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ABSTRACT: In the quest to enhance energy efficiency and reduce environmental impact in the transportation sector,
the recovery of waste heat from diesel engines has become a critical area of focus. This study provided an exhaustive
thermodynamic analysis optimizing Organic Rankine Cycle (ORC) systems for waste heat recovery from diesel engines.
The study assessed the performance of five candidate working fluids—R11, R123, R113, R245fa, and R141b—under a range
of operating conditions, specifically varying overheat temperatures and evaporation pressures. The results indicated
that the choice of working fluid substantially influences the system’s exergetic efficiency, net output power, and thermal
efficiency. R245fa showed an outstanding net output power of 30.39 kW at high overheat conditions, outperforming
R11, which is significant for high-temperature waste heat recovery. At lower temperatures, R11 and R113 demonstrated
higher exergetic efficiencies, with R11 reaching a peak exergetic efficiency of 7.4% at an evaporation pressure of
10 bar and an overheat of 10○C. The study also revealed that controlling the overheat and optimizing the evaporation
pressure are crucial for enhancing the net output power of the ORC system. Specifically, at an evaporation pressure
of 30 bar and an overheat of 0○C, R113 exhibited the lowest exergetic destruction of 544.5 kJ/kg, making it a suitable
choice for minimizing irreversible losses. These findings are instrumental for understanding the performance of ORC
systems in waste heat recovery applications and offer valuable insights for the design and operation of more efficient
and environmentally friendly diesel engine systems.

KEYWORDS: Organic rankine cycle (ORC); waste heat recovery; working fluid selection; exergetic efficiency; net
output power

1 Introduction
The background of waste heat recovery from vehicle diesel engines is becoming increasingly prominent.

Under the dual pressures of global energy scarcity and intensifying environmental pollution, enhancing
energy utilization efficiency and reducing energy consumption have emerged as pressing issues within the
automotive industry [1,2]. Diesel engines, serving as a primary power source, generate a substantial amount
of exhaust waste heat during operation, which has traditionally been directly emitted into the environment,
leading to significant energy wastage [3]. To tap into this potential, waste heat recovery technologies for
vehicle diesel engines have been developed, aiming to efficiently recover and transform this waste heat
into a cleaner and more efficient energy utilization solution for vehicles [4]. It is estimated that light-duty
vehicles powered by internal combustion engines lose approximately 60% of their fuel energy in the form
of waste heat to the environment, with half of this energy lost in exhaust gases and the other half in engine
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coolant [5]. The development of waste heat recovery (WHR) systems seeks to harness this significant energy
resource, thereby improving the efficiency of the powertrain and reducing fuel consumption for vehicles [6].
The utilization of vehicle waste heat based on Organic Rankine Cycle (ORC) technology, while highly
promising, faces multiple challenges that require careful consideration in terms of compact space design,
thermal source stability management, system lightweighting, efficient cooling, and energy optimization
configuration [7]. Specifically, this technology aims to convert the low-grade thermal energy of vehicles into
high-value electrical or mechanical energy, thereby enhancing energy utilization efficiency and promoting
energy conservation and emission reduction. However, due to the constraints of vehicle interior space, there
is a demand for systems that are both compact and efficient [8]. Additionally, it is necessary to address the
fluctuations in heat emission from diesel engines and optimize the exhaust system to minimize back pressure
impacts [9]. Furthermore, there is a need to balance system performance with weight, design efficient
cooling mechanisms, and flexibly configure recovered energy to meet the actual needs of vehicles, thus
maximizing energy utilization through technological innovation and system optimization [10]. Currently,
vehicles fueled by petroleum still constitute the majority of the vehicle fleet, and their thermal efficiency
is relatively low, with a significant proportion of the total energy from fuel combustion being lost through
exhaust gases [11]. Organic Rankine Cycle technology, as a means of recovering waste heat from vehicle
engine exhaust, can effectively improve energy utilization rates and achieve the goal of energy conservation
and emission reduction [12,13]. However, vehicles operate under transient conditions on roads, and how the
engine-ORC system can work synergistically to maximize energy-saving potential is a hot topic in this field
of research [14].

