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Abstract: The possibility of applying the organic Rankine cycle (ORC) to further recycle the low-grade
waste heat efficiently is studied in the present work. The energy, exergy, and economic models of
the ORC system are established, and the isobutane, isopentane, and their mixtures are selected
as the organic working mediums (OWMs). Due to the slip characteristics of mixed OWM, four
operational conditions of the ORC system are proposed, and then the contrastive analysis of energy,
exergy, and economic performances under the four operational conditions are conducted. Finally, the
optimal mixture mass fraction and crucial parameters of the ORC system are separately determined
through the bi-objective optimization. The results show that the ORC system using the mixed OWM
can achieve a larger net power output and exergy efficiency by comparing the pure OWM when
the condensing temperature is set as the saturated vapor temperature during the condensation
process. The electricity production cost first rises and then decreases with the rising mass fraction
of isobutane in mixed OWM, and the ORC system using the isopentane can achieve the smallest
electricity production cost. By taking the low-grade flue gas of 433.15 K as the ORC heat source,
four operational conditions have the same optimal ORC crucial parameters, namely the evaporating
temperature of 393.15 K, condensing temperature of 308.15 K, and superheat degree of 0 K. The pure
OWM of isobutane can achieve better overall performance by setting the condensing temperature as
the saturated liquid temperature.

Keywords: waste heat recovery; organic Rankine cycle; mixed working fluid; exergy efficiency;
electricity production cost; parametric optimization

1. Introduction

Industrial waste heat recovery (WHR) can effectively improve energy efficiency, reduce
greenhouse gas emissions, and play an important role in promoting sustainable develop-
ment and resource recycling [1]. As the world’s largest steel producer and carbon emitter,
China is also actively promoting the realization of the “dual carbon” goal [2]. Academician
Yin pointed out that the carbon reduction potential of sinter WHR accounted for about
15% of the carbon reduction potential of total WHR in China’s steel enterprises [3]. At
present, China’s iron and steel industry contains abundant sintering low-temperature waste
heat resources, but the flue gas waste heat below 200 ◦C in the sinter waste heat recovery
process will be directly discharged into the atmosphere, resulting in a low WHR rate [4].
Strengthening the WHR has been proven to be one of the critical ways for enhancing energy
utilization efficiency, which is incorporated into the “14th Five-Year Plan for Industrial
Green Development”. Therefore, improving the WHR rate of low-grade flue gas (LFG)
has a far-reaching impact on realizing the green transformation of the steel industry and
promoting resource recycling.
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With the continuous improvement of energy efficiency and environmental protection
requirements, novel technologies for power generation through WHR from LFG, such as
the organic Rankine cycle (ORC) [5], trilateral flash cycle [6], and Karina cycle [7], have
broad application prospects in the industrial field. Among them, the ORC has attracted
considerable attention due to its simple structure, wide temperature adaptability, and the
flexibility in configuring unit capacity [8–12]. In recent years, numerous experts, both
domestically and internationally, have carried out extensive research on the ORC system
for WHR, and the related research mainly focused on the selection of organic working
medium (OWM), energy, exergy, and economic performance analysis, as well as the multi-
objective optimization of ORC systems using pure OWM [13–19]. Wang et al. [13] employed
exergy analysis to assess exergy destruction across various heat source temperatures and
pure OWMs, discovering that those with higher vaporization latent heat, lower critical
temperatures, and lower specific liquid heat were particularly well-suited for use in ORC
systems. Fergani et al. [16] carried out the exergy, economic, and environmental analyses
of the ORC system with three pure OWMs and performed the parameter optimization to
achieve the system’s optimal operating conditions. Mohammadkhani and Yari [18] and
Ping et al. [19] utilized a dual-loop ORC system to examine the temperature distributions
and pinch point locations in heat exchangers and analyzed the influences of engine speed
and other crucial parameters on the system performance under different pure OWMs.
Furthermore, the ORC systems assisted with the Brayton cycle, heat pump, and Kalina
cycle for the WHR under different pure OWMs were also investigated [20–22].

The mixed OWMs are created by blending two or more pure OWMs in different mass
fractions, allowing for better thermal performance matching and thus improving the ther-
mal efficiency of the system. With the continuous development of ORC power generation
technology, researchers both domestically and internationally have begun to explore the
use of OWMs in ORC power generation systems [23–31]. Among them, Li et al. [25] studied
the combined cooling, heating, and power system using R245fa/R134a as the circulating
OWM, and the performance coefficients of the mixed OWM reached 1.35 and 1.39 in the
combined cooling and heating mode and the combined cooling, heating, and power mode,
respectively, which were significantly higher than those of the pure OWM. Pang et al. [26]
and Feng et al. [27] examined the energy, exergy, and economic performances of ORC
systems that employed R245fa, R123, and their mixtures while also analyzing how different
mass fractions influenced the performance of the system. Dong et al. [29] performed a com-
prehensive evaluation of the thermodynamic and economic performances of ORC systems
using various pure OWMs and their zeotropic mixtures. Miao et al. [31] constructed an
optimization index for the physical properties of OWMs coupled with cold and heat source
boundary conditions and zeotropic mixtures, so as to avoid the heavy work caused by a
large number of system performance calculations. Additionally, researchers have focused
on the ORC power generation system using zeotropic mixed OWM, conducting relevant
studies on mixture selection, performance analysis, and parameter optimization [32–37].

It can be inferred from the above literature that the flow rate and temperature of the
heat source have a significant impact on the energy, exergy, and economic performance of
the ORC system [38], resulting in considerable limitations in the applicability of previous
research findings to the current ORC system. Moreover, the mixed OWM exhibits temper-
ature glide characteristics during the evaporation and condensation processes. The state
location selection of evaporating temperature (ET) and condensing temperature (CT) of
OWM had four operational conditions, but the current research of the ORC system utilizing
mixed OWM mainly set the saturated liquid temperature during the evaporation and
condensation processes as the ET and CT of OWM without considering the saturated vapor
temperature, and the effect of state location variation under four operational conditions
on the system performance was not analyzed. At present, the ORC system driven by the
LFG in the WHR process of sinter only focused on the study of pure OWMs [39–41]. To
the authors’ knowledge, there have been no studies conducted on ORC systems utilizing
mixed OWM for WHR from sintering processes.
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In essence, the LFG in the WHR process of sinter is the air of 120–200 ◦C, and there is
no dew point corrosion even if the flue gas temperature is lower, which can be used again
for power generation. Therefore, the LFG emitted from the sinter waste heat boiler has been
selected as the heat source for the ORC in this study, and four operational conditions of the
ORC system using mixed OWM are determined by considering the state location variation
of ET and CT of OWM. In addition, then, the energy, exergy, and economic models of the
ORC system under four operational conditions are established, and the effects of mixture
mass fraction and ORC crucial parameters on the energy, exergy, and economic perfor-
mances under four operational conditions are analyzed and compared. Finally, the optimal
mixture mass fraction and key ORC parameters under the four operational conditions
are identified through bi-objective optimization, using exergy and economic performance
as the evaluation indexes. The above investigation results have very important guiding
significance for using ORC to carry out the WHR of LFG efficiently in the steel industry.

