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ARTICLE INFO ABSTRACT

Keywords: Geothermal energy has been used in district heating systems for many years. In these old-fashion
Advanced exergy systems, the heat of geothermal fluid is transferred to secondary fluid (water) by pipes, pumps,
District heating and heat exchanger systems. Although these systems have an easy engineering structure, the
Geothermal efficient use of the geothermal source is deficient depending on the thoughtless installations. In

Pareto principle this regard, the operating parameters such as temperature and operations provided against the

losses such as insulation are much more important; however, the limits of these treatments are not
definite. In this regard, advanced exergy analysis is a useful tool since it takes the systems’ real,
unavoidable, and ideal cases into consideration through conventional exergy analysis. So, the
advanced exergy method enables the determination of the improvement potential of the systems.
In the advanced exergy method, the unavoidable conditions are decisive factors that should be
determined, taking the economic, technological, and available thermodynamic factors into ac-
count. Pareto principle can be an alternative solution to determine the unavoidable conditions.
Pareto principle indicates that 80% of the impact is sourced from the 20% potential cause.
Therefore, according to Pareto principle, it is available to increase benefits by 80% through a
change of 20% in the technical parameters. In this study, the advanced exergy method was
conducted for the whole Simav geothermal district heating system. The unavoidable conditions
were determined based on Pareto principle. According to the analysis, the highest avoidable
exergy destruction ratio was determined as 8.14% for the production (well) field, where the total
was 19.96%. In conclusion, an improvement potential of 10.33% was determined for the overall
system.

1. Introduction

Geothermal energy is one of the most popular renewable energy sources. It is widely used in energy systems, from heating to power
generation. Depending on its stable conditions, geothermal energy use for heating is widely preferred in district heating systems. In
these systems, the heat of geothermal fluid is transferred to network circulating water and then is transferred to heating circuit water.
During this process, the transmission pipes, the primary heat exchangers, and the substation heat exchangers are the critical com-
ponents in which the heat and pressure losses occur [1,2]. There are many studies about geothermal district heating systems (GDHSs)
in the literature. In these studies, GDHS were evaluated thermodynamically for performance evaluation. In addition, in some of them,
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the integration with different systems and/or different sources was evaluated for performance improvement. In Table 1, a summary of
the literature is given.

According to Table 1, the exergy efficiencies range between 43.59% and 76.92%. The exergy efficiency of Afyon GDHS was raised
from 47.54% to 60.63%, with an increase of 27.5% by just renovation of the pipes of the transmission line [4,5]. Also, it is possible to
increase the exergy efficiency by boosting the GDHS with technological systems such as heat pumps. For example, it is possible to
increase the exergy efficiency of Simav GDHS from 43.77 to 76.92 by integrating a large-scale heat pump into the heat center [2,7]. It
was reported that it is available to increase exergy efficiency at a rate of 7.4%-9% by small-scale heat pump integration [8,9]. Through
heat pump integration, it is possible to save the primary heat supply of geothermal resources [6]. Also, multi-purposed systems would
undoubtedly increase the efficient use of geothermal resources [10-12]. For instance, it is possible to get an exergy efficiency of
65.75% for Simav GDHS, whereas it is just about 43.77% for single-use [2,10]. It is also available to integrate geothermal energy with
different sources such as waste heat and solar [13-15]. Although several studies offer methods of improving the GDHS efficiency by
energy and exergy methods, they are not sufficient to determine the limits of improvement. They are confused about evaluating the
single systems in comparison.

In this regard, advanced exergy analysis is a potential tool for analyzing district heating systems. The advanced exergy method is
also precious since it determines the endogenous and exogenous parts of exergy destructions and the improvement potential of the
system. In the literature, limited studies were conducted about the analysis of GDHSs through advanced exergy. A comparative
literature review for GDHSs is given in Table 2.

According to Table 2, the advanced exergy analysis results show that it is possible to increase the exergy efficiency of a GDHS at a
rate ranging between 3.07% and 54.64%. However, these improvements were obtained under unavoidable conditions of AT =
0.5-1°C, =0.98, and AP = 10 kPa. These conditions include the extreme cases where they are available for relatively larger or limited
systems.

In this regard, the unavoidable and ideal conditions were critical for determining the improvement potential of any energy system
such as GDHS since this potential is directly related to unavoidable conditions determined by the experts [20-22]. In this regard, it is
crucial to determine the realistic unavoidable conditions for achieving practical system improvement. So, in this study, Pareto prin-
ciple was embedded in the advanced exergy analysis.

According to Table 2, the conducted advanced exergy analyses in the literature were focused on the heat center including primary
heat exchangers and pump systems. Although the subsystems of the production and consumption fields were concluded in the models,
the advanced exergetic evaluations of these systems and the others of GDHS have a lack of investigation. Nevertheless, a GDHS should
be evaluated by considering all subsystems such as the production field, geothermal fluid transmitting pipes, network pipelines,
substation heat exchangers, and panel radiators of heating circuits for better understanding.

So, in this study, an advanced exergy analysis was conducted, taking the whole system into account. By this integration, it was
targeted to determine the upper points of the achievable system since the Pareto principle produces the most compelling part of the
operations. Simav GDHS was analyzed by this integrated method to determine endogenous, exogenous, avoidable, and unavoidable
parts of the exergy destruction. Finally, the improvement potential of the components and overall system was determined.

2. Material and method

In this study, Simav GDHS was handled for the analysis. Simav GDHS, fed by three production wells located in Simav graben system
in Turkey, is currently under operation to heat 5000 residences. The geothermal fluid is obtained from the production wells (EJ-1, EJ-4,
and E—11). It is also re-injected through the re-injection well (E—10). The system was installed in 1991 and renewed in 2005 [2]. The
flow diagram of the Simav GDHS is given in Fig. 1.

The geothermal wells supply 172 kg/s of geothermal fluid to GDHS. Simav GDHS includes six parts, namely production field (PF),
geothermal transmission line (T-line), heat center (C), heating zone transmission line (H-line), substation (S), and heating circuit (HC).

Table 1
A summary of GDHSs.

Study

Explanation

Finding

Arslan et al. [2]

Ozgener et al. [3]
Kecebas et al. [4]
Yazici [5]

Song et al. [6]

Arat and Arslan
[71

Jensen et al. [8]

Sun et al. [9]

Arslan and Kose
[10]

Ghiasirad et al.
[11]

Ren et al. [12]

Thermodynamic evaluation of the optimum heating circuit conditions for Simav GDHS.

Thermodynamic evaluation of the different GDHDs.
Thermodynamic evaluation of the Afyon GDHS.
Thermodynamic evaluation of the renovated Afyon GDHS.
Heat pump integration into GDHS.