In order to improve the fuel utilization efficiency of internal combustion engine, especially diesel engine,
the waste heat recovery efficiency of organic Rankine cycle (ORC) technology is selected as for different
working conditions [15]. Researchers [16] have conducted an analysis and optimization of the Organic
Rankine Cycle (ORC) system driven by industrial low-temperature waste heat, exploring the integration
of ORC with the Absorption Refrigeration Cycle (ARC) and the Ejector Refrigeration Cycle (ERC) for the
recovery of low-temperature waste heat. The study assessed the impact of various operational parameters on
system performance and compared the performance of the systems before and after coupling. The results
indicated that, under non-coupled conditions, when the evaporation temperature of the ORC exceeds a
certain value, the net power output, refrigeration capacity, and exergy efficiency of the ORC-ARC system
are all higher than those of the ORC-ERC system. A model integrating an automotive engine with an
Organic Rankine Cycle (ORC) system was constructed in [17], and its validity was confirmed through
data from various driving cycles. The ORC system, typically employed in stationary applications, has been
demonstrated to be viable when integrated with powertrain systems within road traffic power systems.
In [18], the ORC system for natural gas-powered buses was investigated, with real-world driving tests
conducted to measure exhaust mass flow rate and temperature, enabling the calculation of recoverable
thermal power within the ORC unit. The performance of the ORC system, in terms of actual cycle efficiency
and power generation, was calculated assuming n-pentane as the working fluid. Ref. [19] offers a complete
thermodynamic analysis, cycle configuration, system sizing, and working fluid selection for a standalone
engine coolant recovery based on the organic Rankine cycle. The study examines the system’s performance
under fluctuating flow conditions of cooling water with varying engine speeds and loads, taking into account
the impact of thermal source mass flow rate changes on heat input. The research indicates that R245fa
exhibits superior performance, achieving a cycle efficiency of 4.72% and a work output of 0.97 kW in a
double expander configuration. Literature [20] investigates the impact of working fluids on the performance
of engine-ORC systems under various operating conditions. Based on a static ORC model, the selection
of working fluids, structure, and process parameters was analyzed. For vehicle diesel engine applications,
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a single-cycle ORC configuration is proposed due to its ability to utilize multiple waste heat sources and
address issues related to weight, space, and cost. In contrast, stationary diesel engine applications are
more suited to a dual-loop ORC configuration, which is less constrained by weight and space limitations
Literature [21] introduces an innovative parallel dual-expander Organic Rankine Cycle (ORC) system and
develops four operational modes tailored to different heat sources. After experimental validation under 16
sets of varying heat source conditions, the ORC system and its operational strategies have demonstrated
excellent adaptability to heat sources. Based on engine efficiency, the system efficiently recovers waste heat
under variable conditions by making rational use of the surplus heat from cooling water. Despite some
research on the selection of working fluids for the ORC system under different operating conditions, such as
using R123, n-pentane, R245a, and other fluids, challenges remain in terms of the limitations of working fluid
selection and the complexity of system configuration. Furthermore, the optimal working fluid selection for
vehicle diesel engines under specific operating conditions requires more in-depth research and experimental
validation, considering system configurations that take into account factors such as weight, space, and cost.
There is a lack of analysis on the thermodynamic parameters of different organic working fluids for the ORC
and their impact on overall system performance under various operating conditions.

