energies

Article

Advanced Exergoeconomic Assessment of CO, Emissions,
Geo-Fluid and Electricity in Dual Loop Geothermal Power Plant

Onur Vahip Giiler 1, Emine Yagiz Giirbiiz 17, Aleksandar G. Georgiev >* and Ali Kegebas !

check for
updates

Citation: Giiler, O.V.; Giirbiiz, E.Y.;
Georgiev, A.G.; Kegebas, A.
Advanced Exergoeconomic
Assessment of CO, Emissions,
Geo-Fluid and Electricity in Dual
Loop Geothermal Power Plant.
Energies 2023, 16, 3466. https://
doi.org/10.3390/en16083466

Academic Editors: Javier

E. Urchueguia and Borja Badenes

Received: 16 March 2023
Revised: 3 April 2023

Accepted: 13 April 2023
Published: 15 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Energy Systems Engineering, Mugla Sitk1 Kogman University, 48000 Mugla, Turkey;
onurguler@mu.edu.tr (O.V.G.); eminegurbuz@mu.edu.tr (E.Y.G.); alikecebas@mu.edu.tr (A.K.)

Department of General Engineering, University of Telecommunications and Posts, 1 Akad. Stefan Mladenov
Str., 1700 Sofia, Bulgaria

Correspondence: ageorgiev@gmx.de

Abstract: Binary geothermal power plants (GPPs) are mostly encountered in geothermal fields with
medium and low temperatures. The design and operation of dual binary GPPs can be difficult due to
the geothermal fluid properties. This affects their performance and feasibility. Thermoeconomics are
essential elements for the design and operation of the GPPs. In this study, advanced exergoeconomic
analysis is applied to a true dual binary GPP (as a case study) to further evaluate it from performance
and economic perspectives. In analysis, the specific exergy cost (SPECO) method is used. Then,
some specific indicators are presented to evaluate the performance and economics of the GPP. Thus,
technical and economic solutions have been developed in the design and operation stages through
the analysis. The results of the study indicated that the total operating cost of 1218 USD /h could be
reduced to 186 USD/h by improving the operating conditions. This corresponds to an 85% decrease.
The cost per electricity generated, cost per geothermal energy input, and cost per CO; emission of
the GPP are determined as 0.049 USD/kWh, 5.3 USD/G]J, and 0.13 USD/kg, respectively. As a result,
while the savings potential of the GPP is 15%, it can result in a 15% reduction in CO, emission cost.

Keywords: geothermal power plant; advanced exergoeconomic analysis; performance indicators;
electricity generation cost; CO, emission cost

1. Introduction

Today, the design of efficient energy conversion systems and non-design technology
development demands force energy engineers to carry out more research and development.
Especially in countries with geothermal energy, it is extremely important to develop more
accurate and systematic approaches to develop geothermal power plants (GPPs), due to
the harmful effects of fossil-based systems on the environment, their ability to meet global
demands in response to increasing energy needs, and their complex designs. The most
suitable GPP in low- and medium-temperature geothermal areas (temperature lower than
150 °C) is the binary GPP, using both geothermal fluid and working fluid (pentane, 134a,
etc.). Nowadays, GPPs have emerged as a promising development due to their simple
layout (organic Rankine cycle, ORC), higher efficiency, and packed equipment size to
generate electricity from sources at low temperatures [1]. On the one hand, evaluation of
GPPs, which has attracted a lot of attention in the world, is extremely important before
production from the thermodynamic and economic point of view during the project design
phase. On the other hand, in existing power plants (PPs), these analyses directly affect
the performance of the PP, ease of operation, and costs, and, therefore, the amount of
electricity produced.

Considering both high efficiency and low cost, the design of binary GPPs is a constant
challenge for engineers. Because of the increased energy need and environmental influences,
it has become critical to enhance more definite and systematic approaches to improve the

Energies 2023, 16, 3466. https:/ /doi.org/10.3390/en16083466 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16083466
https://doi.org/10.3390/en16083466
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0910-1743
https://orcid.org/0000-0002-5200-8536
https://orcid.org/0000-0003-4809-2461
https://doi.org/10.3390/en16083466
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16083466?type=check_update&version=2

Energies 2023, 16, 3466

2 of 24

design and off-design of systems. In all binary GPP projects, thermodynamic analysis has
proven to be a meaningful and accurate method [1,2].

Thermodynamic analysis, which primarily expresses the conservation of energy prin-
ciple, concerns the first law of thermodynamics. Thermodynamic losses in a system are not
completely determined, and it is difficult to evaluate them with energy analysis. However,
exergy analysis can identify the location, magnitude, and effects of irreversibilities present
in the system [2]. This concept has also been extended to an approach commonly known
today as exergoeconomic analysis (ExEcon). ExEcon analysis combines the concept of
exergy with economic principles to describe the flow of investment and operating costs in
a thermodynamic system. Over the years, such traditional exergy-based analyses (TradEx)
have been comprehensively addressed and applied to GPPs. Many authors examined
the thermodynamic and economic performance of GPPs based on the analysis of TradEx
(e.g., [3-5]) and TradExEcon (e.g., [6-9]).

Binary GPP can play an important role in the future decarbonization of the energy
sector and, therefore, the global energy system. Moreover, due the results associated with
the energy sector and highly efficient GPP systems in significantly reducing greenhouse
gas emissions, their adoption need to be encouraged. Such a goal can be accomplished
by applying advanced exergy (AdvEx) analysis methods [10]. In fact, unlike TradEx
analysis methods, the application of AdvEx analysis methods can illuminate the real
thermodynamic strengthening potential of the system under study and the interactions
between its components. Thus, the exergy destruction of the system and its components is
formed from the endogenous part caused by a component itself, the exogenous part which
is the effect of another component on a component, and the preventable and inevitable
parts that occur due to the limited technical and economic conditions [11]. However, this
method is built on the TradEx analysis method. In the literature, there are many studies in
which AdvEx analysis applied to GPPs, e.g., [1,2,12,13]. The quantity and quality of the
studies including AdvEXx analysis for GPPs is a situation that justifies its wide acceptance
and the level of interest.

