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Abstract: This investigation shows a traditional and advanced exergetic assessment of a waste heat
recovery system based on recuperative ORC (organic Rankine cycle) as bottoming cycle of a 2 MW
natural gas internal combustion engine. The advanced exergetic evaluation divides the study into two
groups, the avoidable and unavoidable group and the endogenous and exogenous group. The first
group provides information on the efficiency improvement potential of the components, and the
second group determines the interaction between the components. A sensitivity analysis was achieved
to assess the effect of condensing temperature, evaporator pinch, and pressure ratio with net power,
thermal efficiencies, and exergetic efficiency for pentane, hexane, and octane as organic working fluids,
where pentane obtained better energy and exergetic results. Furthermore, an advanced exergetic
analysis showed that the components that had possibilities of improvement were the evaporator
(19.14 kW) and the turbine (8.35 kW). Therefore, through the application of advanced exergetic
analysis, strategies and opportunities for growth in the thermodynamic performance of the system
can be identified through the avoidable percentage of destruction of exergy in components.

Keywords: advanced exergetic analysis; waste heat recovery; industrial gas engine; recuperative
organic Rankine cycle; exergy efficiency

1. Introduction

Given the current high energy demand, improvements of waste-to-energy conversion systems
are necessary to promote the rational use of energy and environmental preservation. The human
population is growing, and as a consequence, the energy sector needs to meet the increasing demand.
In addition, the generation of electricity from materials such as coal, oil, among others, leads to severe
damage to the environment, not to mention the fact that these resources are limited [1]. Therefore,
some waste heat recovery systems such as bottoming cycles have been studied to increase the global
energy efficiency of the power generation process [2].

Organic Rankine cycle (ORC) systems are appropriate for this type of use, due to their ability to
recover heat in low-temperature applications and the option of implementing them in lower capacity
decentralized power plants [3], as well as, if widely applied in industry, ORC systems should contribute
to the global trend in energy efficiency and greenhouse gas emissions. According to the energy
consumption trend, by 2050, an increase of 70% in worldwide energy demands and an increase of 60%
in greenhouse gas emissions are predicted related to 2011. Related to emissions and their consequences,
by 2050, the global temperature is predicted to increase by 6 ◦C and, potentially, would have devastating
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impacts such as climate change, energy security, as well as an unsustainable future [4]. More specifically,
about half of the energy consumed in the world is wasted in heat because of the limitations of energy
conversion processes [5].

ORC is a cost-effective waste-to-energy technology oriented to produce energy from various
thermal sources such as biomass, solar [6,7], geothermal, or waste heat recovery (WHR) available from
industrial processes or internal combustion engines (ICEs) [8,9]. In recent years, ORC technology has
gained sufficient global attention because of its adaptability to different heat capacities and source
temperatures, and currently, it is the most appropriate technology applied for obtaining thermal
energy from external sources by conversion [10]. Typical techniques for developing low-quality heat
utilization consist of an energy cycle represented by the ORC and the reverse steam compression cycle
represented by the cooling and heating cycle [11].

The ORC has been used to recover waste heat, which is considered to be 50% of the heat produced
in industrial processes [12,13]. Solar radiation is among the energy sources that have higher capacity
and low maintenance times [14], from which it is possible to obtain thermal energy by conversion of
the ocean and solar ponds; these energies are called low-quality energy sources [15]. Due to its use in
residential and commercial buildings, ORC technology is an excellent small-scale alternative for the
replacement of power generation systems [16], where it is also applicable to the cogeneration of heating
and cooling, which is considered to be an advantage in terms of distributed power generation [17].
In power generation applications, the organic Rankine cycle is considered due to modest structure
and excellent performance, because it has been found in numerous studies in the literature that
ORC improves the energy production of systems that generate waste heat [18–20] in addition to low
maintenance costs [21].

An ORC operates analogous to a traditional steam cycle system with an organic fluid in place of
water [22]. The impacts of some organic fluids on energy efficiency and heat recovery efficiency have
been researched, and play a relevant function in the performance of this thermal cycle [23]. However,
it is very difficult to find the best organic fluid that adjusts to the system at low source temperatures [24].
Due to international policies related to climate change mitigation and environmental preservation,
the use of chlorofluorocarbons (CFCs) has been limited in thermal systems. Thus, selection of the
appropriate organic fluid has become a major challenge under study [25].

New fluids with almost zero ozone depletion potential and global warming have begun to be used
in these systems as compared with the conventional refrigerants and working fluids that have been used
today. Thus, the HFO (hydrofluoroolefin) group refrigerants are currently used as part of fluorinated
refrigerants and are substitutes for CFCs. PFCs (perfluorocarbons) are also used to avoid destroying
the ozone layer. In this paper, refrigerants from the alkane group were chosen because of their critical
favorable conditions at high temperatures [26], in addition to being environmentally friendly, as are
siloxanes. HCFCs (hydrochlorofluorocarbons) and CFCs (chlorofluorocarbons) were not considered
because of their environmental effects under the Montreal Protocol [27]. HFCs (hydrofluorocarbons)
were also excluded under the Kyoto Protocol [28].

The problems produced by the consumption of fossil fuels have led to the search for alternatives,
one example being ORC, which is a recommended option for obtaining electricity using low-quality
waste heat [29,30]. A rise in the fuel market and the policy of reducing carbon dioxide emissions have
created a massive interest in increasing the thermal efficiency of engines, surpassing techniques already
in use. The conversion of waste heat from engines has been considered to be an alternative method for
generating energy according to the need that is required [31].

The economic profitability of ORC systems as waste heat recovery systems at a medium quality
temperature depends very much on the operating parameters, the configuration of the cycle, and the
organic fluid that it is going to be used. Therefore, there have been analyses conducted on new methods
to improve the selection of these variables. For example, Toffolo et al. [32] proposed a thermodynamic
optimization of the system configuration with the primary variable being the design parameters,
and analyzed all the possible adjustments and design recommendations according to the objective
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function and values it offered economic modeling as compared with real costs, and considerations of
the behavior of this configuration without the design parameters.

Nishith et al. [33] suggested a simplified methodology for selection according to thermal-economic
assessment and a comparative diagram based on working fluids for the power generation cycle.
Additionally, Ziviani et al. [21] presented a summary of the problems associated with the modeling of
ORC, and provided some strategies to advance an efficient and great simulation tool. Imran et al. [34]
showed a thermoeconomic optimization of simple ORC and recuperative ORC for WHR applications,
resulting in a 1.01% average increase in thermal efficiency from a simple ORC to a one-stage recuperative
ORC, representing an extra expense of $187/kW, whereas, from a simple ORC to a dual-stage recuperative
ORC, there was a 1.45% extra increase in thermal efficiency, and an extra expense of 297 $/kW in cost.

Alternatively, Mohammadi et al. [35] conducted a study, using a combination of conventional and
advanced exergetic analysis, on a supercritical CO2 recompression cycle to establish the potential for
improving the performance of the thermal cycle, in which the maximum optimal potential of the system
was 106.85 MW, the overall exergetic efficiency reached 17.13%, and about 35% of exergy destruction
could be avoided by focusing on components such as the turbine, the heat exchanger, and the main
compressor. In search of improvement potentials in the applications of turbocharged combustion
engines, a conventional exergetic study gave the expander and evaporator priority improvement
potential, while an advanced exergetic analysis indicated that the pump and expander were a priority,
and the destruction of the exergetic cycle could be reduced by 36.5% [36]. Studies with advanced
exergy analyses which took into account the recovery of waste heat in geothermal applications,
low temperature solar applications, and the recovery of waste heat from exhaust gases of combustion
engines, have shown that the exergetic efficiency of ORC improved by 20%, and have proposed that the
evaporator, the expander, the pump and the condenser are equipment with significant improvement
potential [37].

In addition, El-Emam et al. [38] developed a thermal analyses of a geothermal recuperative
ORC, and found that the first and second thermodynamic efficiency values were 16.37% and
48.8%, respectively, when the geothermal water rejection temperature ranged from 78.49 to 116.2 ◦C.
Khaljani et al. [39] considered as objective functions the first and second law efficiencies, and the total
system cost rates. The results presented the highest irreversibility in the combustion chamber, followed
by the steam heat exchanger and the turbine, respectively, with a full cycle exergy-economic factor of
10.59%, representing an exergy destruction cost value higher than the capital investment cost.