Scholars have recently developed a series of efficient cyclic systems to more effectively harness waste
heat and energy from engine coolant water. A parallel dual-expander Organic Rankine Cycle (ORC) system
operating under various conditions has been proposed in literature [22], with experimental exploration
leading to the formulation of corresponding operational strategies. The experimental results indicate that
the system’s heat source conditions are expanded, enabling efficient utilization of cooling water waste heat.
Supercritical Carbon Dioxide (S-CO2) Brayton cycles [23] serve as an effective technology for recovering
waste heat from Compressed Natural Gas (CNG) engines, and the selection of cycle configuration is crucial
for enhancing recovery efficiency. Literature [24] is dedicated to exploring the application potential of S-CO2,
Organic Rankine Cycle (ORC), and Thermoelectric Generator (TEG) systems in Waste Heat Recovery from
Exhaust Gases (WHRE) in automotive applications, with a particular focus on heavy-duty diesel engines such
as those used in ships, trucks, and locomotives. A turbine power generation system designed to recover this
wasted energy has been studied and simulated in literature [25]. The application of ORC waste heat recovery
systems in hybrid electric vehicles has been modeled and tested using GT-SUITE software in literature [26],
revealing that the ORC system achieved a maximum cycle efficiency of 5.4% and a recovered power of
2.02 kW, with subsequent economic analysis and comparison of different waste heat recovery technologies.
An ORC waste heat recovery system model has been established in literature [27], discovering that ethanol
systems perform best over a wide operating range with efficiencies reaching up to 24.1%, which can be further
enhanced to 9.0% with the addition of a conditioner; cyclopentane is suitable for low-temperature exhaust
waste heat recovery with efficiencies as high as 27.6%; and R1233ZD systems outperform R245fa, making
them suitable for low-quality waste heat recovery. Dual-pressure ORC has been widely applied in engine
waste heat recovery, and optimal dual-pressure ORC systems have been designed and parameter-optimized
for different engine waste heat source conditions. Research [28] proposed a method for constructing a system
selection chart, with results showing that compared to the dual-pressure ORC system with the lowest net
output power and thermal efficiency, the optimal system can increase net output power by 8.34% to 28.52%
and thermal efficiency by 8.43% to 32.38%. In summary, although the models of diesel engine ORC waste heat
recovery systems have been innovatively improved to varying degrees, the research on diesel engines is not
deep enough. However, models are often limited to a single dimension, failing to comprehensively consider
multiple evaluation indicators such as thermodynamic, economic, and environmental performance, as well
as the impact of working fluid thermodynamic parameters on the system.
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To systematically investigate the thermodynamic performance of Dual-Loop Organic Rankine Cycle
(DORC) systems, a comparative analysis of traditional and advanced exergy analyses was conducted in
literature [29], utilizing a straight-six, four-stroke turbocharged diesel engine. The study contrasted the
outcomes of conventional exergy analysis with those of advanced exergy analysis. Sensitivity analysis was
also implemented to further explore the impact of operational parameters on avoidable endogenous exergy
losses. In literature [30], the focus was on the energy and exergy characteristics of a dual-loop Organic
Rankine Cycle (ORC) integrated with heavy-duty diesel engines. The results indicated that increases in both
engine parameters and cycle parameters enhance system output power, with engine variable changes having
a more significant impact. Variations in engine speed and fuel injection timing had a relatively minor effect
on system thermal efficiency. To achieve maximum exergy efficiency and minimum electricity production
cost (EPC) for a specific ORC system, researchers [31] developed a multi-objective optimization model and
employed Genetic Algorithms (GA) for solution. In this model, evaporation temperature and condensation
temperature were selected as decision variables. Initially, working fluids such as R245fa, R245ca, R600,
R600a, R601, and R601a were studied for variations in exergy efficiency and EPC with respect to evaporation
and condensation temperatures. Subsequent multi-objective optimizations yielded Rankine parameters for
different working fluids. The findings suggested that R245fa outperforms other working fluids in the specific
ORC system. This research provides deeper insights into the operational characteristics of ORC systems and
offers valuable guidance for achieving more efficient and economical waste heat recovery. Literature [32]
addressed the underutilization of thermal energy in ORC systems by constructing a system model and
conducting an in-depth sensitivity analysis based on heat exchanger performance variations. Additionally,
to counteract heat source temperature fluctuations, modeling calculations and adjustment schemes were
proposed to ensure stable power generation. Preliminary results revealed the significant impact of key system
parameters such as evaporation pressure and condensation temperature on performance, providing valuable
references for the design and practical application of ORC systems. In literature [33], energy and exergy
analyses were conducted on five different dry working fluids for ORC, namely R600a, R600, R245fa, R123,
and R113. The performance parameters of ORC were evaluated under various evaporation temperatures
and waste heat fluid inlet temperatures. The study demonstrated that R600a performed best in terms of
thermal efficiency, exergy efficiency, net power output, and reduction in total irreversibility when increasing
evaporation temperature and waste heat fluid inlet temperature. Since diesel engine operation energy is
closely related to engine conditions and ORC system selection parameters, the available exhaust energy of
the diesel engine fluctuates with changes in ORC system component parameters. Furthermore, the study
did not consider the impact of different engine speeds and torques on the system. While energy and exergy
analyses of ORC waste heat recovery were conducted at different evaporation temperatures, for automotive
diesel engines, it is essential to consider the impact of equipment selection and steam and cooling water
consumption under different conditions on the engine. The study did not account for the influence of steam
and cooling water on the diesel engine, and different parameters can lead to variations in the available energy
of the automotive diesel engine, indicating an incomplete consideration of ORC system parameter studies.

Against the backdrop of waste heat recovery from vehicular diesel engines using Organic Rankine
Cycle (ORC) technology, the selection of working fluids is constrained, necessitating in-depth research and
experimental validation to identify the optimal working fluid under various operating conditions. While
model structure innovation is continuously advancing, it is often limited to a single dimension, lacking a
comprehensive consideration of thermodynamic, economic, and environmental performance. Furthermore,
existing studies on waste heat recovery performance under specific conditions do not sufficiently analyze
system parameters and actual influencing factors, such as steam and cooling water data. Therefore, this study
addresses the limitations in working fluid selection for ORC waste heat recovery under different operating
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conditions by comparing the impact of the evaporation pressure of five working fluids on the thermodynamic
parameters of the ORC system, thereby identifying the most suitable optimal working fluid for different
conditions. Concurrently, an ORC waste heat recovery model is constructed, taking into account multiple
thermodynamic evaluation indicators. The study comprehensively assesses the impact of working fluids on
the thermodynamic parameters of the Organic Rankine Cycle system. Additionally, for waste heat recovery
performance under specific conditions, the research conducts a thorough analysis of system parameters and
actual influencing factors, such as steam and cooling water data, to more accurately evaluate the performance
of ORC systems in waste heat recovery for hybrid trucks. Finally, an analysis of the available energy of diesel
engines at different speeds and torques is conducted, with a detailed analysis of the net output power for R11
and R245fa. As depicted in Fig. 1, the overall schematic of the system is presented.
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Figure 1: Schematic diagram of a vehicle diesel engine