Advanced exergoeconomic (AdvExEcon) analysis provides what is possible in the
traditional exergoeconomic (TradExEcon) method as well as destructions in one component
due to its interactions with other components, beyond the real characterization of lost
exergy and associated costs that can be avoided by optimization efforts [14]. The focus of
the study focuses on the AdvExEcon method. Therefore, this method can only be used after
applying the TradEx, TradEcon, TradExEcon, and AdvEx methods to any energy conversion
system. Most of the researchers applied the AdvExEcon analysis to many energy conversion
systems. Tsatsaronis and Park [15] claimed that of the AdvExEcon analysis of a thermal sys-
tem exergy destruction and investment cost of components must be divided into avoidable
and unavoidable sections. Therefore, it was much easier to perform AdvExEcon analysis
of the components and this situation allowed the system to develop in the right way. Wei
et al. [16] analyzed the avoidable exergy destruction and investment cost of a distillation
system. To determine the cost of exergy destruction and investment, inevitable values
under minimum theoretical conditions were used. As a result of the analysis, they found
different exergy saving potential values for the components in the system. AdvExEcon
analysis applied to the system proved that more accurate values are obtained compared to
the TradExEcon analysis. Vuckovic et al. [17] applied AdvExEcon analysis for an indus-
trial facility. The cost, maintenance, and operating costs for the components found in the
facility were based on a 4000-hour period per year. As a result of the analysis, a different
improvement potential was determined for each component. Although the improvement
potential of 7.66% for the steam boiler was low as a percentage, it had a value of 983.84 kW.
Likewise, although circulation pumps had the potential for an improvement of more than
70%, it had been found to be a small value of 1.46 kW as an absolute value (Circulation
Pump 1). Manesh et al. [18] examined a cogeneration system in the Iranian LNG plant,
with a new procedure using both TradEx and AdvEx analysis. This method is based on the
development of the R-curve concept of estimating costs, environmental impacts, exogenous
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economic, and environmental parameters. Petrakopoulou et al. [19] applied an AdvExEcon
analysis to a complex combined cycle PP capable of capturing CO,. The PP included a
chemical cycle combustion unit selected as one of the most promising oxy-combustion
technologies that make the CO, capture process easier in terms of efficiency, economic
feasibility, and environmental footprint. The biggest avoidable costs representing the im-
provement potential were the components that make up the main gas turbine system. The
most decisive components, based on total avoidable cost, were the reactor, expander, and
compressor. Kegebas and Hepbasl [20] carried out TradExEcon and AdvExEcon analyses
of the geothermal district heating system (GDHS) in Afyon, Turkey. The authors used data
collected under real operating conditions. When performing the analysis, they evaluated
each component by linking endogenous/exogenous and available/unavailable segments
to exergy destruction and investment costs. While the TradExEcon analysis was found to
be 5.53%, the AdvExEcon analysis was obtained as 9.49%. Tan and Kegebas [21] made a
similar study of Saraykdy GDHS in Aydin, Turkey, to define its improvement potential,
interactions between system components, and energy savings and potential, and they used
ExEcon analysis. Agikkalp et al. [22] applied the AdvExEcon analysis of a natural gas PP in
the Eskisehir industrial zone. The exergy efficiency of the PP with a total installed power of
55 MW was 0.402, the total exergy destruction was found to be 78.242 MW, and the unit
exergy cost was 25.660 USD/G]. By performing the AdvEx and AdvExEcon analyses of
the PP, it is seen that the combustion chamber and high-pressure steam turbine also had
economic advance potential. Agikkalp et al. [23] used an improved life cycle integrated
economic analysis of a building heating system, and, thus, recent AdvEx criteria were
proposed. Using this analysis and suggested indexes, the heating systems consultants
provided the opportunity to examine any heating system in more depth. Liu et al. [24]
carried out a comprehensive study with the AdvExEcon analysis of the supercritical CO,
recompression Brayton cycle. The turbine is the equipment with the highest improvement
priority due to the maximum value of avoidable operating costs. Oyekale et al. [25] applied
AdvExEcon analysis to a hybrid solar-biomass ORC cogeneration plant. They changed
the costing approach to the auxiliary exergy in the analysis to reflect the effects of current
energy quality in the study. Modified utility costing increased by approximately 17%,
and the avoidable—intrinsic irreversibility cost ratios of the turbine and condenser for the
hybrid plant decreased by 73%, respectively, compared to the TradExEcon approach. Wang
et al. [26] performed the AdvExEcon analysis to assess the components of the cascade
absorption heat transformer system and their exergy destruction-related costs. The results
showed that only 21% of the exergy destruction rate could be prevented by improvement
and investment cost, and 80% of the proportions were from the components themselves.
When we carefully screened the literature, although the existing studies mentioned
above are applied, there is no AdvExEcon analysis study applied to GPPs. As emphasized
by the above studies, many studies have been carried out, especially on traditional exergy
and exergetic analyses, evaluating the thermodynamic and economic performances of
a dual, air-cooled, and ORC GPP. However, to the best of the authors” knowledge, the
advanced exergoeconomic (AdvExEcon) evaluations have been applied mostly apply to
energy conversion systems other than GPPs, according to the special exergy cost method.
The design and operation of dual binary GPPs is dependent on the geothermal resource
conditions. Therefore, the temperature, pressure, flow, and state of the geothermal fluid can
differentiate the design of the GPPs. Thus, engineers are faced with design options, such
as (i) the use of a recuperator to reduce condenser cooling load, (ii) the use of geothermal
fluid steam, and (iii) the use of high- and low-pressure line turbines connected to the
generator on the same shaft. These options make dual binary GPP more complex and
costly. While binary GPPs compete in raw materials, technology, and know-how, the same
is not the case with costs. For this reason, the AdvExEcon method has been applied to
a real dual binary GPP, and it aims to fill the gap in the literature related to the AdvExEcon
analysis applied to a dual binary GPP (Sinem GPP in Turkey is used as a case study). Here,
the interactions between one other and the potential or improvement for the dual binary
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GPP and its components is evaluated from a thermodynamic and economic point of view.
This study can guide design studies of GPPs with future improvement suggestions and
operation—-maintenance projections.

In the second part, the Sinem GPP is introduced thermodynamically, while in the
third part, the proposed analysis methods to evaluate the thermodynamic and economic
performances of the GPP and its equipment are mentioned. In the next section, the results of
all analyses are provided comparatively from a thermodynamic and economic point of view.
Finally, the performance to improvement of the system and components, the interaction
between components, and directions and potentials for energy saving are discussed for
some indicators.

2. Methodology
2.1. Description of the Plant

In this study, a real operated binary geothermal power plant (GPP; Sinem GPP),
shown schematically in Figure 1, was chosen to perform the analysis of the advanced
exergoeconomic (AdvExEcon) effects. The power plant is in Germencik/Aydin province in
Turkey and can be operated at low temperatures (between 90 °C and 150 °C) with 24 MW
installed power. As seen in Figure 1, due to the use of low-temperature geothermal fluid in
the plant, a geothermal fluid (brine) and a refrigerant fluid are used, and it is, as such, called
“binary”. The most important difference between the binary cycle and other cycles is that it
can generate electricity at poor temperatures. However, a double pressure cycle is used to
reduce thermodynamic losses caused by geothermal fluid in the evaporators. Therefore,
binary GPPs have been designed in which two interconnected organic Rankine cycles
(ORCs) (double pressure) are fed from a single geothermal fluid. Furthermore, turbines in
two interconnected ORCs are connected to the generator through a single shaft. In addition
to these, an air-cooled condenser was used in the GPP. The mentioned features of the
Sinem GPP plotted in Figure 1 make it a complex system. Hence, for such a system and its
components, the cost is a key issue. Actual operational data, i.e., temperatures, pressures,
and volumetric flow rates of the Sinem GPP, were collected by the Central Supervisory
Control and Data Acquisition (SCADA) program in 2020. In this context, average data was
used throughout 2020 for the advanced exergoeconomic (AdvExEcon) analysis.

Yearly average data are indexed in Table 1 according to the line/state numbers stated
in Figure 1. In the reference (dead) state condition, the temperature and pressure are
assumed to be 18 °C and 1 atm, respectively. In the plant, the artesian geothermal fluid
obtained from the production wells is separated into two phases as steam (saturated steam)
and brine (saturated liquid) from the vertical separator at the wellhead (not shown in
Figure 1). When Figure 1 and Table 1 are examined, the steam state at 165 °C temperature
and 8.33 kg/s flow rate (line 1’) and the liquid state at 165 °C and 445 kg/s (line 1) are
obtained for 1040 kPa high pressure from the separators. The liquid geothermal fluid is
initially pressed into the VAP 1 in the high-pressure line, thereby heating n-pentane. The
geothermal fluid, whose duty is completed, reaches the VAP 2 in the low-pressure line at
136 °C and 730 kPa (line 2), and n-pentane is again heated. In addition, steam geothermal
fluid is supplied to VAP 2. After VAP 2 (line 3), to preheat n-pentane, the liquid geothermal
fluid is sent to the preheaters (PRE-HEs 1 and 2) (lines 4 and 5). Some of the rotten steam is
stored as NCG (line 10) and the rest is re-injected into the reinjection well by condensing at
85 °C and 590 kPa (line 9).