Complementarily, Safarian et al. [40] showed the results of one primary and three modified ORCs
and reported that the evaporator made an important contribution to the exergy destroyed, which was
reduced by increasing the evaporation pressure. Then, the results corroborated that the combined ORC
with the regeneration of the turbine had the highest thermal efficiency (22.8%) and exergy efficiency
(35.5%), and the smallest exergy loss (42.2 kW) due to the reduction in cooling thermal demand and an
increase in the power output. Li et al. [41] explored the thermal performance of ORC under source
temperatures ranging from 100 to 70 ◦C, and found that with a temperature of 80 ◦C on the hot side,
they were able to achieve a thermal efficiency of 7.4%, and an isentropic turbine efficiency of 68%.
The total exergy efficiency of the system was approximately 40%. König-Haagen et al. [42] used energy
storage systems (TESS) and the optimization increased the overall exergy efficiency ranging from 36%
to 43%. However, they asserted that detailed exergy studies on the optimization potential and the
influence of TESS were still lacking.

Heat recovery from diesel engines by means of ORC systems has also aroused research interest.
Jannatkhah et al. [43] studied a combined heating, cooling, and power generation system for the
recovery of waste heat from the exhaust gases of a diesel engine fed with different fuels and biofuels
supplied to the engine at different speeds and loads to evaluate the energy system and exergetically.
Ong et al. [44,45] developed studies for the recovery of waste heat from diesel engines in the marine
industry. Their studies focused on the recovery of both the waste heat from engine exhaust gases and
the waste heat due to the heating of engine cylinder liner cooling water. These two currents were
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used to evaporate and preheat the ORC working fluid, which they evaluated with the maximum net
power output for different working fluids verifying the influence of the preheating temperature on the
system performance.

Focusing only on heat recovery from internal combustion engines, Oliveira et al. [46] for example,
conducted a technical and economic analysis of waste heat energy recovery from internal combustion
engines using the organic Rankine cycle in order to increase the efficiency of electrical productivity.
Although heat recovery from internal combustion engines by means of ORC systems has been studied,
few advanced exergetic analyses have been developed for these systems. Galindo et al. [36] developed
an advanced exergy analysis for an ORC coupled to an internal combustion engine. The parameters
of the engine used were obtained from previous work [47] where they used an engine placed on a
test bench with the necessary instrumentation to measure the operating parameters of the engine.
The engine was an in-line four-cylinder turbocharger with a volumetric capacity of two liters and a
maximum power of 153 kW at 5500 rpm and 100% load, as well as a maximum torque of 308 Nm
at 3000 rpm and 100% load. With respect to the ORC, the isentropic efficiency of the turbine and
compressor was 43% and 89%, respectively, and the pinch point of the condenser and evaporator was
5 and 50 ◦C, respectively.

There has been no advanced exergetic analysis, including a sensitivity analysis to evaluate the
effect of the condensing temperature, the evaporator pinch, and the pressure ratio with the net power,
thermal efficiencies, and exergetic efficiency, developed in the literature for an ORC system coupled to
a 2 MW internal combustion Jenbacher engine, which is operating in the city of Barranquilla Colombia
at a temperature between 30 and 40 ◦C and a relative humidity of approximately 80%, using pentane,
hexane, and octane as working fluids for the ORC system.

Taking into account that approximately 35% of the energy in the combustion process of an ICE
is waste from the exhaust gas, there is a need to implement high efficiency energy recovery systems
that are easy to implement, with the aim to improve the overall efficiency of these thermal machines,
and therefore decrease the carbon footprint. For this reason, an exergetic analysis of the recuperative
organic Rankine cycle (RORC) was achieved to determine the exogenous, endogenous, avoidable,
and unavoidable exergy destruction of the investigated cycles. This investigation analyzes an energy
recovery system based on ORC, studying different work fluids and operating conditions, in order to
minimize the generation of entropy, as a key parameter that maximizes the energy recovered and makes
possible the massification of this type of technology, increasing its efficiencies. The present article is
structured as follows: The Methodology section presents a detailed description of the system and its
parameters as well as the approach to perform a traditional and advanced exergetic analysis on the
system; the Results and Discussions section presents a parametric study on the effect of pressure ratio,
condensing temperature, and evaporator pinch point temperature on thermal and exergy indicators,
as well as the operating conditions of the thermal system; and the final section presents the conclusions
regarding the results, as well as the recommendations for future studies.

2. Methodology

MATLAB® software was used to perform the energy and exergetic modeling of the natural gas
generation engine for waste heat recovery based on ORC with complementary cycles in order to
determine which variables were relevant for the development of the model and performance of the
relevant calculations and analyses such as the analysis of the energy, the exergetic destruction in
the system and of each of the components, exergetic efficiency in the components, and the exergetic
destruction fraction. These variables were used to perform the calculations for the advanced exergetic
analysis, and therefore study the system and each of its components in detail, following the methodology
proposed in Figure 1.
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Figure 1. Flowchart of research methodology.

With this methodology, it was possible to calculate the endogenous and exogenous exergies of
the system to find the irreversibilities, as well as to find the destruction of exergy, both avoidable and
unavoidable. With these variables, it was possible to observe the technological limit of the system
components under study.

2.1. Ssytem Description

For this study, a natural gas ICE with the reference 2 MW Jenbacher JMS 612 GS-N (see Figure 2)
was used, in which the intake air and fuel were initially mixed at an atmospheric pressure of about
1.007 bar (7a) at a temperature between 30 and 40 ◦C and a relative humidity of approximately 80%.
Then, the mixture was compressed as it passed through the turbo-compressors (3b), increasing its
pressure and temperature. The mixes were later joined at the outlet of the turbo compressors to
enter the intake of the combustion chamber where the mixture was first cooled (4a), and then passed
through the throttle valve (4b) which took a percentage opening of 80% for island mode and 98% in
synchronism, as shown in Table 1. The turbo bypass valve took opening values between 15% to 50%
(6a), recirculating the mixture, and regulating the flow supplied to the equipment. After combustion
(1b) in a prechamber, exhaust gases were generated (2a) and (2b) at temperatures between 580 and
650 ◦C. Both exhaust gas flows were mixed (10). It should be noted that the physical parameters of the
engine when operating an off-grid mode such as gas temperature and pressure, and likewise, showed
the performance indicators in Table 1.
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Figure 2. Physical structure of the waste heat recovery configuration based on recuperative organic
Rankine cycle (RORC).
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Table 1. Physical engine parameters and internal combustion engine (ICE) performance indicators.

Value Units

Parameter

Gas flow 120 L/min
λ 1.784 –
Engine revolution 1482 rpm
Gas pressure 1163.6 mbar
Throttle valve 80.0 %
Turbo bypass valve 9.1 %
Gas temperature 389 ◦C
Engine coolant temperature 63.9 ◦C

Performance indicators

Mechanical engine power 1758.77 kW
Effective engine efficiency 38.59 %
Heat recovery efficiency 40.78 %
Heat removed from exhaust gases 514.85 kW
Specific engine fuel consumption 177.65 g/kWh

In the same way, through line (10) (see Figure 2) where the exhaust gases circulate towards the
WHR system which the heat exchanger (ITC 1) takes advantage of the waste heat, by which, the heat
transferred to the secondary circuit (TOC) which consists of a pump (B1) through which it conducts
thermal oil from the line (3 AT) to the line (1 AT) to achieve thermal stability of the organic working
fluid and ensures that the RORC working fluid does not exceed its maximum temperature. The heat
transfer process between the working fluid and the pentane was performed in the evaporator (ITC 2)
which was optimized to minimize both the investment costs of the equipment for the system and the
irreversibilities of the heat transfer [48]. This equipment was divided into three zones called preheating
(ITC 2c), evaporation (ITC 2b), and overheating (ITC 2a) which serves as a thermal source for the
ORC with regenerator where the organic fluid described above as the pentane which when driven
by (1 ORC) expands in the turbine (T1) before entering a preheating in the recuperator (RC) where
the pressure decreases to enter the condenser which consists of two stages, condensation (ITC 3b)
and cooling (ITC 3a). Then, at the pump (B2), the fluid is returned to this recovery unit (RC) at the
exchanger evaporation pressures (ITC 2), thus completing the RORC cycle. In Figure 3, a T-s diagram
of the RORC system is presented.
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2.2. Energy Analysis

For all components of the ORC, the mass balance of Equation (1) and the energy balance of
Equation (2) where applied, where

.
m is the mass flow of the working fluid, h the specific enthalpy

of the working fluid,
.