2 Diesel Engine ORC Waste Heat Recovery Systems in Vehicles
The Organic Rankine Cycle (ORC) system employs an organic working fluid as a medium for energy

transfer, capturing waste heat from the high-temperature exhaust gases emitted by diesel engines. This heat
is absorbed in the evaporator, causing the working fluid to vaporize into high-temperature, high-pressure
vapor. The vapor then drives a turbine, converting thermal energy into mechanical energy. After expansion,
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the working fluid enters the condenser, where it is cooled and liquefied before returning to the storage tank,
thus completing the cycle. Throughout this process, the ORC system efficiently recovers and utilizes low-
temperature thermal energy. Fig. 2 illustrates the integrated setup of a vehicular diesel engine with an ORC
waste heat recovery unit.
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Figure 2: Schematic diagram of a vehicle diesel engine with ORC waste heat recovery system

2.1 Construction of ORC Waste Heat Recovery Models
This article addresses the vehicular diesel engine’s cascade waste heat recovery system, optimizing the

system structure and parameter configuration to analyze the optimal selection of exergy efficiency, thermal
efficiency, and irreversible losses in diesel engine waste heat recovery. This has led to the efficient recovery
and utilization of diesel engine waste heat. The system not only enhances energy utilization efficiency but
also reduces energy consumption and emissions, offering significant economic and environmental benefits.
Future research may further explore the application of novel working fluids, optimization of system dynamic
characteristics, and integration strategies with other vehicular systems to further improve overall system
performance and reliability.

In the waste heat recovery system of diesel engines, the high-temperature exhaust gases emitted by
the engine serve as a valuable heat source, efficiently recovered and utilized through a series of metic-
ulously designed processes. Specifically, the exhaust gases generated during the diesel engine’s operation
are significantly hotter than ambient temperatures, containing a substantial amount of thermal energy.
These high-temperature exhaust gases are first guided to the evaporator module of the ORC (Organic
Rankine Cycle) system via specially designed gas pipelines. Within the evaporator, the low-temperature, low-
pressure organic working fluid undergoes an indirect heat exchange with the high-temperature exhaust gases,
absorbing the heat and undergoing a phase change, gradually vaporizing from a liquid to a high-temperature,
high-pressure vapor. This high-temperature, high-pressure vapor is then sent to the turbine or expander,
where its internal energy is converted into mechanical energy through expansion, driving the generator to
rotate and thereby converting mechanical energy into electrical energy. This process not only achieves the
transformation of thermal energy into electrical energy but also significantly reduces the temperature of
exhaust gas emissions, which is beneficial for reducing thermal pollution and greenhouse gas emissions.
After completing work, the vapor enters the condenser, releases the remaining heat under the action of the
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cooling medium, and condenses back into a liquid state. The condensed liquid organic working fluid, after
being pressurized by a pump, re-enters the evaporator for the next cycle, thus achieving the closed-loop
operation of the entire waste heat recovery system. In summary, the waste heat recovery process from diesel
engine exhaust gases, facilitated by the ORC system, achieves an efficient conversion of thermal energy into
electrical energy, enhancing energy utilization efficiency and reducing environmental pollution, marking it
as a significant technological breakthrough in the field of energy conservation and emission reduction. Fig. 3
illustrates the organic Rankine cascade waste heat recovery model.
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Figure 3: Schematic representation of the Organic Rankine Cycle (ORC) cascade waste heat recovery model

2.2 Rankine Cycle Mathematical Models
2.2.1 Working Fluid Pump

In the Organic Rankine Cycle (ORC) system, the working fluid undergoes compression within the
working fluid pump, consuming electrical energy in the process. The power consumed can be quantified as
follows:

Pp = qm , f (h1 − h4)/ηp (1)

qm , f represents the mass flow rate of the working fluid, kg/h; ηp represents the efficiency of the working fluid
pump, ηp = 0.8; h4 and h1 represent the specific enthalpy of the working fluid at the inlet and outlet of the
pump, respectively, kJ/kg.

