Turkey. 
These systems are designed for peak loads according to the meteoro
logical conditions of the districts. These systems have a simple structure 
in which the heat energy is transferred from wells to buildings and work 
under constantly designed conditions. This situation means that the 
system operates continuously, although there is no need for peak re
quirements. Under these working conditions, two expected problems are 
the overconsumption of electricity and large waste heat (Cabeza and 
Palomba, 2022; Arslan et al., 2009a). In this regard, thermal energy 
storage (TES) systems can be an alternative solution. In this study, a new 
geothermal district heating system was designed by integrating a 
residential-scale latent heat TES system into the Simav GDHS (S-GDHS). 
For this purpose, a new shell and tube type TES system was designed for 
the residences on a small scale. This new design includes simultaneous 
charging and discharging by the heating and cooling pipes. A total of 37 
different designs were formed and analyzed employing energy and 
exergy methods. The designs were then investigated from an economic 
point of view by the net present value (NPV) method. An environmental 
evaluation was also conducted for the designs. Finally, the best design 
was determined by the multi-criteria decision-making analysis method 
of EATWOS in terms of NPV, exergy efficiency, and CO2 reduction as the 
objective functions. 

2. Material and method 

The integrated usage of the Simav geothermal resources, located in 
the Simav graben system in Turkey, was considered for the TES-based 
SGDHS. Simav geothermal wells provide a source with a mass flow 
rate of 462.0 kg/s and a temperature of 133.5 ◦C (Arslan and Kose, 
2010). The S-GDHS was planned to generate heat for 12,500 residences. 
The flow diagram of the TES-based S-GDHS is given in Fig. 1. 

According to the designed system, geothermal water is used to heat 
residences after the electricity generation process. S-GDHS includes five 
parts, namely the geothermal transmission line (T-line), heat center (C), 
heating zone transmission line (H-line), TES substation (TES), and 
heating circuit (HC). The geothermal water is transported to C via pre- 
insulated pipes with a 4250 m length (point 1). After transferring its 
heat to the circulating water of the heating zone (point 3), the fed fluid is 
given to the T-line for another loop in the integrated system (point 3). 
The heated circulating water (points 4–5) is transferred to TES sub
stations of the buildings via pre-insulated pipes with a 4000 m length 
(the farthest residence). The water is then transferred to C (points 8–9) 
to complete the heating cycle. The heated circuit water (points 5–8) 
transfers its heat to a latent heat TES system. The stored heat is then used 
for the heating requirements of the residences (points 6–7) via 
aluminum panel radiators with a height of 600 mm. Under these cir
cumstances, the S-GDHS system was evaluated from the energy, exergy, 
economic and environmental points of view. The calculation steps are 
given in Fig. 2. 

2.1. Heating requirements of residences 

In terms of the heat transfer coefficient (Ui) and heat transfer area 
(Ai) of the building structures (namely wall, window, ceiling, and floor), 
and temperature difference (ΔT) between indoor and outdoor, the heat 
requirement of a residence is determined as follows: 

Q̇demand =
∑

i
(U • A • ΔT)i (1) 

Here the U values were determined considering the allowed limits of 
the related standards (TSE (TSE (Turkish Standards Institution)), 2008). 
According to this, U values of the wall, window, ceiling, and floor were 
assumed to be 0.5 W/m2K, 2.4 W/m2K, 0.3 W/m2K, and 0.45 W/m2K, 
respectively. The residence equivalence was assumed to be 100 m2 with 
a 96 m2 wall area and 24 m2 window area. According to related stan
dards, the outdoor design temperature was taken as − 12 ◦C, whereas it 
was taken as 10 ◦C for the unheated spaces next to ceilings and floors. 
According to these assumptions, the designing heat demand of the res
idences (Q̇design) was calculated to be 56,130 kW, which means approx
imately 4.5 kW for each residence. It was also assumed that the heating 
process starts when the daily average outdoor temperature is less than 
15 ◦C (TSE (TSE (Turkish Standards Institution)), 2008). The daily 
average temperatures were calculated using the Simav region’s five-year 
values. The daily average outdoor air temperatures, soil temperature (at 
0.5 m depth) and daily heat demands are given in Fig. 3 (MSTS Mete
orological Service of Turkish State, 2022a, 2022b). 

According to Fig. 3, the heat demand of the residences (Q̇demand) 
ranges between 20,675 kW and 44,936 kW during the heating season, 
with the daily average outdoor temperature (Toutdoor) ranging between 
− 3.5 ◦C and 14.9 ◦C. Therefore, the number of heating days was 
determined to be 209 days per year. The soil (Tsoil) temperature is also an 
important parameter since it directly affects the heat losses of trans
mission pipes placed underground. The average soil temperature ranges 
between 5.8 ◦C and 20.2 ◦C. 

2.2. TES system design 

The TES system was taken of the latent heat storage type. It was 

Fig. 1. Flow diagram of TES-based S-GDHS.  
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designed considering a shell and pipe structure. The structure of the TES 
system is given in Fig. 4. 

According to Fig. 4, the TES system is composed of heating pipes (1), 
Phase Change Material (PCM) (2), cooling pipes (3), shell structure (4), 
insulation material (5), and outer cover (6). The properties of the TES 
structure are given in Table 1. 

The selected phase change material was paraffin since it is commonly 
used in buildings depending on economic and environmental factors. 
Also, paraffin is friendlier for the structural materials of the TES system 
and has higher heat storage capacities (RUBITHERM, 2022). The kind of 
paraffin was determined considering the operational parameters of the 
DHS. The properties of the used PCMs are given in Table 2 (RUBI
THERM, 2022; Tenpierik et al., 2019). 