Q is the heat transferred, and
.

W the work involved. The energy balance of the
three-phase heat exchanger is given by Equations (3)–(5). The efficiency and the work generated by
the turbine are given by Equations (6) and (7). Equations (8) and (9) show the energy balance for the
two-phase condenser (cooling and condensing). The equations that model the thermal process of
Pump 2 are described below in Equations (10) and (11). Finally, the energy balance in the regenerator
is given in Equation (12). ∑ .

min −
∑ .

mout = 0 (1)∑ .
min·hin −

∑ .
mout·hout +

∑ .
Q−

∑ .
W = 0 (2)

.
Qa =

.
mAT·

(
hAT f − h2AT

)
=

.
mORC·

(
h6 f ORC − h6ORC

)
(3)

.
Qb =

.
mAT·

(
hATg − hAT f

)
=

.
mb·

(
h f gORC

)
(4)

.
Qc =

.
mAT·

(
h1AT − hATg

)
=

.
mORC·

(
h1ORC − h6gORC

)
(5)

ηT1 =
h1ORC − h2ORC

h1ORC − h2RORC
(6)

.
WT1 =

.
mORC·(h1ORC − h2ORC) (7)

.
Q3b =

.
mORC·

(
h3ORC − h3gORC

)
=

.
m1A·

(
h2A − h1gA

)
(8)

.
Q3a =

.
m3ba·

(
h3gORC − h4ORC

)
=

.
m1A·

(
h1gA − h1A

)
(9)

ηP2 =
v4ORC·(P5ORC − P4ORC)

h5ORC − h4ORC
(10)

.
WP2 =

.
mORC·(h5ORC − h4ORC) (11)

.
QRC =

.
mORC·(h6 − h5) =

.
mORC·(h2 − h3) (12)

2.3. Traditional Exergetic Analysis

Exergetic analysis takes into account the second law of thermodynamics, implying that exergetic
analysis requires temperature and pressure in the environment where the process under consideration
operates. Therefore, the entropy balance for the ORC system with recuperator for the steady state
energy process is obtained from Equation (13) [49] as follows:

.
sgen.i =

∑ .
mout·sout −

∑ .
min·sin −

∑ .
Q
T

(13)

where
.

Q represents the heat rate in kW, s shows the specific entropy for the fluid in kJ/kg·K,
.

m is the mass
flow in kg/s, a

.
Sgen refers to the generation of entropy. With this, the exergy of the thermomechanical

flow is defined with Equation (14) as follows:

εi = (hi − h0) − T0·(si − s0) (14)
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where h0 and s0 represent enthalpy and entropy in the dead state at temperatures and pressures (T0 and
P0), respectively. Therefore, the exergetic efficiency (ηex) for the thermal system is denoted in Equation
(15) as a function of output exergy (

.
EP) and the inlet exergy (

.
EF) for the system or device as follows:

ηex =

.
EP
.
EF

(15)

In Table 2, the balance of exergy by component is presented, where the term (
.
Ed, evap) represents

the evaporator destroyed exergy,
.
(Ed, turb) is the turbine destroyed exergy,

.
(Ed,pum) refers to the pump

destroyed exergy, and
.
(Ed,cond) is the condenser destroyed exergy.

Table 2. Balance of exergy in components.

Component Exergy Balance

Evaporator
(
1− T0

Tin

)
·

.
Qin +

.
EF =

.
EP +

.
Ed, evap

Turbine
.
EF =

.
EP +

.
wturb +

.
Ed, turb

Pump .
wp +

.
EF =

.
EP +

.
Ed,pum

Condenser
.
EF =

.
EP +

.
Ed,cond

For the calculation of the performance indicators for the WHR of an ORC system with a recuperator,
the thermal efficiency in the cycle (ηI, C) is calculated by Equation (16), the efficiency of the heat
recovery (εhr) represented in Equation (17), the energy conversion efficiency in overall system (ηI, overall)
shown in Equation (18) and the absolute increase in thermal efficiency is determined by Equation (19),
which relates the energy of the fuel to the net power output of the ORC. This indicator establishes the
improvement in the performance of the ICE when an ORC-WHR type recovery system is used and is
calculated as follows:

ηI, C =

.
Wnet

.
QG

(16)

εhr =

.
QG

.
m10CP10(T10 − T0)

(17)

ηI, overall = ηI, C·εhr (18)

∆ηthermal =

.
Wnet−ORC
.

m f uel·LHV
(19)

The improvement of the measurement of thermal efficiency, is calculated by improving the thermal
efficiency by means of Equation (20) as a function of net work

( .
Wnet

)
and the mass flow rate

( .
m f uel

)
.

Fuel specific consumption (BSFC) is displayed in Equation (20), and the total specific reduction in fuel
consumption as a result of the WHR is shown in Equation (21) as follows:

BSFCORC−engine =

.
m f uel

.
Wengine +

.
Wnet

(20)

∆BSFC =

∣∣∣BSFCORC−engine − BSFCengine
∣∣∣

BSFCengine
· 100 (21)

2.4. Economic Analysis

An economic analysis of a waste heat recovery system from any source by means of an ORC
system is based on knowing the total production cost (ETPC), as indicated by Equation (22), is calculated
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by means of the total capital to be invested (ETCI) and the maintenance and operation costs (EO&M) as
follows:

ETPC = ETCI + EO&M (22)

The total capital to be invested in an ORC system is determined by knowing the investment
of fixed assets (EFCI) of the system and additional costs. The calculation of the ETCI is made using
Equation (23) as follows:

ETCI = EFCI + Additional costs (23)

The investment of fixed assets is quantified with the direct costs (EDC) and the indirect costs (EIC),
by means of the Equation (24) as follows:

EFCI = EDC + EIC (24)

Equation (25) shows the costs that make up the additional costs, where ESUC is the start-up cost,
i.e., the commissioning of the equipment, EWC refers to the initial working capital of the system, ELRD is
associated with the development and research costs, and finally EAFUDC is the cost attributed to the
provision of funds during construction, as follows:

Additional costs = ESUC + EWC + ELRD + EAFUDC (25)

As mentioned before, the investment in fixed assets is made up of direct and indirect costs,
where the direct costs represent the acquisition of equipment, piping and accessories, installation
and assembly, electronic equipment, instrumentation and control, and the materials corresponding
to the system, work area, and civil work. To estimate the cost of equipment acquisition (EPEC),
equations proposed by [38,50,51] are used, where correlations are used as a function of the energy
of the equipment, specifically, the turbine and pump, and the area in the case of the exchanger;
data from manufacturers are collected and costs are calculated in US dollars. From this model, we have
Equation (26) for the turbine as follows:

log10Y = 2.6259 + 1.4398·log10
.

Wt − 0.1776·
(
log10

.
Wt

)2
(26)

For the pump, is obtained Equation (27) as follows:

log10Y = 3.3892 + 0.0536·log10
.

Wp − 0.1538·
(
log10

.
Wt

)2
(27)

Finally, for the heat exchanger, the cost of acquisition is calculated using Equation (28) as follows:

Y = 10000 + 324·
(
B0.91

)
(28)

The costs associated with the installation and assembly are related to the transportation and
nationalization of the equipment, in addition to the costs generated by the working fluids during the
start-up of the thermal cycle, and they are calculated taking, as a reference, between 20% and 90% of
the acquisition cost of the equipment [52]. Pipes and accessories are the investments required during
the conformation of the project and they are estimated between 50% and 70% of the acquisition cost
of the equipment [52]. With respect to instrumentation and control, which is necessary to achieve
the most optimal operation of the system, the range is between 6% and 20% of the acquisition cost of
the equipment [53]. The electrical equipment and materials are the costs related to the materials and
installation of electrical energy distribution lines and the required connections, which also refers to
the control centers and equipment to automate the security systems, are estimated between 10% and
15% of the cost of acquisition of equipment [52]. The conditioning of the working environment of the



Appl. Sci. 2020, 10, 4411 10 of 29

components, refers to the civil work and is calculated to be between 20% and 90% of the acquisition
cost of the equipment [52].