2.2.2 Evaporator Model
The heat absorbed by the liquid working fluid in the evaporator from the waste heat of the diesel engine

exhaust, which is then heated is obarically to become high-temperature and high-pressure working fluid
vapor, can be described as follows:

Qev a = qm , f (h2 − h1) (2)
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In the formula, h2 represents the specific enthalpy of the working fluid at the outlet of the evaporator,
in kJ/kg.

2.2.3 Expander Model
Expansion process output power:

P = qm , f (h3 − h2)ηt ηg (3)

In the formula, ηt represents the mechanical efficiency of the expander, which is 0.85; ηg represents the
efficiency of the generator, which is 1; h3 represents the specific enthalpy of the working fluid at the outlet of
the expander, in kJ/kg.

The net output power of the system is given by the formula:

Pnet = P − Pp (4)

2.2.4 Condenser Model
The heat released by the working fluid during the condensation process:

Qcond = qm , f (h4 − h3) (5)

The power consumption factor is an important indicator for evaluating the functional efficiency of
a pump, referring to the pump work consumed to produce a unit of net output work. The calculation
formula is:

ξPCF = Pp/Pnet (6)

The exergy at any point i in the system:

Ei = qm , f [(hi − h0) − T0(si − s0)] (7)

In the formula: T0 is the thermodynamic temperature of the environment, in Kelvin (K); hi is the specific
enthalpy of the working fluid at point i, in kJ/kg; h0 is the specific enthalpy of the environment, in kJ/kg; si is
the specific entropy of the working fluid at point i, in kJ/(kg⋅K); s0 is the specific entropy of the environment,
in kJ/(kg⋅K).

The exergy efficiency of the system is:

ηe = Pnet/Ein (8)

In the formula: Ein represents the system input, with the unit in kilowatts (kW).
The thermal efficiency of the system is:

η = Pnet/Qeva (9)

2.3 Organic Rankine Cycle Thermodynamic Indicators Include
2.3.1 Net Output Work

In an ORC system, the expander is the component that outputs work, and the working fluid pump is
the component that consumes energy. Starting from the first law of thermodynamics and analyzing based
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on the law of energy conservation, the net output work obtained by the system is the output shaft work of
the expander minus the work consumed by the working fluid pump. The calculation formula is expressed
as Eq. (9).

2.3.2 Thermal Efficiency of the Cycle
From thermodynamic analysis, it can be concluded that the thermal efficiency of the ORC system’s cycle

is the ratio of “benefit” to “cost”, where “benefit” refers to the system’s net output work, and “cost” refers to
the heat absorbed by the working fluid in the evaporator.

ηt ,c yc l e =
Ẇnet

Q̇w f ,ev a
× 100% (10)

2.3.3 Total Exergy Loss
In the ORC system, the valuable benefit exergy only includes the net output work. For the exergy input

at the evaporator inlet being exhaust waste heat, the total exergy loss of the system is:

∑ İORC = Ėx ,ex h , in − Ẇnet (11)

2.3.4 Total Exergy Efficiency
The system’s exergy efficiency is the ratio of the net output work of the working fluid to the exergy of

the heat absorbed by the working fluid in the evaporator.

ηex ,c yc l e =
Ẇnet

ΔEx ,w f ,ev a
× 100% (12)

2.3.5 Overall Thermal Recovery Efficiency and Total Exergy Recovery Efficiency
After passing through the evaporator heat exchange, the exhaust waste heat generally has a higher

temperature than the ambient temperature at the outlet, possessing a certain ability to do work, and becomes
the external heat loss emitted into the atmospheric environment. To measure the energy conversion effect of
waste heat recovery by taking this into account, the overall thermal recovery efficiency and the total exergy
recovery efficiency are introduced, which are calculated as follows:

ηi =
Ẇnet

Q̇ex h , in
× 100% (13)

ηex =
Ẇnet

Ėx ,ex h , in
× 100% (14)

Ėx ,ex h , in is the temperature at the inlet of the exhaust, Q̇ex h , in represents the heat released when the
temperature is reduced to the ambient temperature T0, with the unit being kJ/s. Ėx ,ex h , in represents the
exergy value of the exhaust waste heat at the inlet of the evaporator, with the unit being kJ/s.

3 Selection and Performance Analysis of Working Fluids

3.1 Selection of Working Fluids
The primary sources of waste heat in engines include exhaust gases and cooling water. Among these,

the exhaust gases account for approximately 30% of the heat generated by combustion, exhibit the highest
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temperature, and possess the highest quality of thermal energy, making them a focal point for heat
recovery efforts.