The volume of the TES system was calculated by taking the required 
PCM amount into account. Also, the heating (n1) and cooling pipes (n2) 
volume was considered in the system volume. The total volume of the 
TES system is the sum of the pipes volume (Vpipe) and PCM volume 
(VPCM): 

VTES =
(
Apipe•

(
n1 + n2

)
• H
)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞

Vpipe

+

(
86400 • Q̇design

QTES
• β

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
VPCM

(2)  

where Apipe is the cross-sectional area of the heating and cooling pipes. H 
is the height of the TES system and was taken as 1.5 m considering the 
conditions of residential substations. β is the volumetric expansion rate 

Fig. 2. Calculation flow chart.  
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of PCM during the phase change, which depends on the specific volumes 
of solid and liquid phases given in Table 2. QTES indicates the daily heat 
transfer rate (see Table 2) for a PCM and is given as follows: 

QTES = Qlatent +Qsensible (3) 

Here, Qlatent is taken from Table 2 (RUBITHERM, 2022). Qsensible de
pends on the operating temperature range determined parametrically 
and is given as follows in terms of specific heat: 

Qsensible = Cp
(
ΔTupper +ΔTlower

)
(4)  

where ΔTupper and ΔTlower indicate the upper working conditions. 
Taking the melting point into account, these temperature differences are 
calculated as follows: 

ΔTupper = Tupper − Tmelting (5)  

ΔTlower = Tmelting − Tlower (6) 

In Eqs. 5 and 6, the minimum value of T is determined according to 
the DHS parameters. The maximum value of T is also determined in the 
same way; however, the maximum working temperature of the PCM is 
considered when it exceeds this point (see Table 2). The numbers of 
heating and cooling pipes are calculated in terms of the pipes’ required 
heat transfer area (lateral area). The required area is calculated as 
follows: 

Apipe =
Q̇design

12500 • Upipe •
[( T5+T8

2

)
−
( T6+T7

2 + 5
) ] (7) 

In Eq. 7, temperature differences were taken as the average of inputs 
and outputs values of the HC and H-line. Additionally, a temperature 
difference of 5 ◦C was added for an effective heat transfer between the 
working fluids and PCM. The heat transfer coefficient between the 
working fluid and PCM (Upipe) is given by: 

Upipe =
1

1
hi
+ ri

kpipe
ln
(

ro
ri

)
+ ro

ri
1
ho

(8) 

Here, kpipe, ri, and ro indicate the pipes’ heat conduction coefficient, 
inner diameter, and outer diameter, respectively. hi and hd are respec
tively the convective heat transfer coefficients of the working fluid and 
PCM and are calculated in terms of Nusselt (Nu) number given by 
(Yuncu and Kakac, 1999): 

h =
Nu • k

D
(9) 

where h, k, and D indicate the convective heat transfer coefficient of 
the related fluid, conductive heat transfer coefficient of the pipe, and 
diameter, respectively. The Nu number of the working fluid side for 
laminar flow and constant wall temperature is given by (Yuncu and 
Kakac, 1999): 

Fig. 3. Variation of outdoor temperature, soil temperature and heat demand of 
residences (MSTS Meteorological Service of Turkish State, 2022a, 2022b). 

Fig. 4. Structure of TES system.  

Table 1 
Properties of TES system.  

ComponentComponent Explanation Material Diameter (mm) Thickness (mm) k (W/mK) 

1 Heating pipe St37 25 4 170 
2 – PCM – – – 
3 Cooling pipe St37 25 4 170 
4 Shell St37 * 3 170 
5 Insulation Rock wool – 100 0.035 
6 Cover Al (Embossed) * 1 237  

* Variates with the design parameters. 

Table 2 
Properties of used PCMs (RUBITHERM, 2022; Tenpierik et al., 2019).  

PCM ρsolid 

(m3/kg) 
ρliquid 

(m3/kg) 
β Tmelting 

(◦C) 
QLatent 

(kJ/kg)* 
Cp 

(kJ/kgK) 
Tlower 

(◦C) 
Tupper 

(◦C) 
Tmax 

(◦C) 
k (W/mK) μ (kg/ms) 

RT42  880  760  1.16  42  130  2  47  72  72  0.2  0.01 
RT44HC  800  700  1.14  43  220  2  48  70  70 
RT47  880  770  1.14  47  130  2  52  65  65 
RT50  880  760  1.16  50  130  2  55  70  70 
RT54HC  850  800  1.06  54  170  2  59  85  85 
RT55  880  770  1.14  55  140  2  60  90  90 

*Calculated according to the given working temperature range of Ref (RUBITHERM, 2022). 
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Nu = 3.66 (10) 

Under natural convection conditions, the Nu number for the PCM 
side is given by (Bertrand et al., 1999): 

Nu = 0.33 • (Gr • Pr)0.25 for Pr≫1 and 108 < Gr < 108 (11)  

where Gr and Pr are the Grashof and Prandtl number, respectively and 
given by: 

Gr =
gβΔTH3

( μ
ρ

)2 (12)  

Pr =
μCp

k
(13)  

where g and μ indicate the gravitational acceleration and dynamic vis
cosity, respectively. Finally, the number of pipes can be calculated as: 

npipe =
Apipe

πDH 

The mentioned calculation procedure is separately applied for both 
heating and cooling pipes since the working fluids of the heating mode 
come from the H-line, whereas that of the cooling mode comes from the 
HC. The heat loss from the TES system is added to the sink fluid of the H- 
line. It is calculated as follows: 