The indirect costs are associated with the engineering and supervision, which with a reference
between 25% and 75% of the project’s fixed assets, refers to the investment in a work team for the
design, administrative expenses, consulting, and inspection of the project’s progress. Construction and
contingencies are also part of the indirect costs, both with a maximum reference of 15% of the project’s
fixed assets [54].

The additional costs complement the economic analysis of a system and all its configurations, so it
is necessary to evaluate the costs of implementation of the system, which is determined by the fixed
assets of the capital between 5% and 25%, and are the work required to stabilize the operation of the
process. Between 5% and 12% of the project’s fixed assets is the estimate for calculating the working
capital. The forecast of funds during construction is calculated with a maximum of 15% of the fixed
assets [52,53].

The operation and maintenance of the system are of great importance for the calculation of
costs because they are the costs that will occur during the entire operation of the system in its useful
life, therefore the investment in supervision is associated with 15% and 30% of the project’s fixed
assets to guarantee the life cycle expectation of the system. The supervision guidelines will lead to
maintenance orders and this can be associated with a cost between 6% and 10% of the project’s fixed
assets [52]. Other operational expenses are endowment, research, and copyrights, which are part
of direct miscellaneous costs and are estimated at between 5% and 20% of the project’s fixed assets.
Last but not least, due to its high cost, are parafiscal expenses, which are between 30% and 40% of the
project’s fixed assets [55].

To obtain level costs, i.e., to bring to an equivalent annuality [52] the capital expenditure for active
assets and the maintenance and operating costs, as the former decrease and the latter increase over the
years, the constant scaling factor (ECELF) is calculated by means of Equation (29) as follows:

ECELF = CRF·
k(1− kn)

1− k
, (29)

where CRF is the return on capital factor and is calculated by Equation (30), k is the effective annual
cost calculated by Equation (31), and n is the life of the project (20 years) [38,56].

CRF =
ie f f

(
1 + ie f f

)n(
1 + ie f f

)n
− 1

, (30)

k =
1 + rn

1 + ie f f
(31)

where rn is at a nominal scaling rate and is taken with a value of 5% [38,57], and ieff is the annual
interest with a value of 5% for the present study [22,58].

2.5. Advanced Exergetic Analysis

It should be noted that the total exergy destruction per component is calculated from the exergy

balance as expressed in Equation (32), where (
.
EF,tot) represents fuel exergy,

.
(EP,tot) the exergy produced,

and
( .
EL,tot

)
the exergy of loss.

.
Ed,k =

.
EF,tot −

.
EP,tot −

.
EL,tot (32)
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Therefore, for each component, the destruction of exogenous (
.
E

EX
d,k) is the difference between

exergy destroyed
.
(Ed,k) and

( .
E

EN
d,k

)
is expressed as shown in Equation (33).

.
Ed,k =

.
E

EN
d,k +

.
E

EX
d,k (33)

Furthermore, exergy destruction values are split up into four parts, i.e., endogenous, exogenous,
avoidable, and unavoidable. The destruction of exergy that is avoidable refers to the possibilities
of improvement, and unavoidable exergy destruction represents the limit of improvement of the
system or device. Equations (34)–(37) are shown below, describing the previous phenomena, where the
division of the avoidable and unavoidable exerges into endogenous and exogenous is made, making it
possible to find the avoidable endogenous and exogenous parts to find improvement opportunities
for the components of the cycle and the inevitable endogenous and exogenous parts to obtain more
knowledge about the process.

.
Ed,k

UN, EN =
.
Ed,k

EN


.
Ed,k
.
EP,tot


UN

(34)

.
Ed,k

UN, EX =
.
Ed,k

UN
−

.
Ed,k

UN,EN (35)
.
Ed,k

AV, EN =
.
Ed,k

EN
−

.
Ed,k

UN,EN (36)
.
Ed,k

AV, EX =
.
Ed,k

AV
−

.
Ed,k

AV,EN (37)

Therefore, the total destruction of exergy can be written as shown in Equation (38) as follows:

.
Ed,k =

.
Ed,k

AV, EX +
.
Ed,k

UN, EX +
.
Ed,k

AV,EN +
.
Ed,k

UN, EN (38)

2.6. Fluid Selection

The most commonly used criteria for selecting fluids in ORC systems is the maximum system
temperature, although other criteria such as molecular weight, an appropriate relationship between
boiling temperature and boiling pressure, and a positive slope in the T-s diagram that characterizes the
fluids as dry fluids, are important to ensure that expansion occurs in the reheat region. The cost and
toxicity of the fluids is also taken into account as a selection criteria, as well as moderate condensation
pressure [59].

For the selection of the fluid, the critical conditions were considered, in which the efficiency of the
ORC cycle was increased by using fluids with a critical temperature close to the maximum temperature
that the heat source could reach. Thus, organic fluids whose critical temperature (Tcrit) and critical
pressure (Pcrit) are above 175 ◦C, and in a range of 0.2 to 4 MPa, respectively, were considered. Fluids
with high boiling points, such as toluene which can reach up to 300 ◦C, can be applied for heat sources
that reach high temperatures. In addition, refrigerants such as R123, HFE700, R227ea, and R245FA,
as well as hydrocarbons such as pentanes, butanes, octanes, and hexanes are excellent working fluid
options [60].

Although the refrigerants R123, HFE700, R227ea, and R245FA have adequate condensing pressure
and critical pressure to meet system criteria, their critical temperature is well below the maximum
system temperature. In addition, the refrigerants mentioned show drier behavior than the hydrocarbons
in the T-s diagram, which is why pentane, hexane, and octane were the ones chosen to develop the
study proposed in this document.
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3. Results and Discussions

3.1. Thermodynamic Model Validation

For the present model, the following considerations were taken into account which delimit the
scope of the results and govern the phenomenology of the process:

• All the equipment in the cycle are thermally insulated;
• To ensure that the RORC studied works under steady state conditions, it is assumed that the

coupling flow in the oil cycle compensates for the temperature changes in the combustion gases;
• Pressure changes in the heat exchangers are considered as a function of the geometry and hydraulic

characteristics of the fluid, whereas in the pipes they are not considered as pressure changes.

To validate the RORC model studied in this document, the results of two geothermal applications
were taken as reference [38,50]. The parameters of both investigations are shown in Table 3.

Table 3. System data used for model validation.

ηB ηT Tsource[◦C] F [kg/s] TCond [◦C] Pinch Point [◦C] PVap [Mpa]

0.95 0.89 165 84.36 15 10 0.31

A comparison of the results obtained for the model proposed in this research with the referenced
results are shown in Table 4. For the three thermodynamic models, there is a good fit of the parameters
calculated in this work and those published previously [38,50], and in the case of thermal efficiency
an absolute deviation of 0.68% and 0.67%, respectively, was obtained. For the exergetic efficiency,
the absolute deviation was 0.27% in both cases, and therefore this model can be used for the evaluation
of this configuration operating as a heat recovery system.

Table 4. Validation of the proposed model for the RORC system.

Parameters Proposed
Model V. Zare [50] Absolute

Deviation (%)
R. S. El-Emam

et al. [38]
Absolute

Deviation (%)

ηth (%) 16.26 16.15 0.68 16.37 0.67
ηexe (%) 48.67 48.54 0.27 48.8 0.27

3.2. Energy and Exergy Analysis of the RORC Configuration

The base condition parameters considered for this investigation in the RORC system are shown
in Table 5.

Table 5. Base condition parameters for a RORC system.

Parameters Values Unit

Cooling temperature 50 ◦C
Pinch point evaporator 90 ◦C
Pinch point condenser 15 ◦C

Exhaust gas temperature 435.07 ◦C
Outlet gas temperature 270 ◦C
Pressure ratio pump 1 2.5
Ambient temperature 30 ◦C

Ambient pressure 101.3 kPa
Hours of operation per year 7446 h

Turbine isoentropic efficiency 80 %
Pumps isoentropic efficiency 75 %

Regenerator effectiveness 85 %
Pressure ratio pump 2 4

Fuel mass flow 9986.04 kg/h
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Taking into account the parameters established in Table 5 the thermodynamic properties were
obtained for each point of the RORC System duct shown in Table 6.