2. System Modeling
2.1. System Description

The ORC power generation system consists of an evaporator, a condenser, an expander,
and a working fluid pump, as shown in Figure 1. The OWM absorbs heat in the evaporator
to become superheated vapor, which performs work in the expander, then the exhaust
vapor is cooled into a liquid in the condenser, and after being pressurized by the working
fluid pump, it is sent back to the evaporator, completing the cycle. In the order of 5–1–2–4–5,
the ORC system will realize the recovery of low-temperature flue gas and the generation
of electricity.
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Figure 1. Schematic diagram of ORC system for WHR.

The temperature entropy (T-s) diagrams of the subcritical ORC system with pure
OWM and zeotropic mixed OWM are shown in Figure 2a,b, the red and blue lines represent
the LFG and cooling water, respectively, and each state point in the figure corresponds to
the inlet and outlet positions in Figure 1. As can be seen in Figure 2, the ORC system is
composed of four thermal processes: constant pressure heating process (5–1), adiabatic ex-
pansion process (1–2), constant pressure cooling process (2–4), and adiabatic pressurization
process (4–5). In addition, the process (1–2 s) represents the isentropic expansion of the
OWM within the expander, while the process (4–5 s) corresponds to the isentropic compres-
sion of the OWM in the pump. Due to the irreversible losses present in both the expander
and the pump, the isentropic efficiency of the expander (ηe) and the isentropic efficiency of
the pump (ηp) have been predefined. When the superheat degree (SD) of the OWM (∆Tsup)
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is zero, the OWM at the outlet of the evaporator is in a saturated vapor state. Furthermore,
the temperature difference between point 10 and point 6 (∆T6-10) represents the minimum
heat exchanging temperature difference in the evaporator, while the temperature difference
between point 3 and point 13 (∆T3-13) indicates the minimum heat exchanging temperature
difference in the condenser.
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Figure 2. T-s diagrams of ORC system using pure and mixed OWMs.

As can be seen in Figure 2a, the evaporation process and condensation process of pure
OWM are isothermal, and in order to avoid crossover of temperature distribution in the
heat transfer process, it is necessary to apply a limit on the temperature difference between
the pinch points, resulting in the temperature difference between the cold and hot ends
of the heat exchanger being limited. The zeotropic mixed OWM exhibits a temperature
glide phenomenon during the phase change process, which can improve the heat transfer
matching between the hot and cold fluids on both sides of the heat exchanger, thereby
reducing the irreversibility losses in the heat transfer process, as shown in Figure 2b.

It is due to that the saturated liquid temperature of the ORC system using mixed
OWM is not the same as the saturated vapor temperature during the evaporation and
condensation processes, which leads to the ORC system using mixed OWM having four
operational conditions due to various state locations of ET (Teva) and CT (Tcon), which are
shown in Figure 3.

As shown in Figure 3, Condition 1 is that the ET and CT of the OWM correspond
to the saturated liquid temperatures during the evaporation and condensation processes,
respectively. Condition 2 is that the ET of OWM is the saturated vapor temperature
during the evaporation process, and the CT of OWM is the saturated liquid temperature
during the condensation process. Condition 3 is that the ET of OWM is the saturated
liquid temperature during the evaporation process, and the CT of OWM is the saturated
vapor temperature during the condensation process. Condition 4 is that the ET and CT
of OWM are the saturated vapor temperatures during the evaporation and condensation
processes, respectively. Furthermore, due to the effect of slip temperature of mixed OWM,
the energy, exergy, and economic performances of the ORC system under four operational
conditions are also entirely different for the given ORC crucial parameters.
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2.2. Energy and Exergy Models

The calculation of the heat exchange quantity (Qeva) in the evaporator of the ORC
system utilizing both pure and mixed OWMs is presented as follows.

Qeva = mf(h1 − h5) = mg(h8 − h11) (1)

The practical power output in the expander (We) is determined below.

We = mf(h1 − h2) = mf(h1 − h2s)ηe (2)

where h2s is the specific enthalpy of OWM at condensing pressure after isentropic expansion.
OWM releases heat to the cooling water, and the calculation of the condensing heat

release of the ORC system (Qcon) is as follows.

Qcon = mf(h2 − h4) = mw(h14 − h12) (3)

The practical power consumption in the pump (Wp) is determined below.

Wp = mf(h5 − h4) = mf(h5s − h4)/ηp (4)

where h4s is the specific enthalpy of OWM at evaporating pressure after isentropic compression.
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In accordance with the first and second laws of thermodynamics [41], the net power
output (Wnet) and system exergy efficiency (ηex) of the ORC system can be determined below.

Wnet = We − Wp (5)

ηex =
Wnet

mgcg

(
T8 − T11 − T0 ln T8

T11

) × 100% (6)

where T8 and T11 are the inlet and outlet temperatures of LFG, respectively.

2.3. Determination of Heat Exchanging Area

The total heat exchange area (THA) of the ORC system encompasses the heat exchange
areas of both the evaporator and the condenser. Taking the evaporator preheating process
(Apreh) as an example, the heat exchange area is calculated as follows [42].

Qpreh = mf(h6 − h5) (7)

∆Tm,preh =
(T11 − T5)− (T10 − T6)

ln
(

T11−T5
T10−T6

) (8)

Apreh =
Qpreh

Upreh∆Tm,preh
(9)

where ∆Tm,preh is the logarithmic mean temperature difference (LMTD) in the preheating
process, and Upreh is the overall heat transfer coefficient of OWM with the heat source.

The heat exchange area for the evaporation process and the superheating process is
calculated in the same way as above.

Aevap =
Qevap

Uevap∆Tm,evap
(10)

Asuph =
Qsuph

Usuph∆Tm,suph
(11)

The THA in the evaporator (Aeva) is determined below.

Aeva = Apreh + Aevap + Asuph (12)

Based on the findings from previous literature [42,43], the total heat transfer coefficients
for the preheating, evaporating, and superheating processes are shown in Table 1.

Table 1. Overall heat transfer coefficients in the evaporator and condenser.

Coefficients (W/(m2·K)) Upreh Uevap Usuph Uprec Ucond

Value 170 140 90 600 900

The heat exchange areas for the precooling and condensing processes in the condenser
are also calculated below.