Q̇TES,loss = UTESATES

(
TTES − Tambinece

)
(14)  

where UTES and ATES are the heat transfer coefficient and lateral area of 
the TES shell, respectively. TTES is handled as the average temperature of 
the PCM’s upper and lower working temperature according to para
metric conditions. Tambiance is, considering the worst case conditions, 
taken as 0 ◦C for the substation as the non-heated space. According to 
Fig. 3, the heat transfer coefficient of the TES shell is calculated by: 

UTES =
1

1
hi
+ r1

k4
ln
(

r2
r1

)
+ r1

k5
ln
(

r3
r2

)
+ r1

k6
ln
(

r4
r3

)
+ r4

r1
1
ho

(15)  

where hi are the convective heat transfer coefficients of the PCMs. ho is 
the convective heat transfer coefficient of the environment of the sub
station space, and the heat resistance value related to this value (1/ ho) is 
taken as 0.17 m2K/W (TSE (TSE (Turkish Standards Institution)), 2008). 
The conductive heat transfer coefficients of the shell (k4), insulation (k5), 
and cover (k6) are mentionied in Table 2. The installed model was 
validated using the data from Wu et al. (2022). The data was obtained by 
the matching method, and the results are shown in Fig. 5. 

According to Fig. 5, the results of the present study are in good 

agreement with those of Wu et al. (2022). The calculated Nu number 
(53.73) is in good agreement with the data of Mohaghegh et al. (2022). 

2.3. Heat exchanger design 

In the heat center, a plate-type heat exchanger (HE-C) was used to 
transfer the energy of the geothermal fluid to the H-line fluid. The plate- 
type heat exchanger (HE-sub) was also considered in the substations to 
compare the old and new designs. In the designing procedure, the 
required plate numbers are determined. In this regard, the designs help 
to calculate the pressure drops and required pump power. The calcula
tion procedure of the heat exchanger is given as follows: 

nplate =
AHE− C

Aplate
(16)  

where AHE-C and Aplate indicate the required total heat transfer area and 
area of a single plate, respectively. Aplate was included in calculations as 
1.38 m2 (Jiangyin, 2022a). Assuming an efficiency of 98%, AHE-C is 
calculated by: 

AHE− C =
Q̇geothermal0.98
UHE− CΔTlm

=
0.98ṁ2(h2 − h3)

UHE− CΔTlm
(17)  

where h, UHE-C and ΔTlm are the enthalpy, the heat transfer coefficient of 
the heat exchanger and logarithmic mean temperature difference, 
respectively. UHE-C and ΔTlm are given by: 

UHE− C =
1

1
hi
+ Ri +

l
kplate

+ Ro +
1
ho

(18)  

ΔTlm =
(T2 − T4) − (T3 − T9)

ln
(

T2 − T4
T3 − T9

) (19) 

In Eq. 18, kplate is the conductive heat transfer coefficient of the 
aluminum plate and was taken as 54 W/mK (Genceli, 1999). The fouling 
resistance of both cold (Ri) and hot (Ro) streams is assumed as 
0.0002 m2K/W (Genceli, 1999). The convective heat transfer co
efficients of the hot (ho) and cold (hi) streams are calculated in terms of 
Nu number as given in Eq. 9. (ho) and cold (hi) are calculated as follows 
(Yuncu and Kakac, 1999): 

Nu = 0.2 • Re0.67 • Pr0.4 •

(
μ
μo

)0.1

(20)  

where μo indicates the dynamic viscosity at the average temperature of 
both the hot and cold streams. For the substation heat exchangers, the 
same calculation procedure is followed. However, Aplate was included in 
calculations as 0.26 m2 at this stage (Jiangyin, 2022b). In the calculation 
of the Re number, the hydraulic diameter (Dh) is used instead of diam
eter (D), which was taken as 0.0139 m for the C side and 0.0137 m for 
the substation side (Jiangyin, 2022a, 2022b). 

2.4. Heat losses of transmission lines 

The calculation procedure of the heat losses per unit length in the 
pipelines can be given as follows: 

q̇loss =
2π(Ti − To)

1
r1hi

+ 1
kpipe

ln
(

r2
r1

)
+ 1

kins
ln
(

r3
r2

)
+ 1

kcover
ln
(

r4
r3

)
+ 1

ksoil
ln
(

r5
r4

) (21)  

where Ti and To indicate the fluid and soil temperatures. The soil tem
perature was taken as 5.5 ºC in the calculations according to Fig. 4. kpipe, 
kins, kcover, and ksoil are conduction coefficients of the pipe material (St-37 
steel), an insulation layer (polyurethane), covering material (poly
ethylene), and soil layer respectively. These values are taken as 76 W/ 
mK, 0.028 W/mK, 0.43 W/mK and 2.1 W/mK, respectively (Arslan 

Fig. 5. Model validation.  
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et al., 2009a; Arslan and Kose, 2010). The term r indicates the radius of 
the pipe layers. In the H-line, these values are 0.15 m, 0.1556 m, 0.23 m, 
and 0.2352 m for r1, r2, r3, and r4, respectively. The value of r5 is taken as 
0.6 m, where the soil temperature is not affected by the heat losses of the 
pipes (Arslan and Kose, 2010). hi is the convective heat transfer coeffi
cient of the fluid and is calculated by: 

αi =
Nu • kfluid

2ri
(22)  

where is Nusselt number and given by (Yuncu and Kakac, 1999): 

Nu = 0.012
(
Re0.8

D − 280
)
Pr0.4 (23)  

where Pr is Prandtl number (Yuncu and Kakac, 1999). ReD is Reynolds 
number and given in terms of mass flow rate: 

ReD =
4ṁ

μπD
(24) 

In the T-line, a similar procedure is followed. The values of r1, r2, r3, 
and r4 are 0.20 m, 0.2063 m, 0.28 m, and 0.2806 m. The temperature 
decrease depending on heat loss at the non-operational conditions is 
given by: 

ΔT =
q̇loss • A • 86400

mCp
(25)  

where A is the lateral area of the transmission lines, m is the mass of the 
fluid in the total volume, and Cp is the specific heat of the water. The 
total volume was calculated based on the farthest point of the system 
(4000 m). Besides, a temperature decrease on the basis of daily full-time 
non-operational conditions is considered to handle the worst case sce
nario. The T-line was not included in the calculations since it also feeds 
the other systems such as power cycle, greenhouse heating, and spas. 