Heat pump integration into GDHS.

Heat pump integration into GDHS.

Heat pump integration into GDHS.

Integration of multi-purposed systems including heating of residence, heating of greenhouse,
power generation, and balneological use.

Integration of multi-purposed systems including heating, cooling, power generation, desalination,
and absorption heat transformer units.

Integration of multi-purposed systems including heating and power generation.

Exergy efficiency of 43.77% for the
optimal condition.

Exergy efficiency from 45.7% to 63.0%.
Exergy efficiency of 47.54%.
Exergy efficiency of 60.63%.

A saving of 25.6% on primary heat
supply.

Exergy efficiency of 76.92% for the
optimal design.

Exergy efficiency of 63.0%.

Exergy efficiency of 61.4%.

Exergy efficiency of 65.75%.

Exergy efficiency of 43.59%.

Exergy efficiency of 49.73%.
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Table 2
Comparative literature review of advanced exergy analysis for GDHSs.
Study Explanation for unavoidable conditions Handled subsystem of the GDHS Exergy efficiency (%) Increase (%)
Current Improved
Yamankaradeniz [16] AT =1°C,n=0.98, AP = 10 kPa Heat center 25.24 26.34 4.36
Tan and Kecebas [17] AT = 0.5 °C, n = 0.98, AP = 10 kPa Heat center 43.72 45.06 3.07
Kecebas et al. [18] AT = 0.5 °C, n = 0.98, AP = 10 kPa Heat center (Afyon) 27.53 34.72 26.12
Heat center (Bigadic) 21.03 32.52 54.64
Hepbasli and Kecebas [19] AT = 0.5 °C, 1 = 0.98, AP = 10 kPa Heat center 29.29 34.46 17.65

PF : Production field

T-line : Tranmission piping line
H-line : Heating zone piping line
S : Substation exchnager unit

HC : Heating circuit

PF

EJ10---»--i--- H
EJ-40---»-- i i
E-110--->--% .
E-10@ s e (] IR | S ;

Fig. 1. Flow diagram of Simav GDHS.

The supplied fluid is stored in a tank operating under atmospheric pressure (95.2 kPa). 128.5 kg/s of this mass rate in the liquid phase
is fed to GDHS for heating purpose (point 1). The remaining 43.5 kg/s in the gas phase is delivered to the atmosphere (point 2). The fed
fluid is later transmitted to the heat center with pre-insulated pipes of 4250 m in length (point 3). After transferring its heat to the
circulating water of the heating zone (point 4), the fed fluid is re-injected into the E—10 well (point 5). Finally, the heated circulating
water (points 6, 12, 18, and 24) is transferred to substations of the buildings (points 7, 13, 19, and 25) to heat the heating circuit water.
There are four heating zones in Simav GDHS. The pipe lengths of the zones are 2250 m, 2200 m, 2000 m, and 1250 m. The heated
circuit water (points 8, 14, 20, and 26) transfers its heat to the residence ambient by the aluminum panel radiators with a height of 600

Table 3
Energy balance equations for Simav GDHS.
Components Energy balance Efficiency
PF Quosspr = (mthy + Mhy) — (mhgy_1 + Mhgy_g + Mhg_11) 0= mhy + mhy
(mhgy_1 + mhgy_4 + mhg_11)
T-line Qioss, 7—line = (Mh3 + mhs) — (mMhy + mhy) — Wyump _ (mhy + mhy)

=
(mh3z + mhs) + Wyump
H-line Qioss H-line = (Mhy + mhyz + mhyg + mihgs + mhyy + mhyy + mhaz +

. . . . ; . . ; . n=
tihyg) — (Mhe + mhya + mhyg + mhas + mhig + Mhye + mhyy + mhag)

— Woump (rfthy + rithys + ththyo + rths + rithyy + ithyz + rithys -+ fitha)
(mhg + mhi + mhig + mhag + mhig + mhye + mhao + Mhag) + Wyump
HC Qusefu = (1thg + mihys + Tithyy + mhy; — mithg — Mhy — mhay — Mhae) =
= Woump
Qusepul
(mthg + mthy4 + Mthag + Mthag — tithg — fithys — fithay — tithay ) + Wiump
s Quosss = (mthg + mitha + mithyg + mhye — Mithg — mhys — mithyy — Mihyy)

n=
— (mhy + mhyz + mhyg + mhys — mhyg — mhie — mhyy — mhag) —
A (Tflhg + mhy4 + mhyg + mhog — mhg — mhys — mhyy — Tﬁhz7)

Wpump -
(mhy + mhyz + mhyg + mhys — mhyo — mhye — mhay — Mhag) + Wyump
C Quoss.c = (mhe +mhyy + nithig + Mithog —mithyy — fithy; — mithg — mithag) 0= (mhg + mhyy + mhig + Mhag — nithyy — nithy7 — nithg — ithgg)
— (mhs — mhy) (mh3 — mhy)
Overall - Quseful
system n=

(g1 + Mhgy_a + mhg_11 — 1iths ) + Wyump
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2.1. Conventional energy and exergy analysis

In the energy analysis, heat losses (Qy) are determined for all the sub-sections of Simav GDHS according to the thermophysical
characteristics of the system. Neglecting kinetic and potential energy terms, the mass and energy balances for a component of the
system are given as follows;

D =y =0 m
Q— W sl =) righ, =0 @
where Q is the heat rate term, W is work term, ri is the mass rate. i indicates the inlet conditions, and o indicates the outlet conditions.

In the energy analysis, all the fluids were assumed as H2O. Therefore, the energy balance equations are given in Table 3.
The exergy balance for the kth component of the system is given as:

Ex, —Ex, = (i)~ > (i, ), — Exax =0 ®3)

where Eku, E'x,tv, Exqx and i 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:

. T
Ex’ = (1 - ?") O 4)
Ex, =W, 5)
l[/:(hfho)fTo(sto) (6)

Here, h and s indicate orderly enthalpy and entropy at a specific state. Subscript of 0 indicates the reference state conditions. The
exergy balance equations for Simav GHDS are given in Table 4.

In Table 2, the overall exergy efficiency was calculated by taking the heat exergy of panel radiators into account since the end
product of the system is the heating purpose [23,24].