Aprec =
Qprec

Uprec∆Tm,prec
(13)

Acond =
Qcond

Ucond∆Tm,cond
(14)

The THA in the condenser (Acon) is determined below.

Acon = Aprec + Acond (15)
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The overall heat transfer coefficients for both the precooling and condensing processes
are also presented in Table 1, according to Ref. [42].

According to the above calculation results of Aeva and Acon, the THA of the ORC
system (Atot) is calculated below.

Atot = Aeva + Acon (16)

2.4. Economic Model

The electricity production cost (EPC) is the whole investment cost (WIC) of Wnet
of 1 kWh [44], which is one of the most important indicators of economic performance.
Therefore, this study chooses to use EPC to evaluate the economic performance of the
ORC system.

The WIC of the whole system includes the investment cost of the evaporator, condenser,
expander, and pump, and the investment amount of each component equipment of the
system is calculated as follows [45].

lgCb,i = K1 + K2lgZ + K3(lgZ)2 (17)

where Cb,i is the calculated investment cost of each component on the basis of dollar value
at 1996. K1, K2, and K3 represent the coefficients for each component, with their values
provided in Table 2 [30,45]. Z represents the heat exchange area for the heat exchanger, the
expansion power for the expander, and the power consumption for the pump.

Table 2. Cost coefficients of each system component.

Components K1 K2 K3 C1 C2 C3 B1 B2 Fm Fbm

Expander 3.514 0.589 0 / / / / / / 3.5
Pump 3.389 −0.054 0.154 0 0 0 1.89 1.35 1.5 /

Exchanger 4.666 −0.156 0.155 0 0 0 0.96 1.21 2.45 /

Based on the material and pressure conditions of each component, the investment cost
for each component must be adjusted, and the revised investment cost of each component
(Ci) is calculated below.

lgFp,i = C1 + C2lgP + C3(lgP)2 (18)

Ci = Cb,iFbm = Cb,i
(

B1 + B2FmFp,i
)

(19)

where Fp,i is the pressure correction factor. C1, C2 and C3 are the coefficients of each
component. P is the average pressure at the inlet and outlet of the corresponding component.
Ci is the corrected investment cost of each component. For the expander, Fbm is a constant
value, while B1, B2, and Fm represent the coefficients for each component, with their
respective values shown in Table 2 [30,45].

In conclusion, the equation for calculating the WIC (Ctot,1996) is determined below.

Ctot,1996 = ∑ Ci (20)

Based on the time value of money, the WIC from 1996 needs to be adjusted to reflect
the WIC of 2021, and the calculation formula for Ctot,2021 is as follows.

Ctot,2021 =
Ctot,1996CEPCI2021

CEPCI1996
(21)

where CEPCI is the Chemical Engineering Plant Cost Index, and the values of CEPCI1996
and CEPCI2021 are 382 [46] and 708 [47], respectively.
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The equation for calculating the cost recovery factor (CRF) is provided below [30].

CRF =
j(1 + j)PL

(1 + j)PL − 1
(22)

where j is the annual interest rate and set to be 5%, and PL is the system effective service
time and set to be 20 years [48].

Therefore, the EPC is simplified by ignoring the field capital cost and the field O and
M cost and is calculated below [44].

EPC =
(CFR·Ctot,2021 + OMC)

top·Wnet
(23)

where OMC represents the operation and maintenance costs of the ORC system and is set
to be 1.5% of WIC in 2021, and the top represents the effective operation time of the ORC
system with a setting value of 8000 h.

2.5. Bi-Objective Optimization Model

This study employs ηex and EPC as evaluation indicators for bi-objective optimization
of key ORC parameters, with the specific evaluation indices outlined below.

The first evaluation index F1(ηex):

Max: F1(ηex) = ηex/ηex,max (24)

The second evaluation index F2(EPC):

Max: F2(EPC) = EPCmin/EPC (25)

where ηex,max is the largest ηex in the variation range of the crucial parameter, and EPCmin
is the smallest EPC.

It is important to highlight that the first and second evaluation indices mentioned
above should achieve either the best or maximum value within the range of critical param-
eters. In this study, the bi-objective optimization model incorporating these two evaluation
indices is solved using the linear weighted evaluation function approach.

The bi-objective function F(ηex, EPC) is calculated below.

F(ηex, EPC) = αF1(ηex) + βF2(EPC) (26)

where α and β are the weighting coefficients of the above two evaluation indexes, respec-
tively, the calculation methods of which are elaborated in the previous literature [49], and
the specific equations are shown below.

α =
(

F2
1 − F2

2
)

/
[(

F1
2 − F1

1
)
+

(
F2

1 − F2
2
)]

(27)

β =
(

F1
2 − F1

1
)

/
[(

F1
2 − F1

1
)
+

(
F2

1 − F2
2
)]

(28)

where F1
1 is the minimum value of F1(ηex), F1

2 is the value of F1(ηex) when the value of
F2(EPC) is minimized, F2

2 is the minimum value of F2(EPC), and F2
1 is the value of F2(EPC)

when the value of F1(ηex) is minimized.

2.6. Selection of Mixed OWM

Choosing the appropriate OWM can effectively enhance the power generation effi-
ciency of the ORC system and reduce operational costs, making the selection of OWM
crucial. According to the selection criteria for OWM [14], the research findings suggest that
both isobutane (R600a) and isopentane (R601a) are classified as dry OWM and can deliver
superior system performance compared to other options when evaluated based on thermal,
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economic, and environmental criteria [41,50]. Therefore, according to the temperature
characteristics of LFG, this study selects R600a, R601a, and their mixtures in different
proportions as the OWMs for the ORC system. Table 3 presents the physical property
parameters of R600a and R601a, while Table 4 displays the corresponding parameters of
the mixed OWM (MR600a) at different mass fractions of R600a. Figure 4 displays the T-s
diagrams for R600a, R601a, and their mixtures, derived from the relationship between
temperature and entropy of the OWM.

Table 3. Physical property parameters of R600a and R601a.

Substance Isobutane (R600a) Isopentane (R601a)

Type Dry Dry
Molar mass (g/mol) 58.12 72.15

Boiling point temperature (K) 261.41 300.98
Critical temperature (K) 407.85 460.35
Critical pressure (MPa) 3.63 3.378

Ozone depletion potential 0 0
Global warming potential 20 4

Table 4. Related parameters of mixed OWM under various MR600a.