2.5. Pressure drops 

Pressure drops should also be taken into account since it determines 
the required power of the pumps. The common pressure drop is given 
by: 

ΔP = f
L
D

ρV2

2
(26)  

where L and D (or Dh) indicate the length of the pipes (or plates). f 
denotes the friction factor and is given in terms of Reynolds number (Re) 
for the TES system as (Genceli, 1999): 

f =
64
Re

for Re < 2300 (27) 

The friction factor is separately considered for both the heating and 
cooling pipes of the TES system since the feeding pumps belong to 
different cycles, namely the H-line and HC. In the heat exchangers, the 
friction factor is given by (Genceli, 1999): 

f =
1.22

Re0.252 (28) 

The pressure drops in the pipes of the T-line and H-line were also 
taken into account since it is variable depending on the changing pa
rameters. The friction factor is obtained from Moody’s diagram (Cengel 
and Boles, 2018). Finally, the required pump power is given as: 

Ẇ =
ṁvΔP

η (29)  

where η is the pump efficiency and is assumed as 80%. 

2.6. Energy and exergy analysis 

The general mass and energy balances of any control volume under 
steady-state conditions are given by: 
∑

ṁi −
∑

ṁo = 0 (30)  

Q̇ − Ẇ +
∑

ṁihi −
∑

ṁoho = 0 (31)  

where Q̇ is the heat rate term, Ẇis the work term, ṁ is the mass flow rate. 
i indicates the inlet conditions, and o indicates the outlet conditions. The 
energy balance equations for the considered GDHS are given in Table 3. 

The exergy balance for the kth component of the system is given as: 

ĖxQ
k − ĖxW

k −
∑

(ṁiψi)k −
∑

(ṁoψo)k − Ėxd,k = 0 (32)  

where ĖxQ
k , ĖxW

k , Ėxd,k and ψ respectively describe the exergy of heat, the 
exergy of the work, exergy destruction and the specific exergy of flow for 
the kth component, and are given as: 

ĖxQ
k =

(

1 −
T0

T

)

Q̇k (33) 

Table 3 
Energy balance equations for TES-based S-GDHS.  

Components Energy balance Efficiency 

T-line Q̇T− line = ṁh2 − ṁh1 − Ẇpump η =
(ṁh2)

ṁh1 + Ẇpump 

C Q̇C = (ṁh9 − ṁh4) − (ṁh3 − ṁh2) −

Ẇpump 
η =

(ṁh9 − ṁh4)

(ṁh3 − ṁh3) + Ẇpump 

H-line Q̇H− line = (ṁh5 +ṁh9) −

(ṁh4 +ṁh8) − Ẇpump 
η =

(ṁh5 + ṁh9)

(ṁh4 + ṁh8) + Ẇpump 

TES Q̇TES = (ṁh6 − ṁh7) −

(ṁh5 − ṁh8) − Ẇpump 
η =

(ṁh6 − ṁh7)

(ṁh5 − ṁh8) + Ẇpump 

HC Q̇useful = ṁh7 − ṁh6 η =
Q̇useful

(ṁh6 − ṁh7) + Ẇpump 

Overall 
system  η =

Q̇useful

(ṁh1 − ṁh3) + Ẇpump,total  

Table 4 
Exergy balance equations for TES-based S-GDHS.  

Components Exergy balance Efficiency 

T-line Ėxd,T− line = (ṁψ1 − ṁψ2) + Ẇpump −
(

1 −
T0

Tave

)

Q̇T− line 

ε = 1 −
Ėxd,T− line

ṁψ1 + Ẇpump 

C Ėxd,C = (ṁψ2 +ṁψ9) − (ṁψ3 +ṁψ4) +

Ẇpump −
(

1 −
T0

Tave

)

Q̇C 

ε = 1 −

Ėxd,HCent

(ṁψ2 + ṁψ9) + Ẇpump 

H-line Ėxd,H− line = (ṁψ4 +ṁψ8) −

(ṁψ5 +ṁψ9) + Ẇpump −
(

1 −
T0

Tave

)

Q̇H− line 

ε = 1 −

Ėxd,H− line

(ṁψ4 + ṁψ8) + Ẇpump 

TES Ėxd,TES = (ṁψ5 +ṁψ7) −

(ṁψ8 +ṁψ6) + Ẇpump −
(

1 −
T0

Tave

)

Q̇TES 

ε = 1 −

Ėxd,TES

(ṁψ5 + ṁψ7) + Ẇpump 

HC Ėxd,HC = (ṁψ6 − ṁψ7) + Ẇpump −
(

1 −
T0

Tave

)

Q̇useful 

ε = 1 −
Ėxd,HC

ṁψ7 + Ẇpump 

Overall 
system 

Ėxd,total = Ėxd,T− line +

Ėxd,C + Ėxd,TES + Ėxd,HC 
ε = 1 −

Ėxud,total

(ṁψ1) + Ẇpump,total  
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ĖxW
k = Ẇk (34)  

ψ = (h − h0) − T0(s − s0) (35) 

Here, h and s indicate orderly enthalpy and entropy at a particular 
state. Subscript 0 indicates the reference state conditions. The exergy 
balance equations for the TES-based S-GHDS are given in Table 4. 