2.2. Advanced exergy analysis

The essential idea of advanced exergy analysis is based on the endogenous (the exergy destruction occurred within a component

Table 4
Exergy balance equations for Simav GDHS.
Components Exergy balance Efficiency
PF . . . . . . Ex,
Exqpp = (Mygy_q + Mygy_q + myg_qy) — (Myy + my,) — (1 - e=1—— AP
(Mygy_y + Mgy _q + Mpg_1p)
To ) .
Tave QIoss.PF
T-line Exqr-iine = (Myhe + My, + Myg + Moy + My + My + e—1—
My + Myog) — My +Myng + Mg +Myss + My, + My, +
. . . To \ - ; -
Myas + MYag) + Woump — (1 - T7> Quoss, —line . - - - E){d'T’l‘"e - - . .
ave (Myhe + My + My + Mo, + MY + MYy + MY, + MYag) + Whump
H-line EXqp-tine = (Mye + Myy + Myng + My + My + My + e —1—
My + Myag) — (My7 +Myn3 +Myng +Myys +myyy +myy; +
. . . To \ A~ : "
Y3 + MYog) + Wpump — (1 - T7) Quoss H-line - - - - E).(d'Hflme - - - ;
ave (Mg + My + Mg + Moy + MY + MW + MYy + TWag) + Woump
HC Exguc = (Mg + My, + Myag + Mg — Mg — Myrys — My — (1 _ E) Qu.szful
. . To \ - Tave
m W, (1-7> e=1-— ~ : . -
Wa7) & Woump + Tave>QuSEﬁ‘ ! (Mg 4 miyry 4 + Mg + Myag) + Woump
S Exqs = (My; + myng + mMyg + Myoys — My — My — My, — e—1—
Myag) — (Mg + M1y + Myag + MYse — Mg — Myy5 — My —
. . To \ - ;-
1My o7) + Woump — (1 - Tf) Qioss,s - - - - de's - . - .
e (Myry + M3 + My g + Mygs — MYy — MY — MYy — MYag) + Woump
¢ Exqc = (Mys — my,) — (Mys + My, + Mg + My, — myy; — e—1— Exac
. . . To (mays — mawy)
My, — Myas — Miysg) — (1 - Tf) Qioss.c 3 4
ave.
Overall EXdora = EXapr + EXar_tine + + EXapi-tine + EXquc + Exqs + Exqc Exuseful

€ = — 5 5 5 -
(Mygy_1 +MWey_q + Mg_11 — MYs) + Woump total

system
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depending on its irreversibilities) and exogenous exergy destruction (the exergy destruction occurred within components depending
on the irreversibilities of the other component’s working conditions). So, the advanced exergy method is a valuable tool for analyzing a

whole GDHS. The kth component’s exergy destruction essentially forms the sum of the endogenous (E'xil;l() and exogenous (Exs_),i)

. . . . ; AV . . : UN
exergy destruction terms. It is also the sum of avoidable exergy destruction (Ex,;) and unavoidable exergy destruction (Ex,; ). The

following equations are used to give the relation between exergy destruction and these terms for the kth component [25,26]:

Exg = Ex?: + E'xfi 7)
. . AV . UN
Exgp=Ex;; + Ex;, ®

Splitting the endogenous and exogenous parts into avoidable and unavoidable ones, Eq. (18) can be re-arranged as follows [27]:

BB 1 B ©
BB 4 10
Ex)y =Ex,, " +Exy, " (11)
Bl NN g 12)

Depending on the splintered exergy destruction, the improvement potential can be calculated by the following equation:
Ex),
Py =—"= 13)
Exix
Finally, this modified exergy efficiency can be identified as follows:

Table 5

Thermo-physical characteristics of Simav GDHS for real state.

Points Fluids m (kg/s) T (°C) P (kPa) h (kJ/kg) s (kJ/kgK)

0 H,0 - 25.00 101.33 104.83 0.3672

EJ-1 Geofluid 72.00 147.70 450.00 1258.52 3.3303

EJ-4 Geofluid 65.00 138.90 350.00 1224.66 3.2861

EJ-11 Geofluid 35.00 88.30 350.00 369.89 1.1731

5 Geofluid 128.50 61.35 256.82 0.8481

1 Geofluid 128.50 98.10 411.16 1.2856

2 Geofluid 43.50 98.10 2672.58 7.3775

3 H,0 128.50 96.00 402.31 1.2618

4 H,0 128.50 62.00 259.56 0.8563

6 H,0 38.40 67.90 284.26 0.9293

7 H,0 38.40 66.00 276.31 0.9062

8 H,0 52.94 55.00 230.26 0.7680

9 H,0 52.94 45.00 188.44 0.6386

10 H,0 38.40 52.00 217.71 0.7295

11 H,0 38.40 50.79 212.63 0.7139

12 H,0 104.20 66.68 279.18 0.9144

13 H,0 104.20 66.00 276.31 0.9060

14 H,0 143.66 55.00 230.26 0.7680

15 H,0 143.66 45.00 188.44 0.6386

16 H,0 104.20 52.00 217.71 0.7295

17 H,0 104.20 51.47 215.48 0.7226

18 H,0 46.60 67.39 282.13 0.9230

19 H,0 46.60 66.00 276.31 0.9060

20 H,0 64.25 55.00 230.26 0.7680

21 H,0 64.25 45.00 188.44 0.6386

22 H,0 46.60 52.00 217.71 0.7295

23 H,0 46.60 50.92 213.19 0.7156

24 H,0 46.60 66.87 279.95 0.9166

25 H,0 46.60 66.00 276.31 0.9060

26 H,0 64.25 55.00 230.26 0.7680

27 H,0 64.25 45.00 188.44 0.6386

28 H,0 46.60 52.00 217.71 0.7295

29 H,0 46.60 51.39 215.18 0.7217
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E.dek - Exj\,:
e =1-—"
Ex;,k

Conducting an advanced analysis requires determining the real, ideal, and unavoidable conditions of the components in a system
which directly affects the analysis results. In this regard, these conditions should be identified carefully. The pump efficiency of the real
case was included in the calculation as 80%, whereas the temperature decrease of the transmission pipes was taken from the measured
values. For the unavoidable case, the pump efficiency was assumed to be 90%, whereas the temperature decrease was determined
according to the Pareto principle. For the ideal case, pump efficiency and the temperature decrease are 100% and 0 °C, respectively.
Keeping the required heat demand of the residences constant, the technical characteristics of Simav GDHS were determined and given
in section 2.3 for the real case, section 2.4 for the unavoidable case, and section 2.5 for the ideal case.

(14)

2.3. Real conditions
The real conditions are directly related to measured values of the working conditions of the current system. The measured values

and thermo-physical characteristics are given in Table 5.