The n-pentane emerging from VAP 1 in the high-pressure line at 137 °C and 1261 kPa
(line 12) is sprayed into TURB 1. Then, the n-pentane exiting TURB 1 at 82 °C and 150 kPa is
sent to RECUP (line 13). In the high-pressure line, RECUP is used to reduce the supercooling
load of CON 1. Then, the n-pentane follows CON 1 (lines 14 and 15), PU 1 (lines 15 and 16),
RECUP (lines 16 and 17), and PRE-HE 1 (lines 17 and 11). Finally, it completes its cycle with
VAP 1. In the low-pressure line, the cycle of n-pentane continues in the same way, except
for RECUP. As can be seen in Figure 1, TURBs 1 and 2 in the high- and low-pressure lines,
respectively, are connected to a generator (GEN) on the same shaft. In addition, air is used
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to cool the n-pentane in both condensers (CONs 1 and 2). According to the uncertainty
analysis method defined by Holman [27], total uncertainties for the data collected, such
as pressure, temperature, and volumetric flow rate, are 2.04% (kPa), 0.88% (K), and 3.25%
(m3/s), respectively. Thus, the total uncertainty for exergy efficiency is 3.27%.

Table 1. The thermodynamics variables at different steam points for the Sinem GPP.

Steam, j Fluid Type T; (°C) P; (kPa) 1it; (kg/s) E; (kW)
0 Dead state 18 101.325 - -
1 Brine 164 1040 445 52,693
1 Brine—steam 165 1040 5.83 699
1 NCG 165 1040 2.50 380
2 Brine 136 730 445 36,010
3 Brine 110 690 445 22,589
4 Brine 110 690 222.50 11,295
5 Brine 110 690 222.50 11,295
6 Brine 89 590 222.50 7021
7 Brine 81 570 222.50 5616
8 Brine 85 590 445 12,447
9 Brine 107 690 0.83 40
10 Brine—steam 107 690 525 253
10 NCG 107 690 2.25 257
11 n-pentane 105 1261 160 4776
12 n-pentane 137 1261 160 20,142
13 n-pentane 82 150 160 7237
14 n-pentane 60 150 160 6193
15 n-pentane 31 150 160 123
16 n-pentane 37 1261 160 520
17 n-pentane 55 1261 160 1141
18 n-pentane 106 687 169 5018
19 n-pentane 109 687 169 16,512
20 n-pentane 69 119 169 5713
21 n-pentane 33 119 169 157
22 n-pentane 39 687 169 431
23 Air 18 101 2000 0
24 Air 19 106 2000 8048
25 Air 18 101 2000 0
26 Air 19 106 2000 8048
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2.2. Advanced Exergetic (AdvEx) Analysis

Advanced exergy (AdvEx) analysis can be used to examine the interactions between
system equipment, the actual improvement potentials, and the energy savings aspects and
potentials on the thermodynamic performance for any energy conversion system [15,28-31].
The AdvEXx system is carried out at the component level, not at all levels, i.e., only according
to component exergy destruction amounts. In this study, the AdvEx should be performed
primarily in the Sinem GPP for advanced exergoeconomic (AdvExEcon) analysis. By using
the real, theoretical, and unavoidable conditions listed in Table 2, the exergy destruction
of 13 components for the Sinem GPP has been broken down into endogenous/exogenous
and unavoidable/avoidable parts. Thus, the exergy destruction resources of endoge-
nous/exogenous parts and potential (unavoidable/avoidable) parts in system components
can be determined.

Table 2. The parameters utilized for the AdvExEcon analysis of the Sinem GPP.

Parameters Used Parameters Used in

Unavoidable Ideal . .. Unavoidable Ideal ..
Components o s in Determining Components o o Determining
Conditions Conditions . Conditions Conditions .
Unavoidable costs Unavoidable Costs
LEVELI LEVEL I
VAP 1 ATy = 6K AT, = 0K AT,,;, = 15K VAP 2 ATy = 5K AT, =0 K AT, =15 K
AP, =10kPa AP, = 0kPa AP, = AP ea AP, =10kPa AP, =0kPa AP,in = APy
ATy =43K AT, =0K AT, = 15K ATy =5K AT =0 K AT, =15 K
_ pinch pinc min » pinc pinc
PREHET i p 10kPa APy = 0 kPa APin = APyt PRE-HE2  \p 10 kPa AP,y = 0 kPa APy = AP
CON 1 ATpinch =3K ATpinch =0K ATyin =15K CON 2 ATpinch =3K ATpinch =0K ATyin =15K
AP,y =10kPa APy, = 0 kPa APin = APyt AP,y =10kPa AP, = 0 kPa APy = AP
Mis = 93% Nis = 100% 4 Tis = 93% Nis = 100% -
TURB 1 Hmech = 100% Hmeeh = 100% 75% of ZTurs 1 TURB 2 Hmech = 100% Haech = 100% 75% of Z1urs 2
is = 82% Nis = 100% - is = 77% Nis = 100% :
PU1 Nmech = 100% Nimech = 100% 75% of Zpu 1 PU2 Nimech = 100% Ninech = 100% 75% of Zpu 2
ATy =5 K ATy =0K AT, =15K
RECUP pinch pinch min
AP, =10kPa  AP,;, = 0 kPa AP,y = AP,y

The theoretical operation in Table 2 and the thermodynamic cycles method in Kelly
etal. [31] are utilized to calculate the endogenous exergy destruction of system components

EN
(E D,k)' Theoretical and hybrid properties were created to determine the endogenous

exergy destruction with the method of thermodynamic cycles. For theoretical conditions,

each component should fulfill the requirements of E Dk = On. In terms of the system

features, the theoretical properties were considered, as PUs and TURBs are both assumed
to be isentropic. The inlet and outlet temperature difference between the VAPs, PRE-HEs,
CONs, and RECUP as a heat exchanger is assumed to be AT = 0 [32]. For hybrid properties,
while all components of the system worked under ideal conditions, the kth component
whose calculation was made while working was operated under real conditions in Table 1.
Thus, the exergy destruction within the kth component represents its endogenous exergy

.EX
destruction. The exogenous exergy destruction (E D,k) can be calculated by subtracting the
amount of destruction from the intrinsic exergy destruction amount of the kth component
operating under real conditions, as in the following Equation (1):

_EX .R _EN
Epx=Epix—Epx (1)

- UN
Unavoidable exergy destruction (E D,k) can be determined by considering each iso-

lated component as separated from the system and by assuming optimal operating con-
ditions. The inevitable assumptions made to simulate conditions are listed in Table 2,
depending on the decision-maker, and this is performed arbitrarily to some extent [15,28].
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Thus, the unavoidable amount of exergy destruction for the kth component is calculated as

shown below [33]:
.UN -R [ Ep un
Epx = Epx| — 2)

P/k

After the inevitable amount of exergy destruction is determined, the amount of avoid-
able exergy destruction amount is determined by subtracting the amount of exergy destruc-
tion of the kth component operating under real conditions from the amount of avoidable
exergy destruction. Equation (3) is as follows:

LAV .R _UN
Epx=Epix—Epjx 3)

Separated parts of the exergy destruction amount can be further separated again,
so the interaction and improvement potentials between components can be made more
understandable. Thus, the enhanced decomposed parts listed below are obtained as
follows [14,34]:

UN,EN EN[E uN
. UN, : D
px = Epk () 4)
.UNEX .UN -UNEN
Epx  =Epx —Epg ©)
.AV.EN  .EN .UNEN
Epx  =Epx—Epk (6)
.AV,EX  -EX .UNEX
pk = Epx—Epk @)
. UN,EN . UN,EX } S -
where Ep and Epj  are the avoidable and inevitable parts of the inevitable ex-
AV,EN . AV,EX

ergy breakdown, while E px and Ep;  are the avoidable and inevitable parts of the
avoidable exergy destruction.