In Table 2, the overall exergy efficiency was calculated by taking the 
heat exergy of the panel radiators into account since the end product of 
the system is the heat energy (Arslan et al., 2009b; Ucar and Arslan, 
2021). 

2.7. Net present value (NPV) analysis 

NPV is a valuable tool for the economic analysis of energy systems 
since it considers the time value of the cash flow measured in today’s 
currency (Arat and Arslan, 2017a; Akbulut et al., 2021). NPV is given by: 

NPV =
∑n

t=0

Bt

(1 + r)t − I (36)  

where r, n, t, I, and Bt are the discount rate, the lifetime of the system, 
related year, investment cost, and cash flow, respectively. n was taken as 
20 years, whereas r was taken as 15.75% in the study (Arat and Arslan, 
2017b; CBRT Central Bank of Republic of Turkey, 2022). Bt includes the 
yearly costs of operating and maintenance (Co&m), saved electricity (Ce), 
and saved heating energy (Cf). Operating and maintenance cost was 
taken as 10% of the investment cost (Arslan and Kilic, 2021), whereas 
the electricity tariff (Ce) was taken as 0.14 $/kWh (EPDK, 2022). The 
cost of the saved heating energy was included as 12.92 $/MWh in cal
culations (Iz-Geo, 2022). Bt is given as: 

Bt = Ce +Cf − Co&m (37) 

The investment cost was determined by taking the current system 
into account. So, the investment costs of the TES system (CTES), PCM 
(CPCM), and additional panel radiator (Cpr) were handled in the analysis. 

I = CTES +CPCM +Cpr (38) 

Here, CPCM was taken as 95 $/ton (Indiamart, 2022) where Cpr was 
taken as 77.55 $/m (Demirdokum, 2022). CTES was calculated according 
to the equation obtained from the manufacturer data (TUREVMAK, 
2022): 

CTES = 7.489 • 10− 7( npipe
)4

− 4.915

• 10− 4( npipe
)3

+ 0.106
(
npipe

)2
− 6.106npipe + 741.040 (39)  

Table 5 
Basis of the emissions (Arslan et al., 2022; Arslan and Erbas, 2021).  

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. 

Table 6 
The formed cases of TES-based S-GDHS.  

Cases T1 (◦C) T2 (◦C)* T3 (◦C)* T4 (◦C) T5 (◦C)* T6 (◦C) T7 (◦C) T8 (◦C) T9 (◦C) PCM 

Case 1  100  99.89  68.48  95.00  94.91  55  45  60  59.94 RT55 
Case 2  100  99.89  68.49  95.00  94.91  55  40  60  59.94 RT55 
Case 3  100  99.89  68.50  95.00  94.91  55  35  60  59.94 RT55 
Case 4  100  99.89  68.51  95.00  94.91  55  30  60  59.94 RT55 
Case 5  100  99.89  68.52  95.00  94.91  55  25  60  59.94 RT55 
Case 6  95  94.89  63.48  90.00  89.91  50  40  55  54.95 RT50 
Case 7  95  94.89  63.49  90.00  89.91  50  35  55  54.95 RT50 
Case 8  95  94.89  63.50  90.00  89.91  50  30  55  54.95 RT50 
Case 9  95  94.89  63.50  90.00  89.91  50  25  55  54.95 RT50 
Case 10  95  94.89  63.48  90.00  89.92  50  40  58  57.95 RT50 
Case 11  95  94.89  63.49  90.00  89.92  50  35  58  57.95 RT50 
Case 12  95  94.89  63.50  90.00  89.92  50  30  58  57.95 RT50 
Case 13  95  94.89  63.50  90.00  89.92  50  25  58  57.95 RT50 
Case 14  90  89.90  58.58  85.00  84.93  45  35  53  52.96 RT47 
Case 15  90  89.90  58.51  85.00  84.93  45  30  53  52.96 RT47 
Case 16  85  84.90  53.67  80.00  79.93  42  32  42  47.96 RT42 
Case 17  100  99.89  68.78  95.00  94.92  50  40  63  62.95 RT54HC 
Case 18  100  99.89  68.78  95.00  94.92  50  35  63  62.95 RT54HC 
Case 19  100  99.89  68.79  95.00  94.92  50  30  63  62.95 RT54HC 
Case 20  100  99.89  68.79  95.00  94.92  50  25  63  62.95 RT54HC 
Case 21  100  99.89  68.79  95.00  94.92  45  35  63  62.95 RT54HC 
Case 22  100  99.89  68.79  95.00  94.92  45  30  63  62.95 RT54HC 
Case 23  100  99.89  68.53  95.00  94.92  45  30  63  62.95 RT54HC 
Case 24  100  99.89  68.52  95.00  94.92  45  30  63  62.95 RT50 
Case 25  100  99.89  69.06  95.00  94.88  43  31  48  47.94 RT44HC 
Case 26  100  99.89  69.06  95.00  94.88  43  31  50  49.94 RT44HC 
Case 27  100  99.89  69.06  95.00  94.89  43  31  55  54.94 RT44HC 
Case 28  100  99.89  69.06  95.00  94.89  43  31  60  54.94 RT44HC 
Case 29  100  99.89  69.05  95.00  94.92  43  31  64  63.95 RT44HC 
Case 30  95  94.89  64.03  90.00  89.92  43  31  58  57.95 RT44HC 
Case 31  95  94.89  64.03  90.00  89.92  43  31  55  58.95 RT44HC 
Case 32  95  94.89  64.03  90.00  89.90  43  31  50  49.95 RT44HC 
Case 33  95  94.89  64.03  90.00  89.90  43  31  48  47.95 RT44HC 
Case 34  90  89.90  59.00  85.00  84.91  43  31  48  47.95 RT44HC 
Case 35  90  89.90  59.00  85.00  84.91  43  31  50  47.95 RT44HC 
Case 36  90  89.90  59.01  85.00  84.93  43  31  54  53.96 RT44HC 
Case 37  85  84.90  53.98  80.00  79.93  43  31  48  47.96 RT44HC  