MR600a Molar Mass (g/mol) Critical Temperature (K) Critical Pressure (MPa)

0.1 70.45 455.6 3.491
0.2 68.83 450.7 3.583
0.3 67.28 445.67 3.654
0.4 65.8 440.51 3.705
0.5 64.38 435.27 3.738
0.6 63.02 429.94 3.752
0.7 61.72 424.54 3.749
0.8 60.47 419.07 3.728
0.9 59.28 413.5 3.689
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2.7. Model Validation

To verify the accuracy of the calculation model used in this paper, the calculated results
of the ORC system using R600, R601a, and their different mixture ratios are compared
with the results from the literature [51], as shown in Table 5. The Wnet and cycle thermal
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efficiency (ηcycle) are selected as the comparative performance index, and the calculation
equation of ηcycle is determined below.

ηcycle =
Wnet

Qeva
× 100% (29)

Table 5. Comparison between current study and Ref. [51].

MR601a
Wnet in Ref.

[51]/kW
Wnet in Current

Study/kW
Relative

Deviation/%
ηcycle in Ref.

[51]
ηcycle in

Current Study
Relative

Deviation/%

0 34.69 34.57 0.35 11.15 11.13 0.18
0.1 34.19 34.08 0.32 11.03 11 0.27
0.2 33.74 33.61 0.39 10.92 10.89 0.27
0.3 33.35 33.25 0.3 10.82 10.8 0.18
0.4 33.03 32.89 0.42 10.73 10.71 0.19
0.5 32.79 32.67 0.37 10.68 10.66 0.19
0.6 32.65 32.51 0.43 10.64 10.61 0.28
0.7 32.64 32.53 0.34 10.65 10.62 0.28
0.8 32.82 32.71 0.34 10.7 10.68 0.19
0.9 33.26 33.17 0.27 10.83 10.81 0.18
1.0 34.1 33.98 0.35 11.06 11.04 0.18

As can be seen from Table 5, the calculated results of Wnet and ηcycle under different
mass fractions of R601a in the mixed OWM are generally consistent with the findings in the
literature [51], with relative errors all being less than 0.5%. Therefore, the comparison results
validate the feasibility and reliability of the calculation model established in this paper.

3. Results and Discussion

In the current study, the calculations for the energy, exergy, and economic models
mentioned above are conducted using Matlab and Refprop software. The MR600a and
ORC crucial parameters, including the ET, CT, and SD of OWM, are set as the variable
parameters, and the changes of Wnet, ηex, system THA and EPC with the MR600a, ET, CT,
and SD of OWM under four operational conditions are investigated in detail. Then, the
contrastive analysis of energy, exergy, and economic performances under four operational
conditions are also conducted. Finally, the MR600a, ET, CT, and SD of OWM under four
operational conditions are separately optimized by taking the ηex and EPC as the evaluation
indexes of parameter optimization. The initial calculation parameters for the ORC system
using pure OWM and mixed OWM are shown in Table 6. Taking into account the slip
temperature of mixed OWM, as well as the inlet temperatures of the heat source and heat
sink, Table 7 lists the upper and lower limit settings for the four variable parameters.

Table 6. Initial parameters of ORC system.

Parameters mg (kg/s) T8 (K) T12 (K) ηp (%) ηe (%) ∆T6-10 (K) ∆T3-13 (K) T0 (K)

Value 180 433.15 293.15 80 85 10 5 293.15

Table 7. Lower and upper bounds for four variable parameters.

Variable Parameters Lower Bound Upper Bound

MR600a 0 1
Teva (K) 363.15 393.15
Tcon (K) 308.15 323.15

∆Tsup (K) 0 15
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3.1. Effect of Mass Fraction on System Performance

The MR600a has a significant impact on the physical performance parameters of mixed
OWM, as illustrated in Table 3 and Figure 4. When the ET, CT, and SD of OWM are 383.15
K, 313.15 K, and 10 K, respectively, the change of slip temperature with the MR600a under
various state locations of ET and CT is displayed in Figure 5. Figure 5 shows that the slip
temperatures of mixed OWM during both the evaporation and condensation processes first
rise and then reduce as the MR600a rises, and when the MR600a is 0.3, the slip temperature of
mixed OWM reaches the maximum value under various conditions. Furthermore, the slip
temperatures of mixed OWM under various state locations of ET and CT are also different,
and when the saturated vapor temperatures during the evaporation and condensation
processes are set as the ET and CT, the slip temperatures of mixed OWM are relatively
larger. Moreover, the slip temperature of mixed OWM during the condensation process is
greater than that during the evaporation process for a fixed MR600a.
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Based on the specified values of the variable parameters mentioned above, the changes
of Wnet and ηex with the MR600a under four operational conditions are displayed in Figure 6.
As seen in Figure 6, the Wnet and ηex under four operational conditions vary greatly with
rising MR600a, and the Wnet and ηex of condition 3 and condition 4 first rise and then
reduce, while the Wnet and ηex of condition 1 and condition 2 first reduce and then rise.
Furthermore, compared with the pure OWM, the ORC system of condition 4 using the
mixed OWM can achieve the larger Wnet in four operational conditions, while the ηex of
the mixed OWM in condition 3 is relatively larger. This is attributed to the fact that, when
the saturated liquid temperatures during the evaporation and condensation processes are
set as the ET and CT, both the mf and Wnet per unit mf first reduce and then rise as the
MR600a rises due to the existence of slip temperature. On the contrary, the mf and Wnet
per unit mf first rise and then reduce when the saturated vapor temperatures during the
evaporation and condensation processes are set as the ET and CT. However, the variation
amplitude of Wnet per unit mf is larger than that of mf under four operational conditions, so
the Wnet of four operational conditions occurs in the above variation trend. Moreover, the
variations of mf under four operational conditions makes it so that the heat source outlet
temperatures (T11) of condition 1 and condition 3 steadily reduce as the MR600a rises based
on the first law of thermodynamics in the preheating process, while the T11 of condition 2
and condition 4 first reduce and then rise, and the T11 of condition 1 and condition 3 are
greater than that of condition 2 and condition 4 for a fixed MR600a. It is due to the fact that
the variation amplitudes of T11 in the range of MR600a under four operational conditions
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are relatively smaller, which leads to the fact that the variation trend of ηex is the same as
that of Wnet for a given operational condition based on Equation (6).
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As also seen in Figure 6, the Wnet of condition 4 and the ηex of condition 3 are the
maximum in four operational conditions for a fixed MR600a, while the Wnet of condition
1 and the ηex of condition 2 are the minimum. This is attributed to the fact that, when
the saturated vapor temperature during the evaporation process is set as the ET of OWM
for condition 2 and condition 4, the heat source temperature drop during the evaporation
process becomes larger accordingly due to the existence of slip temperature by comparing
with the other conditions, and the Qeva also becomes larger, which leads to the ORC system
being able to achieve the larger mf and lower T11. Meanwhile, when the saturated liquid
temperature during the condensation process is set as the CT of OWM for condition 1 and
condition 2, the specific enthalpy of OWM at the expander outlet is relatively larger due to
the existence of slip temperature during the condensation process, so the ORC system can
achieve the smaller Wnet per unit mf. Compared with condition 3, condition 4 has the larger
mf and the smaller Wnet per unit mf, and it is due to the fact that the specific value of Wnet
per unit mf is greater than that of mf in four operational conditions, so the Wnet of condition
4 is relatively larger. In a similar way, the condition 1 has the smaller mf and the larger Wnet
per unit mf by comparing with condition 2, so the Wnet of condition 1 is relatively smaller.
Furthermore, it is due to the fact that the T11 of conditions 2 and 4 are separately less than
that of conditions 1 and 3 for a fixed MR600a, which leads to the heat source exergy drops
in the evaporator of conditions 2 and 4 being separately greater than that of conditions 1
and 3, so the ηex of conditions 2 and 4 are separately less than that of conditions 1 and 3
based on Equation (6). Moreover, the Wnet of condition 4 with the MR600a of 0.4 reaches the
maximum value, which is 11% higher than the Wnet of R600a, and the ηex of condition 3
with the MR600a of 0.5 also reaches the maximum value, which is 8.8% higher than the ηex
of R601a, showing the better energy and exergy performances.