2.3. Advanced Exergoeconomic (AdvExEcon) Analysis

Total operating cost (C tot,k) for the system and its components in a traditional eco-

nomic (TradEcon) analysis is given as follows:
Crotk = Cox + Zk ®)

In exergoeconomic analysis, an AdvEx analysis, which is similar to splitting exergy
destruction, can be broken into parts, such as by splitting total operating costs (exergy
destruction-related cost—C D,k and investment cost—Zy) into endogenous/exogenous [35,36]
and avoidable/unavoidable parts [15,28].

While, all other components work theoretically, and the kth component works with
its real state, only within the kth component is the endogenous part of exergy destruction-

-EN - EN
related (CD,k> and investment (Zk ) costs incurred. The system exergy efficiency of

the overall system remains constant in all estimates [37,38]. As such, the following can
be observed:

-EN R EN

Cpr = CrxEpk 9)

I AR
Zk == Ep,k - (10)
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.EN .EN
The exogenous part of the exergy destruction-related (C D,k) and investment (Z k )

costs is verified by subtracting the endogenous cost from the real cost. Their formulas are

given below:
EX .R  .EN
Cpk = Cpr—Cpi (11)

_EX .R -EN
Zy =Zx —Zx (12)

The inevitable part is obtained under extremely inefficient conditions. In practical

.\ UN
applications, ( 4 , a set of thermodynamic parameters for the kth component leading to
E

P
a highly inefficient solution, is determined by choosing and estimating the investment cost

- UN
arbitrarily for this solution [15,28]. Thus, exergy destruction-related (C D,k) and investment

- UN
Z;  costs are inevitable parts determined by the following expressions, respectively:

.UN R “UN
Cpx = CriEpi (13)
.UN R [ 7 UN
Zk = Ep’k - (14)
Ep X

Once the inevitable exergy destruction-related and investment costs are determined, it
can be calculated in available parts, as follows:

AV . R . UN

Cpx=Cpi—Cpx (15)
AV .R -UN

Zy =72y —Z (16)

To explain the kth component more, the potential for economic improvement is asso-
ciated with the avoidable and unavoidable exergy destruction and investment costs that
are endogenous, and it is decomposed once again into exogenous sections. The sections,
separated further below, are presented, respectively:

- UN,EN R UNEN

Cpr =CrxEpk (17)

.\ UN

_UNEN . EN[ Z
Zy = Epy () (18)
Ep/

_UN,EX -UN -UNEN
px =Cpr—Cpk (19)

_UNEX -UN  .UNEN
Z =27, —7Z (20)

_AVEN .EN .UNEN
px =Cpr—Cpx (21)

_AVEN  .EN  .UNEX
Z =2 —Z (22)

_AVEX  .EX . UNEX
Cpxr =Cpir—Cpi (23)

.AV,EX  .EX -UNEX
Zy =7, —Z (24)
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Some markers are needed to evaluate the AdvExEcon analysis. For the TradExEcon
and AdvExEcon analysis, in this study, the performance indicators of the system are listed
in Table 3.

Table 3. The performance markers of the system for the TradExEcon and AdvExEcon analyses.

Evaluators TradExEcon Analysis AdvExEcon Analysis
. - : - . AV,EN . AV,EN . AV,EN
Total operating cost (USD/h) Ciotk = YZr +Cp Crotk =2 +Cp
. . Cpr—C - AV.EN . AV.EN
Relative cost difference (%) e = ZXk_Ek . Zx  +Cpy
Crk Ty = —AV,EN
CrkXExpy
E o f o z 7 . AVEN AVEN
— k — k
xergoeconomic factor (%) fi=—2— =24 fr = —w—wmw = v
Zi+Cpix  Crotk . D f
¥ otk
Crx ; Crg
Cost performance trend (fold) e = CL b = —— ot —x
Fk CF,k7Ct<7l,k7Clut,k
. . - . AV.EN
Exergy destruction cost ratio (%) Ve = Cpk §, = 2k
Crtot k Cr ot
. . - AV.EEN
Total cost-savings potential (%) - e = Crotx
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3. Results

In this study, the findings of the TradEx and AdvEx analyses for GPP are summarized
from exergy and economic perspectives. First, the TradEx analysis is performed by using
data collected from the GPP. Studies on these analyses can be found extensively in the
literature [1,2,12,13]. By combining the theoretical, unavoidable, and unavoidable cost
conditions with the results of the TradEx-based analysis, AdvEx-based analyses are per-
formed. Thus, from the exergetic and economic point of view of the GPP and components,
interaction and improvement potential can be evaluated. The results obtained are given
under the headings as follows.

3.1. Results of the TradEx-Based Analyses

The findings of the TradEx-based analyses made for the GPP are listed in Table 4.
The results of the exergy analysis are shown in the first four columns of Table 4. As seen
in the table, the exergy efficiency of the whole system is determined as 39.1%. Exergy
input of 53.8 MW is 29.5% strength exergy loss, and 31.3% strength is the amount of
exergy destruction. Therefore, there is an exergy production of 21 MW against 39.1%
exergy efficiency. The highest exergy destruction amount is in CON 2 for approximately
2.49 MW. 1t is followed by VAP 2 with 2.26 MW and CON 1 with 1.98 MW, respectively.
Exergy efficiencies are also low, as can be seen from Table 2. The mentioned equipment is
considered as improvement-prior equipment. Especially in Level I, the equipment with the
highest exergy destruction is CON 1, while in Level Il it is CON 2. The exergy efficiencies
of TURBs 1 and 2 in Levels I and II are calculated as 93.5% and 83.3%, respectively. When
compared to Level I, the total exergy destruction amount of the Level II equipment is more
than 2.6 MW. The reason for this is the low temperature of the geothermal fluid in Level II.
However, adding geothermal fluid steam to Level I is not effective. The TradEx method is
insufficient in terms of the interaction between the components and the technology levels
of the equipment as the cause of the exergy destruction.
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Table 4. The outlined findings of the TradEx and TradExEcon analyses for all the components in the
Sinem GPP.