* calculated values. 
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2.8. Environmental evaluation 

In the environmental evaluation, the probable generation of emis
sions was considered. In this regard, the emission prevented by saving 
electricity was considered to be sourced from lignite since the region’s 
electricity is supplied by a coal-fired power plant. On the other hand, the 
emission prevented 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 (Arslan et al., 2022; Arslan and 
Erbas, 2021). 

2.9. Multi-criteria decision analysis 

Multi-criteria analysis of the energy systems is useful on decision 
making problems (Arslan et al., 2021; Arslan and Arslan, 2022). Effi
ciency Analysis Technique with Output Satisficing (EATWOS) is a new 
technique with satisfactory solutions based on output. It is a handy tool 
for determining the optimal solution of energy problems (Arslan et al., 
2019a, 2019b). In view of input values, it is a technique that can give 
comparative results for selected outputs. EATWOS implementation steps 
are summarized below (Peters and Zelewski, 2006). Depending on the 
input (x) and output (y) values, the input (X) and output (Y) matrices are 
respectively formed as follows: 

X =

⎡

⎣
x11 ⋯ x1K
⋮ ⋱ ⋮

xI1 ⋯ xIK

⎤

⎦ xik ∈ R≥0 ∀i = 1,…, I ∀k = 1,…, K (40)  

Y =

⎡

⎣
y11 ⋯ y1J
⋮ ⋱ ⋮

yI1 ⋯ yIJ

⎤

⎦ yij ∈ R≥0 ∀i = 1,…, I ∀j = 1,…, J (41) 

Then, these matrices are normalized using the following equations in 
terms of input and out values: 

sik =
xik
̅̅̅̅̅̅̅̅̅̅̅
∑K

i=1
x2

ik

√ (42)  

rij =
yij
̅̅̅̅̅̅̅̅̅̅̅
∑I

i=1
y2

ik

√ (43) 

In the third step, the distance matrices are calculated for the input 
(ipik) and output (opik) values. In this context, the following distance 
measurement expressions are used for the input and output values, 
respectively. 

ipik = 1 + sik − s∗k (44)  

opik = 1 + rij − r∗j (45)  

where s∗k and r∗j are normalized maximum input and output values, 
respectively. These values are given as follows: 

s∗k = min
i
{sk} (46)  

r∗j = max
i

{
rj
}

(47) 

Finally, the efficiency values are calculated as follows: 

Ei =

∑J

j=1
vj • opij

∑K

k=1
wk•ipik

(48)  

where wk and vj are the input and output parameters weights, 
respectively. 

3. Results and discussion 

The S-GDHS currently operates using a substation heat exchanger to 
feed the heating circuits (panel radiators). In this study, a TES-based 
GDHS is proposed to change the heat exchangers by a TES system. So, 
the TES-based S-DGHS was designed to prevent the extravagant use of 
geothermal sources. The considered 37 cases are given in Table 6. 

According to Table 6, the TES system was designed in the form of a 
shell and tube type. Two kinds of tubes, namely heating and cooling 
pipes, were included in the shell. Heating pipes store the daily required 
energy based on peak demand. Cooling pipes transfer this energy to the 
heating circuit system. The shell side is a closed system working as a 
thermo-siphon. The required pipe numbers for heating and cooling, the 
TES system (DTES) diameter, and TES system volume (VTES) are shown in  
Fig. 6. 

According to Fig. 6, the number of heating pipes (npipe,heating) varies 
between 62 and 124, whereas the number of cooling pipes (npipe,cooling) 
vary between 64 and 126. The TES system volume (VTES) varies between 
2.35 and 3.63 m3, whereas the diameter of the TES system (DTES) varies 
between 0.707 and 0.877 m. The heat transfer coefficient, which 
changes by temperature, is the most decisive factor on the number of 
pipes. Along with the number of pipes, the kind of PCM (latent heat 
capacity) is the main factor on the volume of TES. Heat losses were also 
considered in the designed system and given in Fig. 7. 

According to Fig. 7, the heat losses in the TES system vary between 
2936 kW and 4295 kW. These losses were added to the H-line system by 
increasing the related mass flow rate. These ranges are between 
1584 kW and 1665 kW, 1286 kW and 1441 kW, 3384 kW and 
11,324 kW for T-line, C, and H-line, respectively. Also, the non- 
operational conditions, in which the system is not feeding the HC, 
were considered. The maximum temperature decrease was recorded as 
1.82 ◦C for a whole day of non-operational conditions. So, this tem
perature fluctuation would not affect the cut-in and cut-off processes 
system operation. One of the most important parameters is the power 

Fig. 6. TES system characteristics.  

Fig. 7. Heat losses occurred in the subsystems.  
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consumption by pumps to save energy through the TES system inte
gration. All the required pump powers were calculated, and the results 
are given in Fig. 8. 