2.4. Unavoidable conditions

The unavoidable conditions depend on the technological parameters most time. It rarely depends on the user definitions for the
applications such as insulation. So, there are no limits to identifying the required conditions. In this aim, Pareto principle could be a
valuable tool for this kind of analysis. Pareto principle (also referred to as the 80/20 rule) is that 80% of the impact is sourced from the
20% potential cause [28]. Pareto principle is valid for the non-linear changes in many applications, from social issues to industrial ones
[29]. According to this idea, it can be assumed that 80% of the heat losses in the transmission pipes can be reduced with an increase of
20% in the insulation thickness. The calculation procedure of the heat losses per unit length that occurred in the pipelines can be given

as follows:
27(T; — T,)

n &3 Lo (s
n(z) +aom(z) +ein(z) +aom(z)

where T; and T, indicate the fluid and soil temperatures. The calculations took the soil temperature as 3.4 °C in the calculations [14].
Kpipes Kins, Kcover, and kg are conduction coefficients of pipe material (St-37 steel), an insulation layer (polyurethane), covering material
(polyethylene), 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 for pipe,
insulation, cover and soil, respectively [2,10]. The term r indicated the radius of the pipelayers. In T-line, these values are 0.2 m and
0.2063 m for rq and ry, respectively. The value of r3 is variable since it defines the thickness of the insulation layer. The value of ry is
obtained by adding the wall thickness of the cover layer to r3. The value of r5 is taken as 0.6 m where the soil temperature is not affected
by the heat losses of the pipes [10]. In H-line, these values are 0.15 m, and 0.1552 m for r; and ry, respectively. ¢; is the convection

coefficient of the fluid and is calculated by:

15)

Dioss = 1 1 1

rai  kpipe

Nu -k, i
a = U - Kptuid (16)
2r;
where is Nusselt number and given by Ref. [30]:
Nu=0.012(Re};® — 280) Pr®* a7
where Pr is Prandtl number taken from Ref. [30]. Rep is Reynolds number and given in terms of mass flow rate [31]:
i
Rep=—" (18)
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Fig. 2. Pareto result for T-line pipes.
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Here u indicates the dynamic viscosity. Pareto principle was conducted by taking the current status of the pipe structure. In this case,
both T-line and H-line pipes have an insulation layer with a thickness of 0.01 m. Heat losses per unit length (qjoss) were recorded as
approximately 268 W/m and 136 W/m for T-line and H-line, respectively. The variation of heat loss by the thickness of the insulation
layer was determined along with the cumulative change. The Pareto point was determined as the value where the cumulative change
was 80%. According to this, Pareto evaluations of the pipes are given in Fig. 2 and Fig. 3.

According to Pareto principle, the pre-insulated pipes have a diameter of 560 mm, including stainless steel with a diameter of 400
mm and 6.3 mm wall thickness, polyurethane insulation layer with a thickness of 73.7 mm, and polyethylene cover with a thickness of
6 mm. The pre-insulated pipes have a diameter of 460 mm, including stainless steel with a diameter of 300 mm and 5.6 mm wall
thickness, polyurethane insulation layer with a thickness of 74.4 mm, and polyethylene cover with a thickness of 5.2 mm. The heat
losses per length unit were determined as 53 W/m and 27 W/m for T-line and H-line, respectively. These Pareto findings are in good
agreement with producer values [32]. Also, an insulation addition at a rate of 18.4% and 24.8% of the total diameter of the single steel
pipe for respectively T-lines and H-lines brings saving for heat loss at a rate of 80%. These findings also are in good agreement with
Pareto principle.

The unavoidable condition for the panel radiators of the heating circuit also depends on the technological parameters. In this
equipment, there are no limits to identifying the required conditions. In this regard, Pareto principle seems like a promising approach
again. In this study, the inlet temperature of the heating circuit was determined to obtain an increase of 80% in the exergy per unit
mass, whereas the outlet temperature was kept constant as in the current (real) status. The exergy change of panel radiators is given in
Fig. 4.

According to Fig. 4, the outlet temperature (To), keeping the inlet temperature constant at 45 °C, was determined as 61.1 °C, which
means an increase of 20% compared to real states. This finding is also in conformity with the Pareto principle. Additionally, the
production field was also re-arranged to determine the unavoidable condition. The new configuration is given in Fig. 5.

In Fig. 5, the unused geothermal water (point 1') is mixed with the heat center’s return fluid (point 5). The obtained mixture (point
5) is then heated by the vapor part (point 2) of the geothermal fluid to obtain the end product of the re-injection (point 5”) well. By
doing so, the sustainability of the geothermal reservoir would be increased.

In the analysis, the pump efficiencies were assumed as 90%, where the temperature difference was taken as 5 °C for an effective
heat transfer. According to this, the inlet (T, T13, T19, and T25) and outlet (T, T16, T22, and Tog) temperatures of S were taken as
66.1 °C and 50 °C. The inlet (T;3, T17, T23, and T29) and outlet (Ts, T12, T1s, and T24) temperatures of C were determined by considering
the Pareto results. The temperature values at the inlet (Ts) and outlet (T5) of the T-line were also determined according to Pareto
results. For the new design of PF, the temperature value is determined via the energy balance equations. The temperature values of
points 4, 2', 5, 5" (T4, T, Ts, and Ts) were determined via the energy balance equation. Also, all the mass ratios were calculated using
the energy balance equation. In the energy balances, it was assumed that all the heat exchangers have an efficiency of 99%. According
to these determinations, the unavoidable state characteristics of GDHS are given in Table 6.

2.5. Ideal conditions

The ideal conditions include irreversible conditions. The outlet temperature of HC (T, T5, T21, and T27) was also taken at 45 °C for
comparative analysis. The pump efficiencies were taken as 100%, whereas the temperature differences were taken as 0 °C. According
to these assumptions, the outlet (Tj¢, T16, T22, and Tag) temperatures of S and the outlet temperature of C (T4) were taken as 45 °C.
There is no temperature decrease in the T-line and H-line depending on the ideal conditions. So, the inlet (Ts) temperature of C, the
outlet (Tg, T12, T18, and To4) temperatures of C, and inlet (T, T;3, T19, and Ty5) temperatures of S, were determined as 98.1 °C, whereas
the outlet (T;3, Ty, Tos, and Ta9) temperatures of H-line and the outlet temperature of T-line (Ts) were determined as 45 °C. All the
mass ratios and the temperature values of points 2', 5', 5" (T4, Ta, Ts, and Ts+) were calculated via the energy balance equations. In the
energy balances, it was assumed that all the heat exchangers have an efficiency of 100%. The ideal state characteristics of GDHS are
given in Table 7.
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Fig. 3. Pareto result for H-line pipes.
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Fig. 5. The new unavoidable (also ideal) configuration of the production field.

3. Results and discussion

In this study, all the subsystems of Simav GDHS were analyzed by the advanced exergy method. Simav GDHS is formed of six
subsystems, including production field (PF), transmission piping system (T-line), heat center (C), heating zone piping system (H-line;
formed of four zones), substation heat exchanger system (S), and heating circuit system (HC). Firstly, the conventional energy and
exergy analysis was conducted for the real system. The results are given in Table 8.