Figure 7 shows the changes of system THA and EPC with the MR600a. As seen in
Figure 7a, the system THA of condition 1 steadily rises with rising MR600a, while the system
THA of the other three conditions first rises and then reduces. This is attributed to the fact
that, when the saturated liquid temperature during the condensation process is set as the
CT of OWM for condition 1 and condition 2, the LMTD in the condenser changes a little
with the rise of MR600a due to the fixed ∆T3-13. In condition 1, the rise of MR600a makes the
rise of mf and reduction of T11, the Qeva and Qcon also rise accordingly, and the LMTD in
the evaporator steadily reduces, which leads to the rise of system THA. In condition 2, the
mf first rises and then reduces with rising MR600a, while the T11 first reduces and then rises
as the MR600a rises, so both the Qeva and Qcon first rise and then reduce. Furthermore, the
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LMTD in the condenser also changes marginally due to the fixed ∆T6-10, which leads to the
THA of condition 2 first rising and then reducing. Moreover, when the saturated vapor
temperature during the condensation process is set as the CT of OWM for condition 3 and
condition 4, the LMTD in the condenser first reduces and then rises with the rise of MR600a
due to the existence of slip temperature. In condition 3, the change of mf is the same as
that in condition 1, and the T11 also reduces as the MR600a rises, which leads to the rise of
Qeva and Qcon and reduction of LMTD in the evaporator, so the system THA also first rises
and then reduces with rising MR600a. In condition 4, the change trends of mf, T11, Qeva, and
Qcon are the same as those in condition 2, and the LMTD in the condenser also changes a
little due to the fixed ∆T6-10, so the system THA also first rises and then reduces.
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As also seen in Figure 7a, the system THA of condition 4 is the maximum in four
operational conditions for a fixed MR600a, while the system THA of condition 1 is the
minimum. This is attributed to the fact that, when the MR600a is constant, the mf of
conditions 2 and 4 are greater than that of conditions 1 and 3, and it is due to that the T11
of conditions 1 and 4 are the highest and the lowest in the four operational conditions,
respectively, so conditions 1 and 4 have the smallest Qeva and the largest Qcon, which leads
to the maximum system THA for condition 4 and the minimum system THA for condition
1. Furthermore, although the T11 of condition 2 is lower than that of condition 3, the Qeva
and Qcon of condition 2 are also greater than that of condition 3. However, due to the lower
LMTDs in the evaporator and condenser, the system THA of condition 3 is greater than
that of condition 2.

It can be concluded in Figure 7b that the EPC first rises and then reduces with the rising
of the MR600a for a given condition. This is attributed to the fact that the larger the system
THA is, the greater the WIC is. In condition 3 and condition 4, the rise amplitude of WIC
shown in Figure 7a is greater than that of Wnet shown in Figure 6a at the smaller MR600a,
while the reduction amplitude of WIC is also greater than that of Wnet at the larger MR600a,
which leads to the EPC first rising and then reducing. Moreover, the WIC of condition 2
also first rises and then reduces with rising MR600a based on the variation of system THA
shown in Figure 7a, and it is due to the fact that the variation trend of Wnet is in the opposite
direction to that of WIC, so the EPC of condition 2 first rises and then reduces as the MR600a
rises. In condition 1, the Wnet first reduces and then rises with rising MR600a, and the rise
amplitude of WIC is less than that of Wnet at the larger MR600a, so the EPC first rises and
then reduces.

As also seen in Figure 7b, the EPC of condition 2 is the maximum in four operational
conditions for a fixed MR600a, while the EPC of condition 3 is the minimum. Furthermore,
the EPC of mixed OWM is greater than that of pure OWM for a fixed operational condition,
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and when the MR600a is 0.4, the EPC is the maximum in four operational conditions.
Moreover, the R601a has the smallest EPC in the variation range of the MR600a, which is
1.8% lower than the EPC of the R600a, showing the better economic performance.

3.2. Effect of ET on System Performance

When the MR600a, CT, and SD of OWM are 0.6, 313.15 K, and 10 K, respectively, the
change of slip temperature with the ET of OWM under various state locations of ET is
displayed in Figure 8. As concluded from Figure 8, the slip temperature of mixed OWM
steadily reduces with rising the ET of OWM, and the slip temperature at the saturated
vapor temperature is greater than that at the saturated liquid temperature for a fixed ET of
OWM, while the reduction amplitude of slip temperature at the saturated vapor tempera-
ture is basically the same as that at the saturated liquid temperature. Moreover, as the ET
of OWM rises by 2 K, the slip temperature reduces the average of 0.09 K.
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Figure 9 shows the changes of Wnet and ηex with the ET of OWM. As concluded from
Figure 9, the Wnet first rises and then reduces with raising the ET of the OWM for a certain
condition, while the ηex steadily rises. This can be attributed to the rise in the ET of OWM,
which causes T11 to increase, while both Qeva and mf decrease accordingly. Meanwhile,
raising the ET of OWM also makes the specific enthalpy of OWM at the evaporator outlet
the Wnet per unit mf, and this steadily rises. When the ET of OWM is lower, the increase in
Wnet per unit of mf is greater than the decrease in mf, so it can be seen from Equation (5)
that Wnet increases steadily. However, the reduction amplitude of mf gradually becomes
larger with raising the ET of OWM, which is greater than the rise amplitude of Wnet per
unit mf when the ET of OWM is higher, so the Wnet steadily reduces. Furthermore, it is due
to that the T11 rises with raising the ET of OWM, which leads to the denominator value in
Equation (6) reducing accordingly, and the reduction amplitude of the denominator value
in Equation (6) is larger than that of Wnet when the ET of OWM is higher, so the ηex rises
based on Equation (6).