According to Fig. 8, the most required pump power was recorded in 
the H-line with 11,067 kW. In the H-line, the minimum power was 
recorded as 3154 kW. So, these recorded amounts are significant 
considering the goal of this study. Under non-operational conditions, 
saving would be more important than heat loss under this circumstance. 
The required pump power varies between 155 kW and 1062 kW for the 
TES system. These ranges were recorded as 1.396 kW and 1441 kW, 
88.76 kW and 180.15 kW, 81.78 kW and 775.18 kW for T-line, C, and 
HC, respectively. The overall pump powers were calculated between 
6032 kW and 13,889 kW. According to these calculations, the electricity 
saving was between 11.34 and 30.24 GWh per year. The heat-saving was 
calculated as a constant value of 130.94 GWh per year. The variation of 
the energy saving is shown in Fig. 9. 

According to Fig. 9, although the system savings are sourced from 
heat and electricity, the variation of the savings is sourced from 

electricity. The heat demands are constant on a yearly basis (also daily 
basis) since it is required energy for the residences that should be sup
plied for heating purpose. However, the electricity saving is variable 
since it is sourced by the equipment running on a design basis. The 
formed cases were analyzed by energy and exergy tools. The variation in 
energy efficiency, exergy efficiency, and exergy destruction rates are 
given in Fig. 10. 

According to Fig. 10, the exergy destruction rate of the overall sys
tem varies between 12,676 kW and 19,242 kW. The most exergy 
destructive design was determined as Case 29. The energy efficiency of 
the overall system varies between 74.86% and 84.89%. The most 
energy-efficient design was determined as Case 25. The exergy effi
ciency of the overall system varies between 27.62% and 45.33%. The 
most exergy efficient design was determined as Case 1. The designed 
system was evaluated from the economic point of view by the NPV 
method. The results are shown in Fig. 11. 

According to Fig. 11, TES cost vary between 10,851,978 $ and 
13,215,639 $ where the PCMs vary between 1,861,475 $ and 3,150,188 
$. The cost of an additional panel radiator equals 14,454,425 $. So, the 
NPV values vary between 845,092 and 19,149,642 $. The most invest
able case was determined as Case 17. The environmental evaluation was 
conducted based on saved electricity and fuel. The obtained results 
sourced by electricity savings are shown in Fig. 12. 

According to Fig. 12, the prevented CO2 emission varies between 
11,530 tons and 30,745 tons per year. The values for other constituents 
vary between 341.75 and 911.29 tons, 188.55 and 502.78 tons, 18.51 
and 49.35 tons for CO, NO2, and SO2, respectively. For the annually 
saved fuel, these emissions were determined as 1,208,016 tons, 145.69 
tons, and 20,961 tons for CO2, CO, and NO2, respectively. There is no 
SO2 emission since the supplied natural gas does not include sulfur. 
According to these records, the most environment-friendly design was 
determined as Case 29. Finally, a multi-criteria decision-making analysis 
(EATWOS) was conducted to determine the most effective design. The 
input values were T1, T6, T7, T8, and Tmelting since they play a vital role in 

Fig. 8. The required pump powers.  

Fig. 9. Saving values of TES-based SGDHS.  

Fig. 10. Results of energy and exergy analyses.  

Fig. 11. Results of NPV analysis.  

Fig. 12. Results of environmental evaluation sourced by electricity saving.  
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the designs. From an environmental, engineering, and investor 
perspective, the output values were selected as CO2 emission saving, 
exergy efficiency (ε), and NPV. Since all the input and output parameters 
have equal importance degrees, the related weights are equal. There
fore, it was included in the analysis as 1/5 and 1/3 for the input and 
output parameters, respectively. The results of EATWOS are given in  
Fig. 13. 

According to Fig. 13, the efficiency values change between 0.8932 
and 0.9553. Case 29 is the most environmentally friendly case with the 
highest emission reduction. The exergy efficiency was calculated as 
35.11% for the minimum inlet conditions (T1=100 ◦C, T6=43 ◦C, 
T7=31 ◦C and T8=64 ◦C). The available PCM has a melting temperature 
of 43 ◦C in this case. This case has a NPV value of 17,860,504 $. This 
value shows that the proposed system is investable at a considerable 
rate. The analysis also showed that low-temperature circuits (43/31 ◦C) 
are more effective for heating systems in residences. By this TES-based 
GDHS, the increase in exergy efficiency of the system was determined 
as 15.27% compared to the old (current) one with an exergy efficiency of 
30.46%. According to the three key parameters of efficiency analysis, it 
was concluded that NPV and environmental aspects are more powerful 
parameters on the multi-criteria decision-making process in comparison 
to exergy outputs. When the efficiency analysis with single output was 
conducted, the most efficient cases were determined as Case 25 for the 
exergy efficiency, Case 31 for CO2 reduction and Case 29 for NPV. From 
this point of view, NPV is the most powerful parameter. The most effi
cient design was determined as Case 29 according to the simultaneous 

evaluation of all output parameters of exergy efficiency, net present 
value and CO2 emission. This case is the most environmentally friendly 
design with the highest emission reduction. Although the exergy effi
ciency is relatively low compared to others, the higher NPV and emis
sion reduction values make this case the most efficient one. In this case, 
the inlet temperature of the geothermal fluid of heat GDHS (T1) is 
100 ◦C, whereas the outlet temperature (T3) is 69.05 ◦C. The heating 
circuit temperature is 43/31 ◦C at the inlet and outlet of the panel ra
diators, respectively. The outlet temperature of the H-line at the TES 
substation (T8) is 64 ◦C for the PCM with a melting point of 43 ◦C. The 
thermophysical characteristics of Case 29 are given in Table 7. The en
ergy and exergy analysis results obtained according to these character
istics are given in Table 8. 