According to Table 8, the most exergy-destructive part of Simav GDHS is the production field with a value of 14362.74 kW and an
exergy efficiency of 60.70%. This result is because of the improper management of the geothermal sources with a massive waste of
vapor content and heat losses in the field. The second destructive section was determined as the heat exchangers of the heat center with
a total exergetic efficiency of 42.31%, which is also the minimum one. The exergetic efficiency of the substation heat exchanger was
calculated as 60.03%, which is also relatively lower. These values show that the heat exchanger arrangement still needs to be
improved. The H-line and T-line destruction were respectively found as 716.41 kW and 775.91 kW, depending on the higher heat losses
from the piping system. The exergetic efficiency of the heating circuit was determined as 49.42%. Finally, the exergetic efficiency of
the overall system was determined as 49.64%, which is comparable with the other geothermal district systems in Turkey [3-5].
However, it is clear that it still needs to be rehabilitated on many points. Secondly, the conventional energy and exergy analysis was
conducted for the unavoidable system. The results are given in Table 9.

According to Table 9, for the unavoidable state, the most exergy-destructive part of Simav GDHS is still the production field with a
value of 12870.17 kW and an exergy efficiency of 64.78%, although the exergy value and efficiency of the resources are increased. This
point means there are still much more heat losses at wellheads. The heat center’s exergy destruction of heat exchangers was



O. Arslan and A.E. Arslan Journal of Building Engineering 58 (2022) 105035

Table 6
Thermo-physical characteristics of Simav GDHS for the unavoidable state.
Points Fluids m (kg/s) T (°C) P (kPa) h (kJ/kg) s (kJ/kgK)
0 H,0 - 25.00 101.33 104.83 0.3672
EJ-1 Geofluid 72.00 147.70 450.00 1258.52 3.3303
EJ-4 Geofluid 65.00 138.90 350.00 1224.66 3.2861
EJ-11 Geofluid 35.00 88.30 350.00 369.89 1.1731
1 Geofluid 79.60 98.10 411.17 1.2856
1 Geofluid 48.90 98.10 411.17 1.2856
2 Geofluid 43.50 98.10 2672.56 7.3773
2 Geofluid 37.08 98.10 2672.56 7.3773
3 H,0 79.60 97.44 408.36 1.2781
4 H20 79.60 54.82 229.52 0.7657
5 Geofluid 79.60 54.63 228.71 0.7632
5 Geofluid 128.50 71.19 298.14 0.9695
5" Geofluid 134.92 98.10 411.1714 1.2856
6 H,0 33.19 66.54 278.58 0.9126
7 H,0 33.19 66.10 276.73 0.9072
8 H,0 32.88 61.10 255.79 0.8450
9 H20 32.88 45.00 188.44 0.6386
10 H,0 33.19 50.00 209.34 0.7038
11 H,0 33.19 49.67 207.97 0.6995
12 H;0 90.05 66.26 277.40 0.9092
13 H,0 90.05 66.10 276.73 0.9072
14 Hy0 89.21 61.10 255.79 0.8450
15 H;0 89.21 45.00 188.44 0.6386
16 H,0 90.05 50.00 209.34 0.7038
17 H,0 90.05 49.88 208.85 0.7023
18 Hy0 40.27 66.42 278.08 0.9112
19 H,0 40.27 66.10 276.73 0.9072
20 H,0 39.90 61.10 255.79 0.8450
21 H0 39.90 45.00 188.44 0.6386
22 H,0 40.27 50.00 209.34 0.7038
23 H,0 40.27 49.76 208.33 0.7007
24 H0 40.27 66.30 277.58 0.9097
25 H0 40.27 66.10 276.73 0.9072
26 H,0 39.90 61.10 255.79 0.8450
27 H,0 39.90 45.00 188.44 0.6386
28 H;0 40.27 50.00 209.34 0.7038
29 H,0 40.27 49.88 208.83 0.7022

determined as 686.11 kW with total exergetic efficiency of 66.96%. The exergetic efficiency of the substation heat exchanger was
calculated as 72.10%. The H-line and T-line destruction were respectively found as 328.45 kW and 246.31. The exergetic efficiencies
are 90.13% and 92.28% in order. The exergetic efficiency of the heating circuit was determined as 64.07%. This point means that it is
possible to increase the exergetic value of the panel radiators by regulating the working conditions since there is no chance of
reproducing them. Finally, the exergetic efficiency of the overall system was determined as 55.26%. Thirdly, the conventional energy
and exergy analysis was conducted for the unavoidable system. The results are given in Table 10.

According to Table 10, for the ideal state, the most exergy-destructive part of Simav GDHS is still the production field with a value
of 12475.28 kW and an exergy efficiency of 65.86%, which means that it is not available to increase much more unless the well
management is not revised. The exergy efficiency for the heat exchangers of substation heat exchangers was determined as higher as
96.69%, whereas that for the heat center ones was calculated as 100%. The exergetic efficiencies of H-line and T-line destruction were
determined as 96.80% and 95.29%, respectively. The exergetic efficiency of the overall system was determined as 60.73%. Finally, the
advanced exergy analysis was conducted for Simav GDHS, taking the findings given in Tables 6-8 into account. The results are given in
Table 11.

According to Table 11, the highest avoidable exergy destruction (E'xg_‘,:) belongs to PF with 1492.58 kW. It means that it is available
to avoid exergy destruction at 10.39% by the re-arrangement of PF. In T-line, it is available to avoid the exergy destruction of 529.9 kW
by 68.25% in itself. In H-line, it is available to avoid the exergy destruction of 387.96 kW by 54.15% in itself. According to these
findings, remarkable exergy destruction could be prevented by applying the Pareto principle for transmission lines. In HC, it is
available to avoid the exergy destruction of 89.8 kW by 44.25% in itself. From this point, Pareto rules show that it is also available to
prevent exergy destruction at a remarkable rate by just re-arranging the working conditions of the current heating system. In S, it is

available to avoid the exergy destruction of 228.12 kW by 34.15% in itself. In C, it is available to avoid the exergy destruction of