As seen in Figure 9, when the ET of OWM is lower than 371.15 K, the Wnet of condition
3 is the maximum in four operational conditions for a given ET of OWM, while the Wnet of
condition 2 is the minimum. When the ET of OWM is lower than 375.15 K, condition 4 and
condition 1 can achieve the maximum and minimum Wnet, respectively. Furthermore, the
ηex of condition 3 is the maximum in four conditions with the rise of ET of OWM, while
the ηex of condition 2 is the minimum, which are consistent with the results in Figure 6b.
Compared with the other two conditions, condition 3 and condition 4 can achieve better
energy and exergy performances in the variation range of ET of OWM.
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Figure 10 shows the changes of system THA and EPC with the ET of OWM. As
concluded from Figure 10, both the system THA and EPC steadily reduce with raising
the ET of OWM for a certain condition. This is attributed to the fact that raising the ET
of OWM makes the reduction of Qeva and mf, and the Qcon also reduces, which leads to
the THA reducing accordingly. Furthermore, the reduction of system THA also makes the
reduction of WIC, and the reduction amplitude of WIC is larger than that of Wnet when the
ET of OWM is higher, so the EPC reduces as the ET of OWM rises based on Equation (23).
Moreover, the reduction amplitude of WIC basically remains unchanged with raising the
ET of OWM, while the reduction amplitude of Wnet gradually becomes larger, which leads
to the smaller reduction amplitude of EPC at the higher ET of OWM.
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As also seen in Figure 10, the system THA of condition 4 and the EPC of condition 2
are the maximum in four operational conditions for a fixed ET of OWM, while the system
THA of condition 1 and EPC of condition 3 are the minimum, which are consistent with the
results in Figure 7. The above results mean that compared with the other three conditions,
condition 3 can achieve better economic performance in the variation range of ET of OWM.

3.3. Effect of CT on System Performance

When the MR600a, ET, and SD of OWM are 0.6, 383.15 K, and 10 K, respectively, the
change of slip temperature with the CT of OWM under various state locations of CT is
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displayed in Figure 11. As concluded from Figure 11, the higher the CT of the OWM is, the
smaller the slip temperature of mixed OWM during the condensation process is, and when
the CT of OWM is set as the saturated liquid temperature, the slip temperature of mixed
OWM is relatively smaller for a fixed CT of OWM. Furthermore, as the CT of OWM rises
by 2 K, the slip temperature reduces the average of 0.05 K.
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Figure 12 shows the changes of Wnet and ηex with the CT of OWM. As concluded from
Figure 12, both the Wnet and ηex steadily reduce with raising the CT of OWM for a certain
condition. This is attributed to the fact that raising the CT of OWM makes the rise of specific
enthalpy of OWM at the expander outlet and has no effect on the variation of mf, which
leads to the fact that the Wnet per unit mf reduces, so the Wnet also reduces accordingly.
Moreover, raising the CT of OWM also makes the rise of specific enthalpy of OWM at the
pump outlet, which leads to the rise of T11 and the reduction of heat exchanging quantity
in the preheating process; the denominator value in Equation (6) reduces accordingly.
However, the reduction amplitude of Wnet is greater than that of the denominator value in
Equation (6), so the ηex also steadily reduces. Furthermore, the Wnet of condition 4 and ηex
of condition 3 are the largest in the variation range of CT, while the Wnet of condition 1 and
ηex of condition 2 are the smallest, which are consistent with the results in Figure 6. As the
CT of OWM rises by 1 K, the Wnet of condition 4 and ηex of condition 3 reduce the average
of 31 kW and 0.67%, respectively.

Figure 13 shows the changes of system THA and EPC with the CT of OWM. As
concluded from Figure 13a, the system THA reduces with rising the CT of OWM for a
certain condition, and the reduction amplitudes of system THA in condition 3 and in
condition 4 are relatively larger. This is attributed to the fact that raising the CT of OWM
makes the rise of T11 and the reduction of specific latent heat of OWM, as well as the rise of
LMTD in the condenser, which leads to both the Qeva and Qcon reducing due to the constant
mf, so the system THA reduces. Furthermore, when the saturated vapor temperature
during the condensation process is set as the CT of OWM for condition 3 and condition 4,
the rise amplitude of LMTD in the condensing section gradually becomes smaller as the
CT of OWM rises due to the existence of slip temperature, which leads to the reduction
amplitudes of system THA in condition 3 and in condition 4 being greater those that in
condition 1 and in condition 2.
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As seen in Figure 13b, the EPCs of condition 1 and in condition 2 steadily rise with
raising the CT of OWM, while the EPCs of condition 3 and in condition 4 first reduce and
then rise. This is attributed to the fact that the reduction of system THA also makes the
reduction of WIC. In condition 1 and in condition 2, the reduction amplitude of WIC is less
than that of Wnet in the variation range of CT, so the EPC steadily rises as the CT of OWM
rises based on Equation (23). In condition 3 and in condition 4, due to the larger reduction
amplitude of system THA at the lower CT of OWM, the reduction amplitude of WIC is
greater than that of Wnet with raising the CT of OWM, which leads to the reduction of
EPC. However, when the CT of OWM is higher, the reduction amplitude of WIC gradually
becomes smaller, which is less than that of Wnet with raising the CT of OWM, so the EPC
steadily rises. Moreover, when the CT of OWM is lower than 309.15 K, condition 1 can
achieve the minimum EPC in four operational conditions, and on the contrary, the EPC of
condition 3 is the smallest.

3.4. Effect of SD on System Performance

The SD of OWM has no effect on the slip temperature of mixed OWM. When the
MR600a, ET, and CT of OWM are 0.6, 383.15 K, and 313.15 K, respectively, the changes of
Wnet and ηex with the SD of OWM are displayed in Figure 14. As concluded from Figure 14,
both the Wnet and ηex reduces as the SD of OWM rises for a certain condition. This is
attributed to the fact that, rising the SD of OWM makes the rise of specific enthalpy of
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OWM at the evaporator outlet, the Wnet per unit mf also rises accordingly. It is due to that
the heat source temperature drops during the evaporation process and the superheating
process remains unchanged, the mf steadily reduces with rising the SD of OWM based on
the energy conservation law, and the reduction amplitude of mf is greater than the rise
amplitude of Wnet per unit mf, so the Wnet steadily reduces. Furthermore, the specific
enthalpy of OWM at the evaporator inlet also remains unchanged in the variation range of
SD; the reduction of mf makes the reduction of heat exchanging quantity in the preheating
process, which leads to the rise of T11 as the SD of OWM rises, and the denominator value
in Equation (6) reduces accordingly. However, the reduction amplitude of Wnet is greater
than that of the denominator value in Equation (6), so the ηex steadily reduces. Moreover,
when the SD of OWM is constant, condition 4 and condition 3 also achieve the maximum
Wnet and ηex in four operational conditions, respectively, which are consistent with the
results in Figures 6 and 12.
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Figure 15 shows the changes of system THA and EPC with the SD of OWM. As
concluded from Figure 15a, the system THA reduces with rising the SD of OWM for a
certain condition. This is attributed to the fact that the rise of SD makes the reduction of mf
and the rise of T11, the Qeva and Qcon steadily reduces accordingly, and it is due to that the
LMTDs in the evaporator and condenser change a little with raising the SD of OWM, so
the system THA also steadily reduces. Furthermore, condition 1 has the smallest system
THA in four operational conditions for a fixed SD of OWM, and as the SD of OWM rises by
1 K, the system THA of condition 1 reduces the average of 16.4 m2.