According to Table 8, the highest exergy destruction occurs in the H- 
line depending on the higher pump power requirement and heat losses. 
In this regard, the exergy efficiency of the H-line was determined as 
67.73%. The lowest exergy efficiency was observed for the TES system at 
49.24%, depending on the higher heat losses. The exergetic efficiency of 
the overall system was determined as 35.11%. The NPV results of Case 
29 are given in Table 9. 

According to Table 9, a NPV is obtained equal to 17,860,504 $. The 
system’s payback period was determined as 3 years with a total in
vestment cost of 19,353,111 $. 

4. Conclusions 

A new design was made for the Simav Geothermal District Heating 
System (S-GDHS) in Turkey. Since the current system uses a heat 
exchanger located in the substations in continuous operation with 
enormous waste heat and daily electricity consumption, a Thermal En
ergy Storage (TES) based substation was integrated into the Geothermal 
District Heating System (GDHS) to save electricity, and reduce heat loss 
and emissions. A shell and tube type latent heat TES system was 
designed and coupled with the heating circuit (HC) for controlling the 
system operation. The formed S-GDHS was analyzed parametrically in 
terms of temperature and Phase Change Material (PCM) by energy and 
exergy methods. The obtained cases were evaluated from an economic 
aspect by the Net Present Value (NPV) method. Finally, the designs were 
evaluated from the environmental aspect. The obtained results were 
then analyzed by the efficiency analysis technique with output satisfic
ing (EATWOS). It is available to prevent CO2 emissions of over one 

Fig. 13. EATWOS results and optimal solution.  

Table 7 
Thermophysical characteristics of optimal TES-based S-GDHS.  

Points Fluids ṁ (kg/s) T (ºC) h (kJ/kg) s (kJ/kgK) v (m3/kg) ψ (kJ/kg) Ė (kW) Ėx (kW) 

0 H2O – 25.00 104.82 0.3674 – – – – 
1 Geofluid 462.00 100.00 419.17 1.3072 0.001043 34.12 193655.51 15764.57 
2 Geofluid 462.00 99.89 418.68 1.3059 0.001043 34.02 193432.34 15719.47 
3 Geofluid 462.00 69.05 289.10 0.9436 0.001022 12.47 133563.01 5760.38 
4 H2O 450.00 95.00 398.09 1.2504 0.001040 29.98 179141.30 13489.07 
5 H2O 450.00 94.92 397.74 1.2495 0.001039 29.91 178985.66 13459.33 
6 H2O 1118.80 43.00 180.08 0.6122 0.001009 2.28 201478.11 2546.87 
7 H2O 1118.80 31.00 129.91 0.4505 0.001005 0.30 145348.11 340.47 
8 H2O 450.00 64.00 263.75 0.8688 0.001019 9.41 116023.93 4139.35 
9 H2O 450.00 63.95 263.52 0.8682 0.001019 9.38 115923.95 4128.09  

Table 8 
Energy and exergy analysis results of optimal TES-based S-GDHS.  

Components Ẇ (kW) Q̇ (kW) Ėi (kW) Ėo (kW) Ėxi (kW) Ėxo (kW) Ėxd (kW) η (%) ε (%) 

T- line  1441.36  -1664.53  193655.51  193432.34  15764.57  15719.47  1152.11  99.15  93.30 
C  93.52  -1290.92  313901.71  312704.31  20156.91  19249.45  793.89  99.59  96.08 
H- line  11066.77  -11324.13  299712.39  299455.02  17938.24  17896.77  9359.08  96.36  67.73 
TES  749.38  -3033.96  324333.77  322049.19  13799.80  6996.03  7384.94  99.07  49.24 
HHC  538.31  -56668.31  201478.11  145348.11  2546.87  340.47  552.16  99.05  82.10 
Overall system  13889.35  -17313.53  193655.51  133563.01  15764.57  5760.38  19242.18  75.87  35.11  
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million tons per annum. The new system is investable and profitable 
with considerable NPV values. The EATWOS is a powerful tool to decide 
the optimal solution for energy systems including multiple design 
criteria. However, the weights of the EATWOS analysis should be 
determined carefully since it directly would affect the results. In this 
regard, the determination of the priority of the requirements (outputs) 
and the learned opinions of the experts are critical issues. 
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NPV analysis results of optimal TES-based S-GDHS.   

Years 

Present 1 5 10 15 20 

Investment  
TES cost -11,034,754.85      
Panel radiator addition cost -6456,881.47      
Paraffin -1861,474.91      
Total -19,353,111.23      
Cash flow  
Expenses  
Operating & Maintenance  55,173.77 55,173.77 55,173.77 55,173.77 55,173.77 
Electricity benefit  4235,220.58 4235,220.58 4235,220.58 4235,220.58 4235,220.58 
Heat benefit  1691,290.86 1691,290.86 1691,290.86 1691,290.86 1691,290.86 
Salvage 1935,311.12  
Total cash flow -17,417,800.11 5871,337.66 5871,337.66 5871,337.66 5871,337.66 5871,337.66 
Cumulative cash flow -17,417,800.11 -11,546,462.45 11,938,888.20 41,295,576.52 70,652,264.83 100,008,953.14 
Discount rate (15.75%) 1.000 0864 0.481 0.232 0.111 0.054 
Present value -17,417,800.11 5072,429.95 2825,739.09 1359,962.90 654,518.70 315,004.72 
NPV 17,860,504.28  
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