Organic working fluids are one of the critical factors affecting the performance of organic Rankine cycle
(ORC) waste heat recovery systems. In ORC systems, the selection of an organic working fluid requires a
careful balance between boiling points. Utilizing a working fluid with a boiling point that is excessively high
may lead to an increase in the evaporation temperature of the system, enhancing the difficulty of energy
conversion, reducing overall thermal efficiency, and necessitating higher system pressures and more complex
equipment design, thereby increasing operational costs and safety hazards. Conversely, selecting a working
fluid with a boiling point that is too low may result in inadequate waste heat recovery, especially under
conditions of low-temperature waste heat sources, leading to a decline in system performance and a decrease
in thermal recovery efficiency. Therefore, comprehensively considering the boiling point factor and choosing
an organic working fluid that is moderate and compatible with the system conditions is essential for ensuring
the system operates efficiently, safely, and stably. In the selection of organic working fluids, it is imperative
to consider not only their operational performance but also their safety and environmental impact. Table 1
presents the thermophysical properties of several working fluids, including their critical temperature, critical
pressure, boiling point, type, and molar mass.

Table 1: Thermophysical properties of the working fluid

Working
fluid

Critical
temperature/○C

Critical
pressure/MPa

Boiling
point/○C Type Molar mass

g/mol
R245fa 368.8 3.64 24.8 Hydrofluorocarbon 60.09
Toluene 318.60 4.11 110.6 Isentropic Fluid 92.14

N-Heptane 266.95 2.73 98.4 Alkane 100.20

R141b 374.2 4.06 −25.5 Fluorinated
Hydrocarbon 100.49

R11 197.96 4.41 −24.1 Fluid 137.37

R123 265.3 3.66 27.9 Fluorinated
Hydrocarbon 152.91

3.2 The Impact of Working Fluids on ORC Waste Heat Recovery Performance
Fig. 4a–f comprehensively compares the multidimensional impacts of five types of working fluids

(R141b, R245fa, R113, R11, R123) on the waste heat recovery performance of an Organic Rankine Cycle
(ORC) through scatter plots and radar charts. Specifically, Fig. 4a–d presents, in the form of line graphs,
the changing trends of exergy efficiency, net output power, thermal efficiency, and irreversible losses for
different working fluids under varying superheat degrees (0○C–10○C). In Fig. 4a, it can be clearly seen
that as the superheat degree increases, the exergy efficiencies of the working fluids exhibit different trends.
Among them, R123 achieves an exergy efficiency of 6.815% at a superheat degree of 2○C and reaches its
highest exergy efficiency of 6.837% at 10○C. Fig. 4b illustrates the relationship between net output power and
superheat degree, with R245fa demonstrating a significant advantage in net output power at high superheat
degrees, reaching a maximum of 0.00584 kW/kg at 8○C. The thermal efficiency curves in Fig. 4c further
reveal the efficiency differences among the working fluids during the energy conversion process. R11 has
a thermal efficiency of 7.200% at a superheat degree of 2○C and reaches its highest thermal efficiency of
7.182% at 6○C. Fig. 4d reflects the loss situations of different working fluids during the energy transfer process
through the trend of irreversible losses, with R113 achieving the lowest irreversible loss of approximately
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544.5 kJ/kg at a specific evaporation pressure and a subcooling degree of 0○C. Furthermore, Fig. 4e,f
visually compares the performance of the working fluids in terms of steam consumption (0–130 kg/h) and
cooling water consumption (0–5400 kg/h) through radar charts. These radar charts not only display the
numerical performance of each working fluid on a single resource consumption indicator, such as R11’s steam
consumption being as low as 10 kg/h under certain conditions and relatively low cooling water consumption;
they also intuitively reflect the advantages and disadvantages of each working fluid in terms of comprehensive
resource consumption through the shape and area of the polygons. These charts provide detailed data support
for a comprehensive evaluation of the performance of different working fluids in an ORC system.

Figure 4: Thermodynamic performance parameter analysis. (a) The impact of superheat variation on exergetic
efficiency of five working fluids, (b) The impact of superheat variation on net work for five working fluids, (c) The effect
of superheat variation on thermal efficiency for five working fluids, (d) The influence of superheat on irreversible losses
for five working fluids, (e) The influence of superheat on steam consumption for five working fluids, (f) The influence
of superheat on cooling water consumption for five working fluids

This study delves into the performance of five organic working fluids in an ORC waste heat recovery
system through multidimensional performance parameter analysis. The research results indicate that the
different working fluids exhibit significant differences in exergy efficiency, net output power, thermal
efficiency, irreversible losses, and resource consumption. These differences are not only reflected in single
performance indicators, such as R123’s exergy efficiency advantage at specific superheat degrees and R245fa’s
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net output power advantage at high superheat degrees; they are also reflected in the comprehensive
performance of multiple indicators, such as the comprehensive performance of steam consumption and
cooling water consumption displayed in the radar charts. Therefore, in practical applications, it is necessary
to comprehensively consider the performance characteristics of each working fluid and make an optimized
selection based on specific requirements and system conditions. For example, in scenarios pursuing high
net output power, R245fa can be given priority; while in situations with strict restrictions on resource
consumption, it is necessary to comprehensively consider the performance of each working fluid in terms
of steam consumption and cooling water consumption and choose a working fluid with lower resource
consumption, such as R11. This study not only provides a scientific basis for the selection of working
fluids in ORC systems but also offers important references for subsequent system design and optimization,
contributing to the widespread application and development of ORC technology in the field of waste
heat recovery.