TradEx Analysis Results TradExEcon Analysis Results
Components gy, Epi Ep i £k CEk Cpk Cpx Z Crotk f

(kW) (kW) (kW) (%) (USD/GJ]) (USD/GJ) (USD/h) (USD/h) (USD/h) (%)

LEVELI
VAP 1 16,682.38 15,365.76 1316.61 92.11 1.20 1.81 5.69 18.60 24.29 76.58
PRE-HE 1 4273.64 3634.71 638.93 85.05 2.38 3.90 5.47 14.45 19.92 72.55
CON 1 6069.49 4094.42 1975.06 67.46 8.50 3.75 60.45 130.06 190.51 68.27
TURB 1 12,908.34 12,066.15 842.19 93.48 3.75 6.76 11.36 119.46 130.82 91.32
PU1 2323.60 397.53 1926.04 17.11 6.76 57.82 46.85 16.55 63.40 26.10
RECUP 1041.22 621.05 420.17 59.65 16.19 3.75 24.49 22.12 46.61 47.46

LEVELII
VAP 2 13,950.34  11494.18 2456.16 82.39 3.48 0.02 30.80 19.88 50.68 39.23
PRE-HE 2 5678.41 4586.55 1091.86 80.77 2.76 4.29 10.86 14.45 25.31 57.10
CON 2 5553.70 3062.96 2490.75 55.15 7.35 2.56 65.94 130.06 196.00 66.36
TURB 2 10,801.98  9000.32 1801.65 83.32 2.56 6.76 16.59 119.46 136.05 87.80
PU2 2192.20 274.95 1917.26 12.54 6.76 79.98 46.64 16.55 63.19 26.19
C;\;];;{SI\I;[L 53,771.73  21,028.56 16,876.69 39.11 8.40 9.73 510.55 707.83 1218.38 58.10

El ot = 15,866.48 kW and C s; = 479.99 USD/h for the overall system.

In the last five columns of Table 4, the results of the TradExEcon analysis are given.
The findings here are determined by the specific exergy costing (SPECO) method presented
by Lazzaretto and Tsatsaronis [39]. As can be seen from the table, the whole system has
an exeroeconomic factor of 58.1%. In other words, 58.1% of the total operating cost of
1218.38 USD/h is the capital investment cost. The remaining percentage of the cost is
related to component exergy destruction. Both costs are considered to be effective in system
performance. Furthermore, the unit fuel exergy cost of 8.4 USD/(J turns into a unit product
exergy cost with a difference of 1.32 USD/G]J. As seen in Table 4, while the cost of unit
exergy of geothermal fluid is 1.2 USD/(], the cost of total component exergy destruction is
calculated as being approximately 510.6 USD/h. Exergy total cost related to the loss of the
system is 480 USD/h, while the cost of electricity production of the GPP is 6.76 USD/G]J.
Among the components from Table 4, the highest exergy destruction cost is in CON 2 with
65.9 USD/h. It is followed by CON 1 with 60.5 USD/h, PU 1 with 46.9 USD/h, and PU
2 with 46.6 USD/h. The highest capital investment cost is the condenser (CONs 1 and 2)
with 130.1 USD/h. It is followed by turbines (TURBs 1 and 2) with 119.5 USD/h, VAP 2
with 19.9 USD/h, and VAP 1 with 18.6 USD/h. Equipment investment costs are higher
within the total operating cost for all of the equipment except PU 2, PU 1, VAP 2, and
RECUP. The total operating cost of PRE-HE 1, PRE-HE 2, and VAP 1 is low. Therefore,
the contribution of this equipment to the total operating cost of the plant is insignificant.
The exergy destruction cost of all components remains below the capital investment cost.
However, there is not much difference between them. The investment operating costs of the
components must be taken into account as well as the component exergy destruction costs.

3.2. Results of the AdvEx-Based Analyses

After the AdvEx-based analyses from the thermodynamic and economic points of
view, AdvEx-based analyses are divided into two parts, with exergy and exergoeconomic
analyses as a continuation of one other. First of all, exergy analysis is performed and then,
related to the results of this analysis, exergoeconomic analysis is carried out. Therefore,
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the methodology given in Section 2.2 for the AdvEx analysis is applied to a GPP and
its components. Then, the methodology in Section 2.3 is used for the GPP’s AdvExEcon
analysis. The obtained results are presented below.

3.2.1. Results of the AdvEx Analysis

Table 5 lists the results of the AdvEx analysis applied to a GPP and its components.
As seen in columns 2 and 3 of Table 5, the total exergy destruction of 16.9 MW is from
72% endogenous and 28% exogenous sources. This means that the interaction between
components is weak. In addition to that, the majority of exergy destruction of all compo-
nents except pumps is endogenous, which means it arises from the components themselves.
The highest endogenous exergy destruction amount belongs to CON 2 with 1.65 MW. It
is followed by VAP 2 with 1.61 MW, CON 1 with 1.55 MW, and TURB 2 with 1.24 MW.
Furthermore, for CON 1, TURB 2, and VAP 2, the difference in endogenous and exogenous
exergy destruction is very wide. Specifically, CON 1 is a component selected as having
a low capacity. With its use over time, the polluting and blinding effect of geothermal water
reduces the efficiency of the condenser. Hence, the endogenous exergy destruction is wider.
The pumps (PUs 1 and 2) are negatively affected due to the pressure drop in the condensate.
In TURB 2, partly due to low turbine efficiency, inlet and outlet temperature differences,
leaks and pressure drops, the endogenous part is higher, with 1.24 MW compared to the
exogenous. The endogenous exergy destruction of VAP 2 in Level Il is more than that of
VAP 1 in Level I. The reason for this is that the temperature of the geothermal fluid coming
out of VAP 1 is very low. Compared to Level I, the total endogenous exergy destruction
in Level I is 1.12 MW more than in Level I. Importance can be given to improving the
components in Level I

Table 5. The AdvEx analysis findings for all the components of the Sinem GPP.

. UN . AV
Component, k  Ex[ (kW)  Expp(kW)  Expr(kW)  Expy (kW) Eoi Eoi Emodified (%)
b Dk i i Expy W) Expy (kW) Expy (W) Expy (kW)

LEVELI
VAP 1 844.42 47219 1095.44 2117 14143 79.75 703.01 392.42 95.62
PRE-HE 1 353.34 28559 359.98 27895 102.94 17601 250.40 109.58 93.55
CON1 1551.15 42391 144277 532.29 122.75 40954 1428 40 1437 74.14
TURB 1 692.86 149.33 8332 798.87 657.17 141.70 35.70 7.63 99.71
PU 1 757.58 1168.46 309.51 1616.53 609.72 1006.81 147.86 161.65 72.89
RECUP 22425 195.92 68.06 352,11 256.96 95.15 52.37 15.69 92.22

LEVEL Il
VAP 2 161473 84143 708.13 1748.03 940.63 807.40 67410 34.03 94.46
PRE-HE 2 576.79 515.07 641.86 450.00 167.56 282.44 394.81 247,05 92.07
CON2 1647.90 842.85 1928.88 561.87 109.20 452.66 1538.69 390.19 66.56
TURB 2 1243.81 557.84 563.16 1238.49 855.01 383.49 388.80 17435 95.86
PU2 457.05 146021 460.83 1456.43 31605 114038 141.00 319.83 66.10
OS\{{EIT{%I;[L 1210542 477209 758591  9291.60 6929.24 2362.39 5176.21 2409.73 49.98

A further decomposition process is applied to evaluate the interaction and improve-
ment potential between components in the plant. Thus, the endogenous and exogenous
parts of the inevitable exergy destruction are listed in columns 6 and 7 of Table 5. From
this table, 75% of the 9.3 MW total unpreventable exergy destruction is endogenous and
25% is exogenous. Except for turbines, vaporizers, and recuperators, the outer part of
the inevitable exergy destruction of all components is higher than the inner part. The
highest exogenous inevitable exergy destruction amount belongs to the pumps (PUs 2 and
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1 of 1.1 MW and 1 MW, respectively). The total exogenous inevitable exergy destruction
in Level II is 1.16 MW more than in Level I. Consequently;, it is better to focus on the
preventable part of the next decomposition process rather than this part of it.

The most positive evaluation part of the AdvEXx analysis is the preventable part. In
columns 8 and 9 of Table 5, the endogenous and exogenous parts of the exergy destruction
that can be avoided are given. It can be understood from the table that 68% of the 7.6 MW
total preventable exergy destruction is endogenous and 32% is exogenous. In other words,
5.18 MW of exergy destruction caused by the components themselves can be eliminated
with technological improvements.