As concluded from Figure 15b, the EPC of condition 1 rises as the SD of OWM rises,
while the EPCs of the other three conditions first reduce and then rise. This is attributed to
the fact that the reduction of system THA also makes the reduction of WIC. In condition 1,
the reduction amplitude of WIC is less than that of Wnet in the variation range of SD, so
the EPC steadily rises. For the other three conditions, the reduction amplitude of WIC is
greater than that of Wnet when the SD is lower, so there is a situation of reducing instead of
rising for the EPC with rising the SD of OWM. Moreover, when the SD of OWM is constant,
the EPC of condition 2 is also the largest in four operational conditions, while the EPC of
condition 3 is the smallest, which are consistent with the results in Figures 7 and 10.



Energies 2024, 17, 5893 19 of 25

Energies 2024, 17, 5893 20 of 27 
 

 

Figure 14. Changes of Wnet and ηex with SD of OWM. 

  
(a) system THA (b) EPC 

Figure 15. Changes of system THA and EPC with SD of OWM. 

As concluded from Figure 15b, the EPC of condition 1 rises as the SD of OWM rises, 
while the EPCs of the other three conditions first reduce and then rise. This is attributed 
to the fact that the reduction of system THA also makes the reduction of WIC. In condition 
1, the reduction amplitude of WIC is less than that of Wnet in the variation range of SD, so 
the EPC steadily rises. For the other three conditions, the reduction amplitude of WIC is 
greater than that of Wnet when the SD is lower, so there is a situation of reducing instead 
of rising for the EPC with rising the SD of OWM. Moreover, when the SD of OWM is 
constant, the EPC of condition 2 is also the largest in four operational conditions, while 
the EPC of condition 3 is the smallest, which are consistent with the results in Figures 7 
and 10. 

3.5. Bi-Objective Optimization Analysis 
In the current study, the linear weighted evaluation function method is utilized for 

bi-objective optimization to determine the optimal MR600a among the key parameters of the 
mixed OWM and ORC across four operational conditions, using ηex and EPC as the se-
lected evaluation indices for parameter optimization. 

Based on the results of ηex and EPC shown in the above figures, the change of F(ηex, 
EPC) calculated through Equation (26) with the MR600a under four operational conditions 
is displayed in Figure 16. As demonstrated in Figure 16, the change trends of F(ηex, EPC) 
for condition 1 and condition 2 are different from that for condition 3 and condition 4, and 
the F(ηex, EPC) can achieve the maximum value for a certain condition in the variation 
range of MR600a. Based on the result analysis of Figure 16, when the MR600a in mixed OWM 
is 0.7, the F(ηex, EPC) of condition 3 and condition 4 reach the maximum value, while the 
F(ηex, EPC) of condition 1 and condition 2 using the pure OWM of R600a also reach the 
maximum value, which denotes that the OWMs required to achieve the system’s better 
overall performance under four operational conditions are also different. 

Figure 15. Changes of system THA and EPC with SD of OWM.

3.5. Bi-Objective Optimization Analysis

In the current study, the linear weighted evaluation function method is utilized for
bi-objective optimization to determine the optimal MR600a among the key parameters of
the mixed OWM and ORC across four operational conditions, using ηex and EPC as the
selected evaluation indices for parameter optimization.

Based on the results of ηex and EPC shown in the above figures, the change of F(ηex,
EPC) calculated through Equation (26) with the MR600a under four operational conditions
is displayed in Figure 16. As demonstrated in Figure 16, the change trends of F(ηex, EPC)
for condition 1 and condition 2 are different from that for condition 3 and condition 4, and
the F(ηex, EPC) can achieve the maximum value for a certain condition in the variation
range of MR600a. Based on the result analysis of Figure 16, when the MR600a in mixed OWM
is 0.7, the F(ηex, EPC) of condition 3 and condition 4 reach the maximum value, while the
F(ηex, EPC) of condition 1 and condition 2 using the pure OWM of R600a also reach the
maximum value, which denotes that the OWMs required to achieve the system’s better
overall performance under four operational conditions are also different.
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Figure 17 shows the changes of F(ηex, EPC) with ORC crucial parameters under four
operational conditions when the MR600a is 0.6. As shown in Figure 17, the F(ηex, EPC)
steadily rises with the rise of ET of OWM for a certain condition and reduces with the rise
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of CT and SD of OWM, which denotes that the higher the ET of OWM is, and the lower the
CT and SD of OWM are, the better the overall performance of the ORC system is. Based on
the result analysis of Figure 17, when the ET and CT of OWM are 393.15 K and 308.15 K,
respectively, and the state of OWM at the evaporator outlet is the saturated vapor, the F(ηex,
EPC) under four operational conditions can reach the maximum value, which denotes that
the ORC crucial parameters required to achieve the better overall performance under four
operational conditions are the same.

Energies 2024, 17, 5893 22 of 28 
 

 

  
(a) ET of OWM (b) CT of OWM 

 
(c) SD of OWM 

Figure 17. Changes of F(ηex, EPC) with ORC crucial parameters. 

As known from the above results, the initial values of MR600a and ORC crucial param-
eters under four operational conditions are not the same as the optimal values obtained 
from Figures 16 and 17, and to verify the reliability of the above optimal values, the MR600a 
is reset as the variable parameter to calculate the F(ηex, EPC) under four operational con-
ditions when the ET, CT, and SD of OWM are set to be the optimal values mentioned 
above, and the calculation result of F(ηex, EPC) under various MR600a for four operational 
conditions is displayed in Figure 18. As concluded from Figure 18, the F(ηex, EPC) of con-
dition 3 and condition 4 still reach the maximum value when the MR600a are 0.7, and the 
F(ηex, EPC) of condition 1 and condition 2 using the pure OWM of R600a also reach the 
maximum value. Moreover, the specific values of T11, Wnet, ηex, system THA, and EPC un-
der the above optimal MR600a and ORC crucial parameters for four operational conditions 
are summarized in Table 8. 