933.83 kW by 57.65% in itself. All these destruction values are endogenous (Exg?Z’AV) since the exogenous parts (ExgiAV) are equal to

zero. Accordingly, the subsystems should be recuperated in themselves since the subsystems are not affected by others. The rated
distribution of avoidable (AV) and unavoidable (UN) parts of exergy destruction is given in Fig. 6.
According to Fig. 6, the avoidable (AV) exergy destruction part constitutes 8.14% of total exergy destruction, whereas the
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Table 7
Thermo-physical characteristics of Simav GDHS for the ideal state.
Points Fluids m (kg/s) T (°C) P (kPa) h (kJ/kg) s (kJ/kgK)
0 H,0 - 25.00 101.33 104.83 0.3672
EJ-1 Geofluid 72.00 147.70 450.00 1258.52 3.3303
EJ-4 Geofluid 65.00 138.90 350.00 1224.66 3.2861
EJ-11 Geofluid 35.00 88.30 350.00 369.89 1.1731
1 Geofluid 61.04 98.10 411.17 1.2856
1 Geofluid 67.46 98.10 411.17 1.2856
2 Geofluid 43.50 98.10 2672.56 7.3773
2/ Geofluid 37.49 98.10 2672.56 7.3773
3 H,0 61.04 98.10 411.17 1.2856
4 H20 61.04 45.00 188.44 0.6386
5 Geofluid 61.04 45.00 188.44 0.6386
5 Geofluid 128.50 72.93 305.3684 0.9907
5" Geofluid 134.51 98.10 411.1714 1.2856
6 H,0 9.94 98.10 411.17 1.2856
7 H,0 9.94 98.10 411.17 1.2856
8 H,0 9.94 98.10 411.17 1.2856
9 H20 9.94 45.00 188.44 0.6386
10 H,0 9.94 45.00 188.44 0.6386
11 H,0 9.94 45.00 188.44 0.6386
12 H;0 26.97 98.10 411.17 1.2856
13 H,0 26.97 98.10 411.17 1.2856
14 H,0 26.97 98.10 411.17 1.2856
15 H;0 26.97 45.00 188.44 0.6386
16 H,0 26.97 45.00 188.44 0.6386
17 H,0 26.97 45.00 188.44 0.6386
18 Hy0 12.06 98.10 411.17 1.2856
19 H,0 12.06 98.10 411.17 1.2856
20 H,0 12.06 98.10 411.17 1.2856
21 H0 12.06 45.00 188.44 0.6386
22 H,0 12.06 45.00 188.44 0.6386
23 H,0 12.06 45.00 188.44 0.6386
24 H0 12.06 98.10 411.17 1.2856
25 H0 12.06 98.10 411.17 1.2856
26 H,0 12.06 98.10 411.17 1.2856
27 H0 12.06 45.00 188.44 0.6386
28 H;0 12.06 45.00 188.44 0.6386
29 H,0 12.06 45.00 188.44 0.6386
Table 8
Conventional exergy analysis results for real state.
Components W (kW) 0 (kw) E; (kW) E, (kW) Ex; (kW) Ex, (kW) Ex; (kW) 1 (%) £ (%)
PF - —14070.90 183162.30 169091.40 36546.51 24954.44 14362.74 92.32 60.70
T- line 245 —1733.31 86187.08 84698.77 5322.90 5059.29 775.91 97.99 86.06
H- line Zone I 30.00 —530.24 19275.51 18775.27 671.66 584.21 171.98 97.25 75.49
Zone II 110.00 —640.68 51775.45 51244.76 1674.37 1616.95 233.07 98.77 86.94
Zone III 135.00 —617.02 23292.62 22810.60 766.19 714.03 311.37 98.06 81.18
Zone IV —287.59 23190.85 22903.26 753.35 721.91
Total 275.00 —2075.54 117534.43 115733.90 3865.56 3637.10 716.41 98.24 82.70
HC Zone 1 32.57 —2214.06 12190.54 9976.48 314.03 313.81 32.78 98.55 49.42
Zone II 88.38 —6007.93 33079.53 27071.60 852.13 851.54 88.96
Zone III 39.53 —2686.85 14793.73 12106.88 381.09 380.83 39.79
Zone IV 39.53 —2686.85 14793.73 12106.88 381.09 380.83 39.79
Total 200.00 —13595.68 74857.53 61261.84 1928.32 1927.01 201.32
S Zone I 42.99 -79.18 2250.24 2214.06 227.21 171.50 106.80 96.55 60.47
Zone II 116.66 —215.06 6106.33 6007.93 622.96 465.38 296.26 97.70 59.94
Zone III 52.17 —96.18 2730.85 2686.85 278.60 208.12 132.49 96.86 59.94
Zone IV 52.17 —96.18 2730.85 2686.85 278.60 208.12 132.49 96.86 59.94
Total 264.00 —486.59 13818.27 13595.68 1407.37 1053.13 668.05 96.54 60.03
C Zone I - —236.84 2987.32 2750.48 457.26 284.66 208.92 92.07 54.31
Zone II - —1469.21 8106.22 6637.01 1240.80 680.38 785.71 81.88 36.68
Zone III - —412.36 3625.24 3212.88 554.91 330.75 287.39 88.63 48.21
Zone IV - —606.79 3625.24 3018.45 554.91 310.03 337.92 83.26 39.10
Total - —2725.20 18344.01 15618.81 2807.87 1605.83 1619.94 85.14 42.31
Overall system* 984.00 - 150160.49 13595.68 35440.38 1051.81 18344.37 9.00 49.64