As seen in Table 5, endogenous exergy destruction of all components, except pumps,
is prevented. The highest preventable endogenous exergy destruction amount belongs to
CON 2 with 1.54 MW. It is followed by CON 1 with 1.43 MW, VAP 1 with 0.7 MW, and VAP
2 with 0.67 MW. The amounts of preventable endogenous exergy destruction are 2.6 MW
and 3.2 MW, respectively, on Levels I and II. Therefore, the endogenous exergy destruction
of the components in Level II is more preventable. As a result, the components with the
highest to lowest improvement potential are listed as CON 2, CON 1, VAP 1, and VAP 2.
As can be seen in the last column of Table 5, the modified exergy efficiency of the whole
system is approximately 50%. Once the interaction and improvement potential between
system components is determined, technological improvements can be better understood.
Thus, this analysis provides more useful information to engineers and operators.

3.2.2. Results of the AdvExEcon Analysis

The conclusions of the TradExEcon analysis showed that both the cost related to exergy
destruction and the cost related to capital investment should be taken into account. There-
fore, the results of the AdvExEcon analysis for the cost associated with exergy destruction
are given in Table 6. In the third and fourth columns of Table 6, 72% of the total exergy de-
struction cost of 510.6 USD/h is the endogenous part caused by the components themselves.
The remaining 28% is exogenous. Therefore, the interaction between components can be
considered to be weak. As seen in the table, the cost of endogenous exergy destruction is
higher than the cost of exogenous exergy destruction in all equipment, except for pumps.
Pumps are affected by the operation of other GPP components. Thus, exergy destruction
in other components is reduced to reduce the exergy destruction costs of the pump. It
may be suggested to replace existing components with more efficient or new technological
ones to decrease exergy destruction costs. The highest endogenous exergy destruction
cost is CON 1 with 47.5 USD/h. It is followed by CON 2 with 43.6 USD/h, VAP 2 with
20.2 USD/h, and PU 1 with 18.4 USD/h. Furthermore, the difference between endogenous
and exogenous exergy destruction costs for this equipment is wide. The endogenous exergy
destruction cost is higher due to reasons, such as the selection of condensers with low
capacity at the beginning and then the polluting and blinding effect of the cooling water
inside, which reduces the efficiency of the condenser. In this case, the pumps are more
affected by pressure drops due to contamination and blinding in the condensers. Therefore,
exogenous exergy destruction costs are higher than endogenous costs.

As seen in the fifth and sixth columns of Table 6, the inevitable and preventable parts of
the total exergy destruction cost are 281 USD/h and 220 USD/h, respectively. The value of
the inevitable part is greater than the preventable part. Therefore, it has the potential to keep
the plant and its components at a low level of efficiency. Except for condensers, preheaters,
and VAP 1, the inevitable exergy destruction costs of all equipment are higher than the
preventable exergy destruction costs. As can be understood from the table, CON 2 has the
highest value with a preventable exergy destruction cost of about 51.1 USD/h. It is followed
by CON 1 with 44.2 USD/h, PU 2 with 11.2 USD/h, and PU 1 with 7.5 USD/h. Therefore,
these components have the highest improvement potential. The highest unpreventable
exergy destruction costs are in the PUs (PUs 1 and 2 with 39.3 USD/h and 354 USD/h,
respectively). The inevitable exergy destruction costs are higher than the avoidable exergy
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destruction costs of the main equipment TURBs 1 and 2 in the GPP. This means that these
turbines require maintenance or replacement costs.

Table 6. The findings of the AdvExEcon analysis for the exergy destruction cost rates of all
the components.

Component, k

. - EN - EX - UN . AV
Cpx(USD/M)  Cp i (USD/M)  Cp (USD/M)  Cpi(USD/h)  Cp (USD/M) —unie

_UN LAV
Cox Cp

N . UN,EX . AVEN . AVEX
Cpyx (USD/) Cp, (USD/h) Cpy (USD/) Cpy (USD/h)

LEVELI
VAP 1 5.690 3.648 2.04 0.96 4.73 0.61 0.34 3.04 1.70
PRE-HE 1 5.470 3.027 2.44 2.39 3.08 0.88 1.51 2.15 0.93
CON1 60.450 47.465 12.98 16.29 44.16 3.76 12.53 43.71 0.45
TURB 1 11.360 9.354 2.01 10.78 0.58 8.87 1.91 0.48 0.09
PU1 46.850 18.436 28.41 39.34 7.51 14.84 24.50 3.60 391
RECUP 24.490 13.070 11.42 20.52 3.97 14.98 5.55 -1.91 5.87

LEVELII
VAP 2 30.800 20.229 10.57 21.90 8.90 11.78 10.12 8.45 0.46
PRE-HE 2 10.860 5.731 513 4.47 6.39 1.66 2.81 4.07 232
CON 2 65.940 43.603 22.34 14.87 51.07 2.89 11.98 40.71 10.36
TURB 2 16.590 11.463 5.13 11.41 5.18 7.88 3.53 3.58 1.59
PuU2 46.640 11.123 35.52 35.44 11.20 7.69 27.75 3.43 7.76
OS\\/{];IF{SI\];IL 510.550 366.068 144.48 280.98 229.57 209.54 71.44 156.53 73.04

The values of the endogenous and exogenous parts of the components within the
unpreventable exergy destruction cost are given in columns 7 and 8 of Table 6. Here,
75% of the total inevitable exergy demolition cost of 281 USD/h is endogenous and 25% is
exogenous. The highest inevitable exogenous exergy destruction cost is PU 2 at 27.8 USD/h.
After that, it is PU 1 at 24.5 USD/h, CON 1 at 12.5 USD/h, and VAP 2 at 12 USD/h,
respectively. In columns 9 and 10 of Table 6, the component exergy destruction cost of the
preventable endogenous part is presented. All components except the pumps and RECUP
from the table are preventable, and the preventable intrinsic exergy destruction costs are
higher than the inner part. A total of 68% of the total preventable exergy demolition cost of
229.6 USD/h is endogenous and 32% is exogenous, which means that the system can be
improved. The component with the highest preventable intrinsic exergy destruction cost is
CON 1 with 43.7 USD/h. It is followed by CON 2 at 40.7 USD/h, VAP 2 at 8.5 USD/h, and
PRE-HE at 4.1 USD/h.

In the third and fourth columns of Table 7, the data that belongs to the endogenous
and exogenous parts of the component capital investment costs are listed. As seen in
Table 7, 95% of the total capital investment cost of 707.8 USD/h is the part resulting from
the components themselves. In other words, it can be considered that the investment cost
arising from the components themselves is high. This shows that the interaction between
the equipment does not affect investment costs. The highest endogenous investment cost
belongs to CON 1. Its value is 114.9 USD/h, and it is followed by CON 2 with 114.9 USD/h,
TURB 2 with 110.3 USD/h, and TURB 1 with 109.4 USD/h. As can be seen in columns 5
and 6 of Table 7, the preventable investment costs of all components are higher than the
preventable investment costs. The investment cost values for the PP have high development
potential. The equipment with the highest preventable investment cost is CON 1 with
36.1 USD/h. Next comes CON 2 with 33.1 USD/h, TURB 1 with 19.78 USD/h, and TURB 2
with 19.75 USD/h.
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Table 7. Results of the AdvExEcon analysis for the investment cost rates of all the components.