Table 6. Thermodynamic properties of the RORC system.

State T (K) P (kPa) H (kJ/kg) (S-S0) (kJ/kg K)
.
E (kW)

4 ORC 338.15 247.17 70.76 0.26 5.37
5 ORC 338.64 988.69 72.47 0.29 6.83
6 ORCr 397.49 988.69 232.17 0.73 38.03
6f ORC 397.49 988.69 448.30 1.24 94.85
6g ORC 397.49 988.69 497.21 1.37 107.71
1 ORC 559.44 988.69 913.44 2.27 275.16
2 ORC 531.13 247.17 846.54 2.31 190.42
3 ORCr 371.92 247.17 470.70 1.47 54.38
3g ORC 338.15 247.17 403.41 1.28 43.50

From the simulation results obtained and the thermodynamic properties, some energy and exergy
parameters of the WHR system from the engine were calculated, as shown in Table 7. These results
show that the WHR system in the base condition result in an increase in thermal efficiency of 1.58%
for the natural gas engine, and the RORC has a thermal efficiency of 13.95% and a volumetric energy
capacity of 16.28 kJ/m3, which considers the change enthalpy of the system in relation to the density at
the exit of the expander.

Table 7. Performance parameters obtained for the waste heat recovery (WHR) system based on RORC.

Parameters RORC Units

Thermal efficiency engine-ORC 40.17 %
Increased thermal efficiency 1.58 %

Thermal efficiency ORC 13.95 %
Global energy conversion

efficiency 5.69 %

Global exergetic efficiency 29.35 %
BSFC engine-ORC 177.5 g/kWh

Volumetric energy capacity 16.28 kJ/m3

The exergy balance was calculated for all the components, as shown in Table 8 which shows the
results of traditional exergetic analysis based on the inputs and outputs of the components.

Table 8. Exergy values for each component.

Components EF (kW) EP (kW) Ed (kW) EL (kW) εk

ITC 1 541.20 238.28 6.46 296.45 44.03
Pump 1 0.36 0.098 0.263 – 27.31
Turbine 84.74 74.10 10.63 – 87.45

Evaporator 268.33 238.38 58.06 – 88.83
Pump 2 1.89 1.46 0.42 – 77.615

Regenerator – – 48.01 – –
Condenser – – 17.77 77.79 –

To perform the heat exchange from the residual steam of the internal combustion engine to the
ORC, Therminol 75 is used as a heat exchange fluid, which on its passage through the three-stage heat
exchanger transfers heat to the working fluid which changes from the liquid phase to the vapor phase.
Previously, the temperature of the working fluid had been increased by means of a regenerator to
improve the process in the exchanger. A diagram of the process is shown in Figure 4, where the entire
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heat gain cycle of the ORC can be observed, starting with the heat gained in the regenerator, and then
passing through the three stages of the heat exchanger.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 28 
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According to the definition of input-output results, the fraction of exergy destroyed in each device
was found and is represented in Figure 5. On the one hand, it can be appreciated that greater fractions
of exergy are destroyed in the evaporator with a value close to 40.99%, followed by the regenerator
with a value of 33.9%, and the condenser with a value of 12.55%. On the other hand, devices that
destroy less exergy are the turbine with a value of 7.51%, the exchanger (ITC 1) with a value of 4.56%,
and finally Pump 1 and Pump 2 with values of 0.186% and 0.3%, respectively. The components with
greater irreversibilities such as the evaporator, regenerator, and condenser are the devices that have
greater opportunities for improvement, although the components generate greater amounts of exergy
due to interactions with other devices, the nature of the same, or the operating conditions.
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3.3. RORC Thermal Performance: Effect of Pressure Ratio

In this section, the influence of different fluids under different pressure ratios on the behavior of the
RORC system have been analyzed. Figure 6 shows that, for all cases, pentane is the fluid which presents
the best performance of the system. Otherwise, MD4M and D6 show very similar values that are
considerably below the values obtained in the system using the other fluids. Generally, by increasing
the pressure ratio, the system performance improves. These results also serve to determine those fluids
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that could have been chosen for the detailed study in this research and could have obtained similar
results to those achieved with the working fluids chosen for the development of the paper.
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The impact of the pressure ratio variability on Pump 2 for pentane, hexane, and octane is
comparatively analyzed, due to environmental criteria, thermal stability, safety operation conditions,
and lower GWP [61], which made it possible to observe how fluids influence the performance of the
RORC system. Taking into account that, for all cases, the fixed values of condensing temperature (Tc)
of 65 ◦C and pinch point of the evaporator (AP) of 100 were maintained, as shown in Figure 7a, as the
pressure ratio

(
rp

)
increases, better net power results are obtained for the pentane, in this case, for the

same pressure ratio value of 4, it reaches a net power value of 71.85 kW, followed by Hexane with
62.01 kW, and finally octane with 49.74 kW.

Since the main objective is to increase the thermal efficiency of the cycle, it is seen in Figure 7b,c
that pentane has the correct behavior for use such as the working fluid in the RORC cycle, since a
pressure ratio of 5 has a thermal efficiency in the overall system of 14.55 and a RORC thermal efficiency
of 14.96, whereas, for the same pressure ratio condition with hexane, the overall thermal efficiency is
14.47 with a RORC thermal efficiency of 14.46, and for octane a thermal efficiency in the overall system
of 11.96 and a RORC thermal efficiency of about 11.95.

Figure 7 shows by the increase of the pressure ratio, that pentane achieves the highest exergetic
efficiency, i.e., approximately 32% for a pressure ratio of 6, as compared with hexane and octane.
For hexane, an overall exergetic efficiency was achieved that ranged from 21% to 31%, for a pressure
ratio variation from 3 to 6, respectively. Similarly, for the case of octane, an overall exergetic efficiency of
about 17% to 26% was obtained for a variation of pressure ratio from 3 to 6, respectively, which shows
a better performance in exergetic efficiency for hexane than for octane. Therefore, for all the fluids
considered, an increase in the variables taken into account in the analysis is shown for a range of
pressure ratio from 3 to 6, of which, in all cases, pentane obtained a better performance than the other
fluids, which confirms the selection of pentane as a good candidate for the working fluid for this type
of system.
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3.4. RORC Thermal Performance: Effect of the Condensing Temperature

Now, a comparison of the impact of the change in condensing temperature, Tc, is shown, applied
to three fluids, i.e., pentane, hexane, octane, where we can appreciate the influence that temperature
variation has on the fluids, and for all cases, the fixed values of pressure ratio were maintained at
6 with an evaporator pinch point of 100, which has been used in the literature [62]. As shown in
Figure 8a, at a condensation temperature of about 65 ◦C a net power of 77.19 kW was obtained with
pentane, which resulted, for this condition of operation, in the highest net power among the three fluids.
However, as the condensing temperature increased to 71 ◦C, the net power decreased considerably to
71.24 kW, whereas the net power using hexane increased to 75.31 kW at the temperature previously
indicated. Therefore, with an increase in condensing temperature, a slight increase in net power was
achieved using hexane, and a reduction in power using pentane. For octane, a net power of about
62 kW was maintained.

Similarly, for an increase in condensing temperature, as shown from Figure 8b,d, when the
condensing temperature is below 68 ◦C, pentane behaves correctly as a working fluid. However,
when the condensing temperature is above 69 ◦C, the pressure ratio equals 6 and the pinch point of the
evaporator reaches 100 ◦C, and hexane achieves overall thermal efficiency, ORC thermal efficiency,
and overall exergetic efficiency superior to pentane. Thus, for these particular cases, it can be stated
that there is no organic working fluid that can guarantee the best performance in all system operating
ranges. In addition, a condensing temperature range from 65 to 68.6 ◦C implies the best overall
exergetic efficiency from approximately 31.5% to 30.6% for pentane, followed by hexane with values
from 30.5% to 30.7%, as shown in Figure 8d. Then, octane presented the lowest overall exergetic
efficiency values ranging from 25.2% to 25.4%. Therefore, hexane and pentane differ, in that a good
behavior of the variables of interest is observed for an increase in the condensing temperature, except
for pentane, which shows decreasing behavior in the range between 65 ◦C and 71 ◦C. However, it was
analyzed that at condensing temperatures below 68 ◦C, pentane shows more desirable results on the
system, which is a consequence of the irreversibilities presented in the heat exchanger and turbine,
as was concluded by Valencia et al. [38].