3.3 Performance of Working Fluids at Varying Pressures and Subcooling
To further delve into the performance analysis between working fluids and subcooling, the impact of

five organic working fluids under evaporation pressures ranging from 10 to 30 bar, with a constant superheat
of 10○C and subcooling degrees between 0○C and 5○C, on system irreversibilities, thermal efficiency, and
exergy efficiency was investigated.

3.3.1 Influence of Working Fluids at Varying Pressures and Subcooling on System Irreversibilities Losses
Fig. 5a–e presents an in-depth exploration of the impact of five organic working fluids (R11, R123,

R113, R245fa, R141b) on the irreversible losses in an Organic Rankine Cycle (ORC) system under varying
evaporation pressures and subcooling degrees. Through systematic analysis, it has been found that as
the evaporation pressure increases, the irreversible losses of all working fluids exhibit a downward trend,
whereas with an increase in subcooling degree, the irreversible losses correspondingly rise. Specifically,
R11 and R123 demonstrate lower irreversible losses at higher evaporation pressures and lower subcooling
degrees. However, under certain conditions, R113 exhibits even more outstanding performance. Notably, at
an evaporation pressure of 30 bar and a subcooling degree of 0○C, R113 achieves the lowest irreversible loss
of just 544.5 kJ/kg, significantly lower than the other fluids. In contrast, R245fa and R141b exhibit higher
irreversible losses under the same conditions, indicating an adverse effect on system performance.

Figure 5: (Continued)
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Figure 5: Sensitivity analysis of irreversible losses. (a) The impact of evaporation pressure and subcooling variations
on irreversible losses for R11 working fluid, (b) The impact of evaporation pressure and subcooling on irreversible losses
for R123 working fluid, (c) The impact of evaporation pressure and subcooling on irreversible losses for R113 working
fluid, (d) The impact of evaporation pressure and subcooling on irreversible losses for R245fa working fluid, (e) The
impact of evaporation pressure and subcooling on irreversible losses for R141b working fluid

A comprehensive analysis reveals that, with the objective of minimizing irreversible losses, R113
performs best under the conditions of 30 bar evaporation pressure and 0○C subcooling degree, making it the
most efficient choice for waste heat recovery among the working fluids examined. This finding provides an
important reference for the selection of working fluids in practical applications of ORC systems, particularly
in scenarios where efficient waste heat recovery is essential. Therefore, when designing ORC systems, priority
should be given to working fluids that can minimize irreversible losses under given operating conditions,
such as R113, to achieve more efficient waste heat recovery and energy utilization.

This study systematically investigates the thermodynamic mechanisms underlying the increased irre-
versible losses in Organic Rankine Cycle (ORC) systems with rising evaporation pressure and subcooling
degree. The results reveal three primary contributing factors: (1) Elevated evaporation pressure significantly
increases working fluid pump power consumption while reducing expander isentropic efficiency, leading to
irreversible losses during energy conversion; (2) Increased subcooling exacerbates heat transfer temperature
differences in the condenser and elevates pump cavitation risk, further degrading system efficiency; (3)
Distinct thermodynamic properties of different working fluids result in markedly varied responses to
operational parameters, as evidenced by R113 demonstrating optimal performance at 30 bar/0○C (minimum
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exergy losses: 544.5 kJ/kg) compared to R245fa’s maximum losses at 10 bar/5○C (1098 kJ/kg). To mitigate irre-
versible losses, the evaporation pressure should be maintained within 10–20 bar and subcooling controlled at
0○C–3○C, with working fluid selection tailored to operating conditions (R113 for low-temperature applica-
tions, R245fa for high-temperature scenarios). These findings provide crucial theoretical foundations for
ORC system optimization and offer significant guidance for enhancing waste heat recovery efficiency.

3.3.2 Influence of Working Fluids at Varying Pressures and Subcooling on Thermal Efficiency
Fig. 6a–e demonstrates the impact of five types of working fluids (R141b, R245fa, R113, R11, R123) on

the thermal efficiency of an Organic Rankine Cycle (ORC) system under varying evaporation pressures
and subcooling degrees. Through these three-dimensional surface plots, it is observable how evaporation
pressure and subcooling degree jointly influence the system’s thermal efficiency. As depicted in the figures,
for all working fluids, the thermal efficiency exhibits a certain trend with the increase of evaporation
pressure, while changes in subcooling degree also have a significant impact on thermal efficiency. The thermal
efficiency performance of each working fluid varies under different combinations of pressure and subcooling
degree, providing abundant data support for optimizing the performance of the ORC system.