10
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Table 9
Conventional exergy analysis results for the unavoidable state.
Components W (kW) 0 (kw) E; (kW) E, (kW) Ex; (kW) Ex, (kW) Exg (kW) 1 (%) e (%)
PF —14070.22 183162.30 169092.08 36546.51 24955.73 12870.17 92.32 64.78
T- line 134.90 —422.67 50998.39 50710.62 3054.58 3005.17 246.31 97.12 92.28
H- line Zone I 23.05 —129.91 16192.36 16085.50 530.19 496.22 69.99 99.20 87.35
Zone 11 84.50 —189.02 43832.20 43727.69 1362.72 1352.04 114.05 99.57 92.12
Zone IIT 103.71 —198.70 19630.19 19535.20 612.93 603.22 144.42 99.36 89.12
Zone IV —54.45 19609.75 19555.30 610.35 604.62
Total 211.26 —572.07 99264.50 98903.69 3116.19 3056.11 328.45 99.42 90.13
HC Zone I 17.98 —2214.06 8409.10 6195.05 279.19 278.89 18.28 99.19 64.07
Zone II 48.78 —6007.93 22818.45 16810.52 757.60 756.78 49.60
Zone III 21.82 —2686.85 10204.79 7517.95 338.81 338.45 22.18
Zone IV 21.82 —2686.85 10204.79 7517.95 338.81 338.45 22.18
Total 110.39 —13595.68 51637.14 38041.46 1714.41 1712.56 112.24
S Zone 1 33.03 —55.39 2236.42 2214.06 223.77 190.69 71.64 97.56 72.10
Zone 11 89.62 —150.31 6068.62 6007.93 607.22 517.44 194.40 98.46 72.10
Zone III 40.08 —67.22 2713.99 2686.85 271.56 231.41 86.94 97.81 72.10
Zone IV 40.08 —67.22 2713.99 2686.85 271.56 231.41 86.94 97.81 72.10
Total 202.81 —340.14 13733.01 13595.68 1374.12 1170.94 439.93 97.56 72.10
C Zone I - —23.67 2366.95 2343.28 338.14 234.70 106.91 99.00 68.38
Zone II - —62.36 6235.49 6173.13 917.57 617.90 308.79 99.00 66.35
Zone 11T - —28.37 2837.35 2808.98 410.35 281.27 133.24 99.00 67.53
Zone IV - —27.96 2796.40 2768.44 410.35 277.28 137.16 99.00 66.57
Total —142.36 14236.19 14093.83 2076.42 1411.15 686.11 99.00 66.96
Overall system* 659.36 - 127686.00 13595.68 32160.69 1169.10 14683.21 10.59 55.26
Table 10
Conventional exergy analysis results for the ideal state.
Components W (kW) 0 (kw) E; (kW) E, (kW) Ex; (kW) Ex, (kW) Exg (kW) 1 (%) e (%)
PF - —14070.22 183162.30 169092.08 36546.51 24955.73 12475.28 92.32 65.86
T- line 93.10 -93.10 36600.71 36600.71 2148.53 2148.53 105.68 99.32 95.29
H- line Zone I 6.21 -6.21 5960.42 5960.42 356.10 349.89 13.26 99.90 96.34
Zone 1T 22.78 —22.78 16173.85 16173.85 949.43 949.43 25.86 99.86 97.34
Zone 111 27.96 —27.96 7233.22 7233.22 424.60 424.60 31.73 99.81 96.38
Zone IV 7233.22 7233.22 424.60 424.60
Total 56.95 —56.95 36600.70 36600.70 2154.74 2148.53 70.85 99.84 96.80
HC Zone 1 4.89 —2214.06 4087.24 1873.18 323.13 325.77 2.25 99.78 91.15
Zone II 13.28 —6007.93 11090.89 5082.96 876.82 883.98 6.12
Zone III 5.94 —2686.85 4960.03 2273.18 392.13 395.33 2.73
Zone IV 5.94 —2686.85 4960.03 2273.18 392.13 395.33 2.73
Total 30.04 —13595.68 25098.19 11502.51 1984.20 2000.40 13.84
S Zone I 8.90 —8.90 2214.06 2214.06 296.37 296.37 10.11 99.60 96.69
Zone I 24.16 —24.16 6007.93 6007.93 804.20 804.20 27.42 99.85 96.69
Zone III 10.80 —10.80 2686.85 2686.85 359.65 359.65 12.26 99.67 96.69
Zone IV 10.80 —10.80 2686.85 2686.85 359.65 359.65 12.26 99.67 96.69
Total 54.67 —54.67 13595.68 13595.68 1819.87 1819.87 62.06 99.60 96.69
C Zone I - 0.00 2214.06 2214.06 296.37 296.37 0.00 100.00 100.00
Zone 1T - 0.00 6007.93 6007.93 804.20 804.20 0.00 100.00 100.00
Zone III - 0.00 2686.85 2686.85 359.65 359.65 0.00 100.00 100.00
Zone IV - 0.00 2686.85 2686.85 359.65 359.65 0.00 100.00 100.00
Total - 0.00 13595.68 13595.68 1819.87 1819.87 0.00 100.00 100.00
Overall system* 234.77 - 127854.77 13595.68 32174.03 1836.08 12727.71 10.61 60.73

unavoidable (UN) part is about 70.16% for PF. The pairs of AV-UN exergy destruction rates are 2.89%-1.34%, 2.11%-1.79%, 0.49%-—
0.61%, 1.24%-2.40%, and 5.09%-3.74% for T-line, H-line, HC, S, and C, respectively. The avoidable exergy destruction was calculated
as 19.96% for the overall system, whereas the unavoidable part was 80.04%. The rated distribution of endogenous (EN) and exogenous
(EX) exergy destruction is given in Fig. 7.

According to Fig. 7, the endogenous exergy destruction part constitutes 10.29% of total exergy destruction, whereas the exogenous
part is about 68.01% for PF. The endogenous-exogenous exergy destruction rates are 3.65%-0.58%, 3.52%-0.59%, 1.02%-0.08%,
3.30%-0.34%, for T-line, H-line, HC, and S, respectively. The endogenous exergy destruction part for C is 8.83% and constitutes all of
the total exergy destruction of C. The endogenous exergy destruction was calculated as 30.62% for the overall system, while the
exogenous was 69.38%. The rated distribution of endogenous avoidable (EN,AV), endogenous unavoidable (EN,UN), exogenous
avoidable (EX,AV), and exogenous unavoidable (EX,UN) exergy destructions are given in Fig. 8.

According to Fig. 8, the endogenous avoidable exergy destruction part constitutes 8.14%, 2.89%, 2.11%, 0.49%, 1.24%, and 5.09%,
and of total exergy destruction for PF, T-line, H-line, HC, S, and C, respectively. The endogenous avoidable exergy destruction was

11
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Table 11
Advanced exergy analysis results.

Componens Eras B R B B P G O

PF 14362.74 1887.46 12475.28 1492.58 12870.17 394.88 12475.28 0.00 1492.58

T- line 775.91 670.23 105.68 529.59 246.31 140.64 105.68 0.00 529.59

H- line Zone I 171.98 158.71 13.26 101.99 69.99 56.72 13.26 0.00 101.99
Zone II 233.07 207.21 25.86 119.02 114.05 88.19 25.86 0.00 119.02
Zone III 311.37 279.64 31.73 166.95 144.42 112.68 31.73 0.00 166.95
Zone IV
Total 716.41 645.56 70.85 387.96 328.45 257.60 70.85 0.00 387.96

HC Zone 1 32.78 30.53 2.25 14.51 18.28 16.02 2.25 0.00 14.51
Zone II 88.96 82.85 6.12 39.36 49.60 43.48 6.12 0.00 39.36
Zone III 39.79 37.05 2.73 17.60 22.18 19.45 2.73 0.00 17.60
Zone IV 39.79 37.05 2.73 17.60 22.18 19.45 2.73 0.00 17.60
Total 201.32 187.48 13.84 89.08 112.24 98.40 13.84 0.00 89.08

S Zone I 106.80 96.70 10.11 35.16 71.64 61.54 10.11 0.00 35.16
Zone II 296.26 268.84 27.42 101.86 194.40 166.98 27.42 0.00 101.86
Zone 11T 132.49 120.23 12.26 45.55 86.94 74.68 12.26 0.00 45.55
Zone IV 132.49 120.23 12.26 45.55 86.94 74.68 12.26 0.00 45.55
Total 668.05 606.00 62.06 228.12 439.93 377.87 62.06 0.00 228.12