Appl. Sci. 2020, 10, 4411 17 of 29

Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 28 

Figure 7. Performance of different fluids for a RORC system with varying pressure ratios. (a) Net 
power; (b) Increase in thermal efficiency; (c) RORC thermal efficiency; and (d) Global exergetic 
efficiency. 

Since the main objective is to increase the thermal efficiency of the cycle, it is seen in Figure 7b,c 
that pentane has the correct behavior for use such as the working fluid in the RORC cycle, since a 
pressure ratio of 5 has a thermal efficiency in the overall system of 14.55 and a RORC thermal 
efficiency of 14.96, whereas, for the same pressure ratio condition with hexane, the overall thermal 
efficiency is 14.47 with a RORC thermal efficiency of 14.46, and for octane a thermal efficiency in the 
overall system of 11.96 and a RORC thermal efficiency of about 11.95.  

Figure 7 shows by the increase of the pressure ratio, that pentane achieves the highest exergetic 
efficiency, i.e., approximately 32% for a pressure ratio of 6, as compared with hexane and octane. For 
hexane, an overall exergetic efficiency was achieved that ranged from 21% to 31%, for a pressure ratio 
variation from 3 to 6, respectively. Similarly, for the case of octane, an overall exergetic efficiency of 
about 17% to 26% was obtained for a variation of pressure ratio from 3 to 6, respectively, which shows 
a better performance in exergetic efficiency for hexane than for octane. Therefore, for all the fluids 
considered, an increase in the variables taken into account in the analysis is shown for a range of 
pressure ratio from 3 to 6, of which, in all cases, pentane obtained a better performance than the other 
fluids, which confirms the selection of pentane as a good candidate for the working fluid for this type 
of system. 

3.4. RORC Thermal Performance: Effect of the Condensing Temperature 

Now, a comparison of the impact of the change in condensing temperature, Tc, is shown, applied 
to three fluids, i.e., pentane, hexane, octane, where we can appreciate the influence that temperature 
variation has on the fluids, and for all cases, the fixed values of pressure ratio were maintained at 6 
with an evaporator pinch point of 100, which has been used in the literature [62]. As shown in Figure 
8a, at a condensation temperature of about 65 °C a net power of 77.19 kW was obtained with pentane, 
which resulted, for this condition of operation, in the highest net power among the three fluids. 
However, as the condensing temperature increased to 71 °C, the net power decreased considerably 
to 71.24 kW, whereas the net power using hexane increased to 75.31 kW at the temperature previously 
indicated. Therefore, with an increase in condensing temperature, a slight increase in net power was 
achieved using hexane, and a reduction in power using pentane. For octane, a net power of about 62 
kW was maintained. 

 
Figure 8. Performance of different fluids for a RORC system with varying condensing temperature.
(a) Net power; (b) Increase in thermal efficiency; (c) RORC thermal efficiency; and (d) Global
exergetic efficiency.

Figure 9d shows the variability of the pinch point of the evaporator for pentane, hexane, and octane.
As shown in Figure 9, at a pinch point of 92 ◦C, and keeping the conditions of condensing temperature
at 65 ◦C and pressure ratio of 6 constant, the best performance was presented by pentane (82.45 kW),
followed by hexane (79.96 kW), and octane (62.87 kW), respectively. Figure 9b,c shows that as
the evaporator pinch point increases, the absolute increase in thermal efficiency and ORC thermal
efficiency decreases [61], which is caused by increased heat transfer irreversibilities in the evaporator,
besides a decrease in the difference in enthalpies of the fluid at the moment of expansion in the
turbine, and consequently, a decrease in the generated power; results that have been confirmed by
Valencia et al. [62]. In addition, Figure 9d shows that the evaporator pinch point with pentane at 92 ◦C,
obtains an overall exergetic efficiency of 33.69%, indicating that when the pinch point is increased to
98 ◦C, it continues to maintain an exergetic efficiency higher than hexane and octane.

Therefore, regarding the plots presented in Figure 9, it is inferred that by increasing the pinch
point and using pentane, increases in net power, thermal efficiency, ORC thermal efficiency, and in
overall exergetic efficiency are obtained as compared with using hexane and octane organic fluids.
With this, greater efficiency is achieved in the system using pentane, and for the proposed conditions,
it is concluded that it provides a suitable performance for use as a working fluid in the RORC cycle.
In conclusion, the results obtained show that for the three selected fluids a decreasing trend along the
pinch point range between 92 ◦C and 98 ◦C related to the variables that describe the performance of the
system, where pentane has an fascinating outcome that needs to be studied from a thermoeconomic
point of view for the organic Rankine cycle system.
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3.5. RORC Thermal Performance: Effect of the Evaporator Pinch Point Effect

This unit considers the influence of engine load on the performance of the heat recovery system
based on a RORC cycle. The results presented above that correspond to a sensitivity analysis were
obtained based on the most representative operating condition of the gas engine. Internal engine
variables such as pressure, mixture temperature, and mixture recirculation percentage are controlled
by the engine power control system to provide high efficiency in partial load engine operations. Global
energy indicators with an equal evaporating pressure configuration for the three fluids under study
of 675.8 kPa were chosen as study variables, as shown in Figure 10. To avoid liquid corrosion in the
expander, for safety reasons, all feasible operating points of the proposed configurations of the different
engine loads ensure that the working fluids at the evaporator outlet evaporate completely, in addition
to a gas temperature at the evaporator outlet, i.e., current 11, higher than the acid dew temperature
(200 ◦C) to prevent acid corrosion of the exhaust.

As well as the absolute thermal efficiency increases, the overall energy conversion efficiency
decreases with increasing engine load. The maximum net output power achieved for RORC
configurations with respect to engine load percentages is 78.28 kW and 97.8% for pentane, 75.52 kW
and 97.8% for hexane, and 86.29 kW and 68.82% for octane. However, over a period of motor operation,
the thermal efficiency increase, for the RORC configuration, first increases, and then decreases,
achieving a maximum of 78.5% motor load.

These results correspond to the fact that, at a higher engine load, a greater flow of exhaust gases is
achieved, which increases the energy loss in the recuperator, due to the limited evaporation pressure
and temperatures of the thermal coupling oil. As the operating load increases, there is an increase
in the fluid evaporation temperature in the ITC 2. Consequently, the power increases, which is the
primary element for increasing thermal and exergetic efficiency. However, the isentropic efficiency of
the turbine decreases slightly due to the increase in thermal oil temperature, causing a decrease in the
indicators at high engine loads. This trend of increasing power at engine load is a result of both the
increase in thermal oil inlet temperature to the evaporator, which causes an increase in the working
fluid mass flow, and the difference in enthalpy between the pump and turbine inlet and outlet of the
system, but the latter is more clearly seen in the turbine.
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3.6. Economic Evaluation

Table 9 shows the results of the economic evaluation carried out by the WHR system using ORC.
To obtain the results, the purchased equipment cost (PEC) and the fixed capital investment (FCI) were
obtained, which are fundamental for the calculation of the other costs by means of percentages of the
PEC and the FCI. The results of the total production cost (TPC) of the WHR system using ORC show
that when pentane is used as the working fluid the costs are higher with a value of 9606.56 USD/kW,
following, in descending order, when hexane is used the total production cost is 9419.97 USD/kW,
and finally when octane is used a total production cost equal to 9297.20 USD/kW, which indicates that
the more efficient the system is the more expensive it is, and on the contrary, when the configuration is
less efficient the associated costs decrease.

The results show that there is a direct relationship between the total cost of the equipment and the
thermal and exergetic efficiency obtained. Thus, the system operating with pentane with a higher cost,
at a pressure ratio of 6 presents an absolute increase of thermal efficiency of 14.96%, followed by the
system operating with hexane (14.46%), and finally with octane (11.95%). Therefore, in these systems,
efficiency and equipment size are related, since an increase in size affects equipment acquisition costs.