Figure 17. Changes of F(ηex, EPC) with ORC crucial parameters.

As known from the above results, the initial values of MR600a and ORC crucial parame-
ters under four operational conditions are not the same as the optimal values obtained from
Figures 16 and 17, and to verify the reliability of the above optimal values, the MR600a is re-
set as the variable parameter to calculate the F(ηex, EPC) under four operational conditions
when the ET, CT, and SD of OWM are set to be the optimal values mentioned above, and
the calculation result of F(ηex, EPC) under various MR600a for four operational conditions is
displayed in Figure 18. As concluded from Figure 18, the F(ηex, EPC) of condition 3 and
condition 4 still reach the maximum value when the MR600a are 0.7, and the F(ηex, EPC)
of condition 1 and condition 2 using the pure OWM of R600a also reach the maximum
value. Moreover, the specific values of T11, Wnet, ηex, system THA, and EPC under the
above optimal MR600a and ORC crucial parameters for four operational conditions are
summarized in Table 8.
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Table 8. Performance comparison of four operational conditions under optimal crucial parameters.

Conditions MR600a T11 (K) Wnet (kW) ηex (%) EPC ($/kWh)

1
1 366.9 1651.2 51.85 0.10272

3
0.7

369.2 1670.6 53.91 0.1076
4 364.3 1759.7 53.67 0.1088

As demonstrated in Table 8, condition 4 has the lowest T11 and the largest Wnet in four
operational conditions, which denotes that the WHR rate of condition 4 is the maximum at
a respectable 49.14%, showing the better energy-saving effect. Compared with condition
3 and condition 4, condition 1 and condition 2 using the pure OWM of R600a have the
smallest EPC, showing the better economic performance. Furthermore, the condition 3
has the largest ηex, but the T11 of condition 3 is the highest in four operational conditions,
which leads to the conclusion that the WHR rate of condition 3 is 3.5% lower than that
of condition 4. In addition, the Wnet, ηex, and EPC of conditions 3 and 4 are significantly
greater than those of conditions 1 and 2, which denotes that the ORC system using the
mixed OWM can achieve better energy and exergy performances by setting the saturated
vapor temperature during the condensation process as the CT of OWM, while the ORC
system using the pure OWM can achieve better economic performance.

4. Conclusions

Based on the goal of recycling low-grade waste heat efficiently, the LFG emitted from
the sinter waste heat boiler is taken as the ORC heat source in the current study, and the
energy, exergy, and economic models of the ORC system under four operational conditions
are established. Then, the effects of MR600a and ORC crucial parameters on the energy,
exergy, and economic performances under four operational conditions are investigated,
and the optimal variable parameters under four operational conditions are determined.
The major findings are given below.

(1) The slip temperature of mixed OWM first rises and then reduces in both the
evaporating and condensing processes as the MR600a rises and steadily reduces as the ET
and CT of OWM rise, while the SD of OWM has no effect on the slip temperature of mixed
OWM. For a fixed MR600a, the slip temperature of mixed OWM during the condensation
process is greater than that during the evaporation process, and the slip temperature at the
saturated liquid temperature is less than that at the saturated vapor temperature.

(2) As the MR600a rises, the Wnet and ηex first rise and then reduce for the CT of the
OWM set as the saturated vapor temperature during the condensation process, and first
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reduce and then rise for the CT of the OWM set as the saturated liquid temperature during
the condensation process. When the MR600a is constant, the Wnet first rises and then reduces
with raising the ET of OWM for a certain condition, while the ηex steadily rises. As the
CT and SD of OWM rise, both the Wnet and ηex steadily reduce. Compared with the pure
OWM, the ORC system using the mixed OWM can achieve the larger Wnet and ηex for the
CT of the OWM set as the saturated vapor temperature during the condensation process.
The Wnet of condition 4 and the ηex of condition 3 are the maximum in four operational
conditions, showing better energy and exergy performances.

(3) The EPC first rises and then reduces as the MR600a rises for a certain condition
and steadily reduces with rising the ET of OWM. The EPCs of condition 1 and condition 2
rises with raising the CT of OWM, while the EPCs of condition 3 and condition 4 first rises
and then reduces. As the SD of OWM rises, the EPC of condition 1 steadily rises, while
the EPCs of the other three operational conditions first reduce and then rise. Compared
with the other three conditions, the EPC of condition 3 is the minimum in four operational
conditions when the CT of OWM is greater than 309.15 K, and the ORC system using the
pure OWM of R601a can achieve the smallest EPC in four operational conditions, showing
better economic performance.

(4) By taking the LFG of 453.15 K as the heat source of the ORC system, the optimal
MR600a in mixed OWM for both condition 3 and condition 4 is 0.7, and condition 1 and
condition 2 using the pure OWM of R600a can achieve better overall performance. When
the ET and CT of OWM are 393.15 K and 308.15 K, respectively, and the state of OWM at the
evaporator outlet is the saturated vapor, the ORC systems of four operational conditions
can achieve better overall performance. In four operational conditions, condition 4 has the
largest Wnet, and the WHR rate is 49.14%, which is also the maximum, showing the better
energy-saving effect, while condition 3 has the largest ηex, showing the better energy and
exergy performances. Furthermore, condition 1 and condition 2 have the smallest EPC,
showing the better economic performance.
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Nomenclature

A Heat exchanging area (m2)
c specific heat (J/(kg·K))
h specific enthalpy (kJ/kg)
m mass flow rate (kg/s)
M mass fraction
Q Heat exchanging quantity (kW)
U overall heat transfer coefficient (W/(m2·K))
We power output in expander (kW)
Wnet system net power output (kW)



Energies 2024, 17, 5893 23 of 25

Wp power consumption in pump (kW)
T temperature (K)
T0 ambient temperature (K)
Greek symbols
α, β weighted coefficient
ηp isentropic pump efficiency
ηe isentropic expander efficiency
ηex exergy efficiency
∆Tm logarithmic mean temperature difference (K)
∆Tsup superheat degree (K)
Abbreviations
CT condensing temperature
EPC electricity production cost
ET evaporating temperature
LMTD logarithmic mean temperature difference
LFG low-grade flue gas
ORC organic Rankine cycle
OWM organic working medium
SD superheat degree
THA total heat exchanging area
WIC whole investment cost
WHR waste heat recovery
Subscripts
1, 2, 3, . . .., 14 state points shown in Figures 1 and 2
con condenser
cond condensing process
eva evaporator
evap evaporating process
f working fluid
g flue gas
prec precooling process
preh preheating process
suph superheating process
tot total
w cooling water
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