C Zone I 208.92 208.92 0.00 102.00 106.91 106.91 0.00 0.00 102.00
Zone II 785.71 785.71 0.00 476.92 308.79 308.79 0.00 0.00 476.92
Zone III 287.39 287.39 0.00 154.15 133.24 133.24 0.00 0.00 154.15
Zone IV 337.92 337.92 0.00 200.76 137.16 137.16 0.00 0.00 200.76
Total 1619.94 1619.94 0.00 933.83 686.11 686.11 0.00 0.00 933.83

Overall system* 18344.37 5616.66 12727.71 3661.16 14683.21 1955.50 12727.71 0.00 3661.16
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Fig. 6. Percentage distribution of avoidable and unavoidable exergy destructions.
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Fig. 7. Percentage distribution of endogenous and exogenous exergy destructions.
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Fig. 8. Rated distribution of endogenous avoidable, endogenous unavoidable, exogenous avoidable, and exogenous unavoidable exergy destructions on the
component basis.

calculated as 19.96% for the overall system. The exogenous avoidable exergy destruction part for all components and the overall
system equals zero. This means all the units just can be improved by self-rehabilitation, and they are not affected by the working (or
design) conditions of the other units, although the working conditions of any component determine those of the connected ones.

Based on the results of advanced exergy analysis, the improvement potentials were determined for each component and overall
system. The calculated values are given in Fig. 9. Considering these improvements, the improved exergy efficiencies were calculated as
given in Fig. 10.

According to Fig. 9, the improvement potentials were determined as 4.21%, 1.49%, 1.09%, 0.25%, 0.64%, 2.63% and 10.33% for
respectively PF, T-line, H-line, HC, S, C and overall system. The greatest improvement was determined for PF depending on the re-
arrangements of waste heat recovery of vapor content which also affects the overall system. Just applying rehabilitation in an
amount of 20% in the T-line, H-line, and HC according to Pareto principle, it is available to achieve an improvement of about 2.84%.

According to Fig. 10, the maximum efficiency increase was recorded for C with an improved exergy efficiency of 75.56%, whereas
the real one is about 42.31%. On the other hand, the improved exergy efficiency of PF is recorded as 64.78%, whereas that of the real
state is 60.70%. For the overall system, the improved efficiency was recorded as 58.57%, with an increase of 17.99% compared to the
real state. This value is comparable with the literature given in Table 2. Moreover, it is more realistic and achievable in terms of Pareto
approach.

From the sustainability point of view, the most critical subsystem comes into prominence as PF, with the highest exergy destruction
of 14,362.74 kW. So, by a simple rehabilitation of PF including the re-arrangements of waste heat recovery of vapor content, it is
possible to reduce this destruction down to 12,870.17 kW. This process would definitively increase the lifetime of the geothermal
reservoirs. However, there are still remarkable losses that can be gained by different integrated application techniques such as elec-
tricity generation, greenhouse heating, and cooling with low-temperature. The heat losses that occurred in the transmission lines (T-
line and H-line) are another prominent problem that also could be prevented by technical processes such as insulation. In the current
status (real case), this issue causes an exergy destruction of 1492.32 kW. Also, this destruction causes a temperature decrease of about
0.5 °C per km, which directly affects the GDHS. According to Pareto principle, it is possible to decrease this destruction down to 574.77
kW by adequate insulation. One of the essential structures of the heating of buildings is the heating circuit, including the panel ra-
diators. In the current system with 55/45 °C, the exergy destruction is recorded as 231.32 kW, which is relatively lower in comparison

1P, (%)

PF T-line H-line HC S C Overall

Fig. 9. Improvement potentials.
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Fig. 10. Exergy and improved exergy efficiencies.

to other subsystems. However, just re-arranging the circuit as 61.1/45 °C in the lights of Pareto principle, it is possible to decrease the
exergy destruction down to 112.24 kW, although the required heat demand is kept constant. The main parameter in this decrease is the
mass flow rate, fluid properties, and pump efficiency.

4. Conclusion

In this study, advanced exergy analysis was conducted to perform the improvement ability of Simav GDHS, considering all sub-
units. Since there is no limit for the transmission lines and heating circuit, the unavoidable conditions were determined by inte-
grating Pareto principle into the advanced exergy method. The following main findings were concluded:

e Technically available unavoidable cases were identified by Pareto’s idea. It was also very suitable and in good agreement with the
energy (district heating) systems.

o The most exergy-destructive part of GDHS was determined as PF. Although the available rehabilitation conditions were applied
(unavoidable and real states), it was still the most exergy-destructive part. The improvement potential was determined as 4.21%.
All the improvement potential comes from endogenous rehabilitations. So, resource management is an urgent need since it is
impossible to change the source characteristics.

e Also, the exogenous avoidable exergy destruction was determined as zero for all parts. This means all the improvements should
individually be conducted for the parts of GDHS.

e The improvement potential of heat exchangers of C was found as 2.63%, whereas it was 1.33% for the overall system. According to

this, it is available to increase the efficiency of C up to 75.76% with an increase of %78.59. On the other hand, this rate is about

14.51% for the heat exchangers of S. Also, it is possible to increase the exergy efficiency of the overall system up to 58.57%, with an

increase of 17.99% in comparison to the current status.

It was found that it is available to increase the exergetic efficiency of the panel radiator (heating circuit) by an amount of 4.02%

compared to the current status just by the change of working conditions.

e The available increase in exergy efficiency of T-line was found at 10.82%. This rate is about 10.64% for H-line.
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Nomenclature

E energy rate (kW)

Ex exergy rate (kW)

h specific enthalpy (kJ/kg)

I exergy destruction rate (kW)
IP improvement potential (%)
k conductive heat transfer coefficient (W/mK)
m mass flow rate (kg/s)

14 pressure (kPa, bar, or atm)
Pr Prandtl number

q heat rate per length (kW/m)
Q heat rate (kW)
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r Radius (m)

Re Reynolds number

s specific entropy (kW/kgK)

T temperature (K or °C)

w work rate (kW)

Greek symbols

a convective heat transfer coefficient (W/m?K)
e exergy efficiency (%)

n energy efficiency or isentropic efficiency (%)
u dynamic viscosity (Ns/m?)

W specific flow exergy (kJ/kg)
Subscripts

d destruction

D diameter

i inlet or ith component

ins insulation

k kth component

[ 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

[ standard

EX exogenous

EN endogenous

AV avoidable

UN unavoidable

* modified

Abbreviations

C Centre of heat (or Heat center)
GDHS  Geothermal district heating system
HC Heating circuit

H-line  Heating zone transmission line
PF Production field

S Substation

T-line Geothermal zone transmission line
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