In the same way, direct costs are mostly represented by equipment acquisition costs, which were
determined by equations available in the literature for each of the equipment as a function of its energy
in kW, as is the case of the turbine and pump, and as a function of the exchanger area in m2, which collect
data from manufacturers and calculate costs in U.S. dollars [38,50,51]. Thus, power density in kW/m2

has been considered to be a performance indicator of the ORC, considering the heat exchange area of
the ITC 1, ITC 2, and ITC 3. Thus, pentane, with a total heat transfer area of 62.04 m2, presented a
pressure ratio of 6 and the best values of this performance indicator (1.25 kW/m2), followed by hexane
(1.11 kW/m2), and finally octane with a power of 61.47 kW and an indicator of 0.89 kW/m2. Therefore,
once again it is confirmed that this fluid is preferred for this system.
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Table 9. Total production costs estimation for different working fluid.

Cost Breakdown Percentage Range Selected Percentage Cost Estimate (USD/kW)

Fluids Pentane Hexane Octane
Fixed- capital investment (EFCI) 5585.21 5476.73 5405.35
Direct fixed-capital investment (EDC)
Purchased equipment cost (PEC) 15%–40% of EFCI [52] / 1687.12 1654.35 1632.79
Pipping 3%–20% of FCI; 50%–70% of PEC 50% of PEC 843.56 827.18 816.40
Purchased equipment installation 6%–14% of FCI; 20%–90% of PEC [52,63] 20% of PEC 337.42 330.87 326.56
Instrumentation and controls 2%–12% of FCI; 6%–20% of PEC 6% of PEC 101.23 99.26 97.97
Electrical equipment and materials 2%–10% of FCI; 10%–15% of PEC 12% of PEC 202.45 198.52 195.93
Civil, structural, and architectural work 5%–23% of FCI; 20%–90% of PEC 20% of PEC 337.424 330.87 326.558
Buildings 3%–18% of PEC 15% PEC 253.07 248.15 244.92
Total EDC 3762.28 3689.20 3641.12
Indirect Fixed-capital investments (EIC)
Engineering and supervision 4%–(20% or 21%) of FCI; 25%–75% of PEC [52,64] 30% of PEC 506.14 496.31 489.84
Construction cost including contractor’s profit 4%–17% or 6%–22% of FCI; 15% of DFCI [52,64] 15% of DFCI 564.34 553.38 546.17
Contingencies 5%–(15% or 20%) of FCI; 8%–25% of all direct or indirect cost [52,64] 20% of DFCI 752.46 737.84 728.22
Total EIC 1822.93 1787.53 1764.23
Additional costs (EX)
Startup cost 5%–25% of FCI [52] 5% of FCI 279.26 273.84 270.27
Total EX 279.26 273.84 270.27
Total capital investment (ETCI) 5864.47 5750.56 5675.62
Operation and maintenance costs (EO&M)
Supervision 15%–30% of FCI 15% of FCI 837.78 821.51 810.80
Parafiscal costs 30%–40% of FCI 35% of FCI 1954.82 1916.85 1891.87
Maintenance 6%–10% of FCI 7% of FCI 390.96 383.37 378.37
Direct Miscellaneous Costs 5%–20% of FCI 10% of FCI 558.52 547.67 540.54
Total EO&M 3742.09 3669.41 3621.59
Total production cost (ETPC) 9606.56 9419.97 9297.20
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3.7. Advanced Exergetic Analysis

In this way, an advanced exergetic analysis is proposed, finding the endogenous destroyed
exergy that arises from the interception of the inclined line with the EF − EP − EL [65], taking into
account that this interception must be greater than zero and less than the Ed,k for each device.
In Figure 11, the graphical method for obtaining the value of endogenous exergy destruction is shown
for Pump 1, Pump 2, the condenser, the evaporator, the regenerator, and the turbine, where a four-point
regression was performed between the exergy destruction between the exergy destruction of the
cycle without the component to be studied (Ed others) and the total exergy destruction of the system
(Efuel-Eproduct-Eloss), having the exergetic efficiency of the component as a fixed value and starting
point in the graph [66]. By regressing to the point where the line is intercepted with the values of
total exergy destroyed from the system, the endogenous exergy destruction values of each component
can be found as follows: Pump 1 (Figure 11a) 0.11 kW, Pump 2 (Figure 11b) 0.27 kW, the condenser
(Figure 11c) 4.01 kW, the evaporator (Figure 11d) 40.44 kW, the regenerator (Figure 11e) 38.92 kW,
and the turbine 1.61 kW. It is observed that the evaporator and the regenerator have the highest
values of endogenous exergy destroyed due to the fact that they are heat exchangers, it is possible that
they are working inefficiently, and therefore it is necessary to take into account these components to
make technical and economic improvements through advanced and exergo-economic analysis to find
technical and economic improvements.
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Taking into account that some operating conditions are chosen for the unavoidable exergy,
the selection of the parameters is given by the studies mentioned in Table 10.
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Table 10. Unavoidable operation condition for each component [8,42].

Components Real Unavoidable

rp 4 10
Turbine ηiso = 0.8 ηiso = 0.95
Pumps ηiso = 0.75 ηiso = 0.95

Condenser ∆Tmin = 15
∆P = 1%

∆Tmin = 5
∆P = 0.5

Evaporator ∆Tmin = 100
∆P = 2

∆Tmin = 70
∆P = 1

Taking into account the conditions in Table 10, together with the equations, which are found in
the contents of Section 2.4, the division of the exergy destroyed into avoidable and unavoidable can be
carried out, annexing this to the endogenous and exogenous part, obtaining avoidable and unavoidable
parts of the endogenous and exogenous parts for each component for each of the components except
for the condenser and regenerator, because they operate as a heat sink. Figure 12 shows that the
percentage of the different divisions of the exergy destroyed found so far for each component, showing
emphasis on the opportunities for both endogenous and exogenous improvements.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 22 of 28 𝑟 4 10 
Turbine 𝜂௦ = 0.8  𝜂௦ = 0.95 
Pumps 𝜂௦ = 0.75 𝜂௦ = 0.95 

Condenser ∆𝑇 = 15 ∆𝑃 = 1% 
∆𝑇 = 5 ∆𝑃 = 0.5 

Evaporator ∆𝑇 = 100 ∆𝑃 = 2 
 ∆𝑇 = 70 ∆𝑃 = 1 

Taking into account the conditions in Table 10, together with the equations, which are found in 
the contents of Section 2.4, the division of the exergy destroyed into avoidable and unavoidable can 
be carried out, annexing this to the endogenous and exogenous part, obtaining avoidable and 
unavoidable parts of the endogenous and exogenous parts for each component for each of the 
components except for the condenser and regenerator, because they operate as a heat sink. Figure 12 
shows that the percentage of the different divisions of the exergy destroyed found so far for each 
component, showing emphasis on the opportunities for both endogenous and exogenous 
improvements. 

 

Figure 12. Disaggregation of the exercise into the avoidable and inevitable endogenous portion and 
the avoidable and inevitable exogenous component part for (a) Pump 1; (b) Pump 2; (c) Evaporator; 
(d) Heat exchanger 1 (ITC 1); (e) Regenerator; and (f) Turbine. 

According to Figure 12, the improvement opportunities differ for the Pump 2 component,i.e., 
60.85% of endogenous character and 22.4% of exogenous character can be avoided. In addition, for 
the evaporator, 38.88% of endogenous character and 17.35% of exogenous character can be avoided. 
Likewise, the improvement opportunities for the turbine are more significant if it is of an exogenous 
nature with 63.8%, which means that the improvement opportunities depend on the components 
with which it interacts. Table 10 shows the values of exogenous exergy destroyed, which are similar 
to a study by Galindo et al. [36]. Their results in the ORC cycle, indicated that the greatest potential 
for improvement through technical modifications was in the turbine where 88% of the exergy 
destroyed in this way could be reduced by improving technology of the avoidable/endogenous 
component [44,45,67], whereas, in the pump, it could be reduced by 70% by means of operational 
optimization [68]. Similarly, in this study, a greater opportunity for improvement was observed in 
an endogenous way (60.85%) in Pump 2 where the organic fluid is transported, therefore the studies 
on the performance of organic fluids in these systems should be continued [47,48]. However, in the 
case of the turbine, a very large fraction (63.8%) can be seen to be exogenously and avoidably 

Figure 12. Disaggregation of the exercise into the avoidable and inevitable endogenous portion and
the avoidable and inevitable exogenous component part for (a) Pump 1; (b) Pump 2; (c) Evaporator;
(d) Heat exchanger 1 (ITC 1); (e) Regenerator; and (f) Turbine.