Component, k

. . EN - EX - UN . AV
Zpi(USD/h)  Zp,, (USD/h)  Z;, (USD/h)  Zp,, (USD/h)  Zp, (USD/M) ~ unin

. UN AV
Zpy Zpy

. UN,EX . AV.EEN - AV,EX
Zp (USD/M) Zp, (USD/) Zp; (USD/h) Zp, (USD/h)

LEVELI
VAP 1 18.600 17.998 0.602 16.346 2.254 16.892 —0.547 1.106 1.148
PRE-HE 1 14.450 13.708 0.742 12.616 1.834 13.298 —0.683 0.410 1.424
CON1 130.060 114.909 15.151 94.000 36.060 106.393 —12.394 8.516 27.544
TURB 1 119.460 109.433 10.027 99.679 19.781 108.813 —9.133 0.621 19.160
PU1 16.550 16.441 0.109 16.133 0.417 16.241 —0.107 0.200 0.216
RECUP 22.120 19.774 2.346 16.326 5.794 18.263 —1.937 1.511 4.283

LEVELII
VAP 2 19.880 17.998 1.882 15.362 4.518 16.969 —1.606 1.029 3.489
PRE-HE 2 14.450 13.460 0.990 12.437 2.013 13.352 —0.915 0.108 1.905
CON 2 130.060 114.695 15.365 96.938 33.122 109.925 —12.986 4.770 28.352
TURB 2 119.460 110.322 9.138 99.706 19.754 107.965 —8.259 2.357 17.397
pPU2 16.550 15.382 1.168 13.740 2.810 14.783 —1.043 0.599 2211
C;\\/{};I[{I?I\];[L 707.830 674.411 33.419 614.595 93.235 645.049 —30.454 29.362 63.873

The values of the endogenous and exogenous parts of the component capital in-
vestment costs are given in columns 7 and 8 of Table 7. As seen in the table, the total
capital investment cost is the part resulting from the components themselves. In the last
two columns of Table 7, the endogenous and exogenous parts of the component capi-
tal investment costs are presented. It can be understood from the table that 31% of the
93.2 USD/h total capital investment cost is endogenous and 69% is exogenous. This means
that the system can be improved. The component with the highest preventable endogenous
capital investment cost is CON 1 with 8.5 USD/h. It is followed by CON 2 at 4.2 USD/h,
TURB 2 at 2.4 USD/h, and RECUP at 1.5 USD/h. An improvement has to be made regard-
ing the condensers themselves. For this, the material of the equipment can be changed and
maintained, and less costly production methods can also be used.

4. Discussion

The AdvExEcon analysis is performed according to the AdvEx analysis analogy. The
AdvEXx analysis showed that the amount of preventable exergy destruction caused by the
components was high for the maximum exergy efficiency of the plant. The evaluation of
this situation in terms of cost can be made with the AdvExEcon method. Therefore, in this
analysis, total operating costs show the components that should have their improvement
prioritized to increase the overall cost efficiency of the plant. This exergy is determined by
adding the destruction cost to the capital investment cost. The change in the total operating
costs of the plant and its components in terms of TradExEcon and AdvExEcon analyses is
shown in Figure 2. As seen in Figure 2, the total operating cost is 1218 USD/h for traditional
analysis, while its value is 186 USD/h for further analysis. Thus, an 85% reduction in total
operating costs can be achieved. It can also be seen from the figure that with the AdvEx
analysis of all components, the total operating costs are reduced. In the context of Tables 6
and 7, the components are preventable costs, as their endogenous exergy destruction costs
are much higher than their preventable endogenous capital investment costs.

Figure 3 shows the relative cost difference for the plant and its components for the
TradExEcon and AdvExEcon analyses. The relative cost difference (r¢) is related to the
increase in cost per unit exergy between fuel and product. As seen in Figure 3, while
the r value of the PP is 16% in the TradExEcon analysis, its value is 28% in the further
analysis. The cost increase is provided between fuel and production with AdvExEcon
analysis. However, this situation occurs by decreasing the rx value in the components.
According to the TradExEcon analysis, the ry values of the pumps (754% and 1083% for
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PUs 1 and 2, respectively) are very high compared to the other equipment. For AdvExEcon
analysis, their values are reduced to 39% and 56%, respectively. It shows that the exergy
in these components should be improved by reducing the cost of demolition. After these
components comes TURB 2 with r values of 164%, followed by VAP 2 with 99%. However,
with further analysis, the r; values are 7% for TURB 2 and 11% for VAP 2. For AdvExEcon
analysis, the highest r; values among the components belong to PU 2 with 56%. It is
followed by CON 2 with 50%, PU 1 with 39%, and CON 1 with 37%.
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Figure 2. Change in total operating cost for the components for both analyses.
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Figure 3. Change in relative cost difference for the components for both analyses.

The exergoeconomic factor (fi) relates to the ratio of capital investment cost to total
operating cost. In Figure 4, the variation in the exergoeconomic factor for the system and
components for both analyses is given. As seen in Figure 3, the exergoeconomic factor in
Figure 4 takes low values in contrast to the high values of the relative cost difference. This
ensures the efficiency of the component by reducing the cost of exergy destruction. The f;
value of the plant is calculated as 58% for the TradExEcon analysis and 16% for the further
analysis. The capital investment cost of the PP is considered to be higher than the cost of
exergy destruction. In the AdvExEcon analysis, the f; value decreases with the preventable
part of the exergy destruction cost caused by the components. Therefore, if the efficiency



Energies 2023, 16, 3466

17 of 24

of the equipment is increased, it is understood that the decrease in the investment cost is
justified. As seen in Figure 4, the highest exergoeconomic factor in the TradExEcon analysis
is TURB 1 with 92%. It is followed by TURB 2 with 88%, VAP 1 with 77%, PRE-HE 1 with
73%, and CON 1 with 68%. With the AdvExEcon analysis, the exergoeconomic factor of all
components falls below 50%. Therefore, the exergy destruction costs of the components
become important. The largest exergoeconomic factor decrease occurs in PRE-HE 1, CON
2, and PRE-HE 2. Investment cost ratios within the total operating cost of all equipment
are reduced.

100
90
80

B Enhanced analysis

70
60
50
40
30
i I I I
i 1
0 n NNl

N N N Vv v

N Vv Vv Vv Vv
PR RPN G GIRN
& O R AP AR &
& © N & & © & &

B Traditional analysis

Exergoeconomic factor, f[%]

Components

Figure 4. Change in exergoeconomic factor for the components for both analyses.

Cost performance trend (e), which is defined as the ratio of fuel exergy cost to produc-
tion exergy cost, is presented in Figure 5 for both analyses. While the value of e is 0.45 times
in the TradExEcon analysis, its value is 0.37 times in the enhanced exergy analysis. This
result is due to a reduction in the fuel exergy cost. As shown in Figure 5, the “e” values
of all components increase with further analysis. For the equipment with the highest e
value, TURB 2 has a value of 2.2 times in the TradExEcon analysis, while its value in the
AdvExEcon analysis decreases to 2 times. The biggest difference occurs in the pumps. Due
to the high exergy destruction cost in the context of Figure 4, the change in the exergy
destruction cost ratio (yy) is presented in Figure 6 for the system and components. The load
of the whole system is calculated as 407% for the TradExEcon analysis and 125% for the
AdvExEcon analysis. The exergy destruction cost in the total fuel exergy cost is reduced. A
similar situation occurs within the components. As seen in Figure 6, condensers (CONs 2
and 1) and pumps (PUs 1 and 2) are the components that will make the highest contribution
to the cost performance of the system. While the load value of PU 2 is 37% for the traditional
analysis, it is 3% for the enhanced analysis. This contribution is obvious here.