According to Figure 12, the improvement opportunities differ for the Pump 2 component,
i.e., 60.85% of endogenous character and 22.4% of exogenous character can be avoided. In addition,
for the evaporator, 38.88% of endogenous character and 17.35% of exogenous character can be avoided.
Likewise, the improvement opportunities for the turbine are more significant if it is of an exogenous
nature with 63.8%, which means that the improvement opportunities depend on the components with
which it interacts. Table 10 shows the values of exogenous exergy destroyed, which are similar to a
study by Galindo et al. [36]. Their results in the ORC cycle, indicated that the greatest potential for
improvement through technical modifications was in the turbine where 88% of the exergy destroyed in
this way could be reduced by improving technology of the avoidable/endogenous component [44,45,67],
whereas, in the pump, it could be reduced by 70% by means of operational optimization [68]. Similarly,
in this study, a greater opportunity for improvement was observed in an endogenous way (60.85%) in
Pump 2 where the organic fluid is transported, therefore the studies on the performance of organic
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fluids in these systems should be continued [47,48]. However, in the case of the turbine, a very large
fraction (63.8%) can be seen to be exogenously and avoidably improved by other devices, which is also
presented in others research result [69], implying a device whit a relevant environmental impact [70].

The values in Table 11 indicate the total exogenous energy destruction of the system, which is
higher with 64.15% as compared with exogenous (35.85%), and indicate that the exogenous energy
destruction shows when all the system components interact. The reduction of the exergy destroyed
from these components takes more advantage of the energy potential of energy recovery systems [71],
which is available in several power generation systems, such as natural gas generation engines [72],
reciprocating internal combustion diesel engines [73], and gas turbines operating in trigeneration
systems [74]. In addition, the component with the most significant opportunity for improvement is the
evaporator (19.14 kW) and the turbine (8.35 kW). For ITC 1 and the evaporator, negative exogenous
values are presented, related to the inconsistency of the flows in the component and the real and
inevitable temperature conditions in the case study.

Table 11. Disaggregation of exergy for system components.

Components Ed EEN
d,k EEX

d,k EUN
d,k EAV

d,k EEN,UN
d,k EEX,UN

d,k EEN,AV
d,k EEX,AV

d,k

ITC 1 6.46 5.49 0.97 8.58 −2.11 0.19 8.38 5.29 −7.41
Pump 1 0.263 0.11 0.15 0.27 −0.01 0.30 −0.03 −0.19 0.18
Turbine 10.63 1.62 9.02 2.28 8.35 0.05 2.23 1.56 6.78
Pump 2 0.423 0.27 0.15 0.07 0.35 0.01 0.06 0.25 0.09

Evaporator 58.07 40.44 17.62 38.92 19.14 5.86 33.05 34.57 −15.43
Regenerator 48.02 38.92 9.10 23.42 24.59 10.36 13.06 28.56 −3.96
Condenser 17.77 4.01 13.76 0.00 0.00 0.00 0.00 0.00 0.00

Total 141.65 90.87 50.78 - - - - - -
% 100.00 64.15 35.85 - - - - - -

4. Conclusions

The total exergy destruction of each component in a system can be divided into endogenous and
exogenous, and each can be avoidable and unavoidable, to determine, besides the avoidable part due
to the destruction of exergy identified by the traditional exergy analysis, which part is due to the
structure or the operating conditions for the component in question. Therefore, many opportunities for
improvement focus on the avoidable endogenous/exogenous fraction, where it is considered whether
the improvement of the system depends on the device itself or on the interaction with the other
components of the WHR system using ORC.

The traditional exergy analysis of an ORC-based waste WHR system was performed using working
fluids such as pentane, hexane, and octane, and the thermal inefficiencies of the primary devices were
observed. However, it was not possible to determine the proportion of inefficiencies, how they could be
avoided, or to study how they affected the interactions among each of the components that composed
the system using only traditional exergy analysis.

In most components, the exergy destroyed was usually produced by the nature of the component
itself, however, there were also opposite cases such as the case of Pump 2 and the evaporator
where, in percentage terms, the exogenous exergy destroyed was 36.06% and 54.52%, most of it
being unavoidable. Thus, the interaction between components also plays an important role in some
components, that is, an improvement in the others will positively affect components such as Pump 2
and the evaporator, which translates into a lower exergy destroyed.

On the basis of the operating conditions of the WHR systems on ORC-based, the results showed
that pentane was the working fluid with the best results, with 28% of net power higher than octane.
For the condensing temperature using octane, there was no significant influence on the net power.
However, for pentane, a decrease in net power was observed as the condensing temperature increased,
and the opposite behavior was presented with hexane. In addition, the pinch point temperature of
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the evaporator rise implied a decrease in the thermal efficiency, with was a consequence of the higher
irreversibilities presented in the evaporator heat exchanger. However, it was shown that the effect is
less accentuated in the case of pentane, which maintained an exergetic overall efficiency above 32%,
with an evaporator pinch point ranging from 92 to 98 ◦C.

In addition, the effect of increased thermal efficiency, evaporation pressure on net energy
production, overall energy conversion efficiency, and specific fuel consumption and exergy destruction
were also investigated. The results showed that the best configuration is that of RORC with toluene as
the working fluid, because it improves operational performance by achieving an overall conversion
efficiency of 11.58%, a net power of 146.25 kW, a reduction in fuel consumption of 7.67% and an
ORC thermal efficiency of 28.4% at an engine speed of 1482 rpm, 1.78 lambda, a natural gas flow of
120.2 L/min, and 1758.77 kW of mechanical engine power. However, to contribute in the industrial
adoption of this technology, it is necessary to conduct energy, exergy, and thermoeconomic optimization
to obtain performance indicators of the waste heat recovery system, and viable thermal solutions to
increase the thermal efficiency of this type of natural gas engine.

The exergetic analysis showed that the condenser had the highest percentage of exergy destroyed
with 40.99%, while the lowest was obtained in Pump 1 with a value of 0.19%. The components
with greater irreversibilities such as the evaporator, regenerator, and condenser were the devices that
allow, according to the proposed analysis methodology, for the improvement of the system under
consideration, since they concentrated 85% of the destroyed exergy and had greater opportunities for
improvement. Due to this, the conditions were analyzed where the endogenous destroyed exergy
was greater than zero and less than the Ed,k for each device. The advantages of performing an
advanced exergetic analysis for each component was that we established that the most significant
opportunities for improvement occurred in the turbine with 63.8% of exogenous character and in the
evaporator with 38.88% of endogenous character and 17.35% of exogenous character. For future study,
it is recommended to apply an optimization of the heat transfer mechanisms on the components to
minimize the exergy destroyed, since this could represent a limitation if a more realistic model was
desired, which could be complemented with a computational fluid dynamic (CFD) analysis of some
components such as the turbines.
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CRF Return on capital factor
FCI Investment of fixed assets
ICE Internal combustion engine
ITC 1 Heat exchanger 1
ITC 2 Evaporator
ITC 3 Condenser
ORC Organic Rankine cycle
RC Heat recovery
TCI Total capital to be invested
TOC Thermal oil circuit
TPC Total production cost

Nomenclature

EAFUDC Cost attributed to the provision of funds
ECELF Constant scaling factor
EDC Direct costs
.
Ed,k Exergy destruction (kW)
.
Ed,k

EN Endogenous exergy destruction kW)
.
Ed,k

EX Exogenous exergy destruction (kW)
EIC Indirect costs
ELRD Development and research costs
ESUC Start-up cost
EWC Initial working capital of the system
ieff Annual interest
k Effective annual cost
.

m Mass flow rate (kg/s)
n Life of the project
.

Q Heat power (kW)

rn Nominal scaling rate
εhr Heat recovery efficiency
T Temperature (K)

t Time (s)
.

Wnet Net power (kW)
Xi Molar gas fraction
ηI, c Thermal efficiency of the cycle
ηI, overall Overall energy conversion efficiency
ηII,ORC Exergetic efficiency
εhr Heat recovery efficiency
d Destroyed
G Gases
o Reference condition

Subscript
F Fuel
P Product

Superscripts
AV Avoidable
EN Endogenous
EX Exogenous
EN, AV Endogenous avoidable
EN, UN Endogenous unavoidable
UN Unavoidable
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