When comparing the results of both methods, Figure 7 shows the change (X) in the
total operating cost per total electricity generation for the plant and its components. As
seen in Figure 7, the total X, value of the system is 0.058 USD/kWh and 0.049 USD/kWh
for the TradExEcon and AdvExEcon analyses, respectively. With the application of the
AdvExEcon analysis, there is a 15% reduction in the total operating cost of the PP. This is
a result of the preventable portion of exergy demolition costs arising from the components.
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Figure 5. Change in cost performance trend for the components for both analyses.
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Figure 6. Change in exergy destruction cost ratio for the components for both analyses.

For the condensers (CONs 2 and 1) with the highest total operating costs in Figure 2,
the X, values of the TradExEcon analysis in Figure 7 are equivalent to 0.009 USD/kWh.
With the AdvExEcon analysis, these values are reduced to 0.007 USD/kWh. Again, the
biggest difference in X;, for both analyses is in CONs 2 and 1. From here, it is clear that
condensers are the most important contributor to the PP of the system. The change in cost
(Xprine) per energy of the geothermal fluid entering the PP is given in Figure 8. As seen in
Figure 8, the X, value of the system is 6.3 USD/G] for the TradExEcon analysis. With
the use of the AdvExEcon analysis, its value becomes 5.3 USD/G]J with a 15% decrease. It
can be noted that a graphic similar to Figure 7 is created in Figures 8 and 9. This is because
the total operating cost is at a fixed value in all three ways.

Figure 9 shows the change in cost per CO; emission of the plant and components for
the TradExEcon and AdvExEcon analyses. As seen in Figure 9, according to the TradExEcon
analysis, the CO, emission cost of the system is 0.15 USD/kg. This value can be reduced
to about 0.13 USD/kg according to the AdvExEcon analysis. Considering that the cost
rate per release of CO; is a direct function of the output mass flow rate of the CO;, as the
exergy destruction of the VAP 2 decreases, the cost rate per release of CO, decreases. If the
plant can be operated under operating conditions decided for the AdvEx-based analysis,
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the CO, emission cost can be reduced by 15%. In particular, the condensers” contribution
to the CO, emission cost of the plant is very high. From the economic and environmental
point of view, it is concluded that condensers have priority for improvement.
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Figure 7. Change in cost per produced electricity for the components for both analyses.
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The savings potential (px) for the system and components with the AdvEx-based anal-
ysis is presented in Figure 10. While the py value of the system is 31% for exergy analysis,
its value is determined as 15% for exergy analysis. The proportion of the preventable
endogenous part in the total exergy breakdown of the components is higher than the ratio
of the preventable endogenous part to the total operating cost. Therefore, it would be
more advantageous to reduce the exergy destruction amounts of the components rather
than their capital investment costs. In other words, it focuses on methods to enhance
the performance of the components. As an example, the savings potential of CON 1 for
exergy and exergy economics can be understood from the fact that they are 72% and 27%,
respectively. As seen in Figure 10, performance improvement for CON 1, CON 2, VAP
1, PRE-HE 1, and PRE-HE 2 components indicates that they are priority components. In
another aspect, it is important to reduce the total operating costs of the CON 1, CON 2,
VAP 2, VAP 1, and PRE-HE 2 components.
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Figure 9. Change in cost per release of CO; for the components for both analyses.
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Figure 10. Change in saving potential for the system and its components with the AdvEx-based analysis.

5. Conclusions

This article particularly focuses on the interaction between the components and poten-
tial for improvement of a real dual binary GPP system. In general, the design and operation
of dual binary GPPs presents quite a challenge. Namely, using a single recuperator, sending
steam to a single vaporizer, and connecting turbines (with different pressures) and a gen-
erator on the same shaft are some of these challenges depending on the characteristics of
the geothermal resource. Thus, the performance and feasibility of such a GPP are affected.
During the work, two perspectives, namely thermodynamic and economic, were discussed
in detail for a real, operational GPP (the Sinem GPP located in Turkey) through further
analyses. The economic analysis was carried out with the specific exergy cost (SPECO)
method. Firstly, the advanced exergy (AdvEx) analysis was used for the system, and then
the AdvExEcon analysis associated with it was used. The averages of the data collected
throughout 2020 were used in the analyses. The important conclusions obtained in the
study can be summarized as follows:
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While the exergy efficiency of the system for the TradEx analysis is 39.1%, as a result
of the improvements with the AdvEx analysis, the exergy efficiency of the system
reaches 50%.

Exergy destruction in the GPP can be improved to 7.6 MW with some technological
improvements, and the components with the highest exergy destructions in the GPP
equipment are CON 2, CON 1, VAP 1, and VAP 2.

While the total operating cost is 1218 USD/h for the TradExEcon analysis, with
a decrease of 85% as a result of improvements with the AdvExEcon analysis, it becomes
186 USD/h.

As a result of the application of the cost performance trend (e), which is the ratio of
the fuel exergy cost to the production exergy cost in the AdvExEcon analysis, the fuel
exergy cost was reduced, and this value was reduced from 0.45 to 0.37 times.

The exergy destruction cost ratio (yx) was reduced from 407% with the TradExEcon
analysis to 125% with the AdvExEcon analysis. Specifically, the value of PU 2 has been
reduced from 37% to 3%.

It has been observed that there is a 15% decrease in total operating cost per total electric-
ity generation (Xy,), cost per energy of the geothermal fluid entering the GPP (Xp,.),
and CO, emission cost values of the plant and its components with the application of
the AdvExEcon analysis to the plant, compared to the TradExEcon analysis.
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Nomenclature

C Cost per exergy unit, USD/GJ

C Cost rate associated with exergy, USD/h

E Cost performance trend (traditional analysis), fold

E Cost performance trend (enhanced analysis), fold

E Exergy rate, k] /s or kW

F Exergoeconomic factor (traditional analysis), %

f Exergoeconomic factor (enhanced analysis), %

1t Mass flow rate, kg/s

P Total cost-savings potential, %

R Relative cost difference (traditional analysis), %

7 Relative cost difference (enhanced analysis), %

P Pressure, kPa

T Temperature, °C or K

Xy Cost per produced electricity (enhanced analysis), USD/kWh
Xprine Cost per geothermal energy input (enhanced analysis), USD/GJ
Xco? Cost per release of CO, (enhanced analysis), USD/kg

Y Exergy destruction cost ratio (traditional analysis), %

i Exergy destruction cost ratio (enhanced analysis), %

Z Cost rate associated with capital investment, USD/h
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Greek symbols
€ Exergy/exergetic or second law efficiency, %
7 Energy/energetic or first law efficiency, %
Subscripts
D Destruction
F Fuel
is Isentropic
k Component
L Loss
mech Mechanical
p Product
tot Total/overall
0 Reference state
Superscripts
AV Avoidable
EN Endogenous
EX Exogenous
R Real
UN unavoidable
Abbreviations
AdEx Advanced exergy analysis
AdExEcon Advanced exergoeconomic analysis
CON Condenser
GEN Generator
GDHS Geothermal district heating system
GPP Geothermal power plant
NCG Noncondensing gas
ORC Organic Rankine cycle
PP Power plant
PRE-HE Preheater
PU Pump
RECUP Recuperator
SCADA Supervisory control and data acquisition
TradEx Traditional exergy analysis
TradExEcon Traditional exergoeconomic analysis
TURB Turbine
VAP Vaporizer
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