Figure 6: (Continued)



Energy Eng. 2026;123(2):23 15

Figure 6: Sensitivity analysis of thermal efficiency (a) The impact of evaporation pressure and subcooling on thermal
efficiency for R11 working fluid, (b) The impact of evaporation pressure and subcoolingt on thermal efficiency for R123
working fluid, (c) The impact of evaporation pressure and subcooling on thermal efficiency for R113 working fluid,
(d) The impact of evaporation pressure and subcooling on thermal efficiency for R245fa working fluid, (e) The impact
of evaporation pressure and subcooling on thermal efficiency for R141b working fluid

A comprehensive analysis reveals that different working fluids exhibit distinct thermal efficiency
performances under specific evaporation pressures and subcooling degrees. When selecting a suitable
working fluid, it is essential to comprehensively consider the operating pressure range of the system and
the required subcooling degree. For instance, in certain high-pressure application scenarios, R11 and R123
may demonstrate higher thermal efficiency, whereas in low-pressure applications or those requiring specific
subcooling degrees, R141b or R245fa may be more appropriate. Therefore, in practical applications, the
working fluid that maximizes thermal efficiency should be selected based on specific system requirements
and operating conditions to achieve optimal performance of the ORC system.

3.3.3 Influence of Working Fluids at Varying Pressures and Subcooling on Exergy Efficiency
As illustrated in Table A1, the exergy destruction rates across various components of the ORC sys-

tem provide critical insights into the system’s energy efficiency. Table A2, found in Appendix A, offers a
comprehensive glossary of terms related to the ORC system. This study provides a detailed analysis of
the specific impact of five types of organic working fluids (R141b, R245fa, R113, R11, R123) on the exergy
efficiency of an Organic Rankine Cycle (ORC) system under varying evaporation pressures and subcooling
degrees through Fig. 7a–e. The analysis reveals significant differences in exergy efficiency among the working
fluids under identical operating conditions. Notably, the R113 working fluid exhibits higher exergy efficiency
in most scenarios, enabling more effective reduction of irreversible losses during the energy conversion
process. Furthermore, evaporation pressure and subcooling degree, as key operating parameters, have a
non-negligible impact on exergy efficiency. Generally, an increase in evaporation pressure is conducive to
improving exergy efficiency, whereas an increase in subcooling degree may reduce it. It is evident that under
the specific conditions of 30 bar evaporation pressure and 0○C subcooling degree, the R113 working fluid
achieves the lowest irreversible loss and, consequently, the highest exergy efficiency. This finding provides
crucial experimental evidence for the optimal design of ORC systems.
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Figure 7: Sensitivity analysis of exergy efficiency (a) The impact of evaporation pressure and subcooling on exergy
efficiency for R11 working fluid, (b) The impact of evaporation pressure and subcooling on exergy efficiency for R123
working fluid, (c) The impact of evaporation pressure and subcooling on exergy efficiency for working fluid R113, (d)
The impact of evaporation pressure and subcooling on exergy efficiency for working fluid R245fa, (e) The impact of
evaporation pressure and subcooling on exergy efficiency for working fluid R141b
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In summary, this study uncovers the pivotal influence of working fluid selection and operating
conditions on the exergy efficiency of an Organic Rankine Cycle (ORC) system. With the goal of pursuing
high exergy efficiency, the R113 working fluid emerges as the preferred choice for ORC systems due to its
outstanding thermophysical properties and exceptional performance under specific operating conditions.
Particularly under the conditions of 30 bar evaporation pressure and 0○C subcooling degree, the R113
working fluid demonstrates unparalleled exergy efficiency advantages, providing valuable guidance for the
practical application of ORC systems. Therefore, we recommend prioritizing the use of the R113 working
fluid in actual engineering applications and maximizing the exergy efficiency of ORC systems by precisely
controlling key operating parameters such as evaporation pressure and subcooling degree, thereby achieving
efficient energy recovery and utilization. This research finding not only holds significant value for enhancing
the performance of ORC technology but also contributes new scientific evidence to promote sustainable
development in the field of energy recovery and utilization.

4 Conclusion
(1) The selection of organic working fluids significantly impacts the performance of the Organic Rankine

Cycle (ORC) system.
The selection of organic working fluids has a pronounced effect on the performance of Organic
Rankine Cycle (ORC) systems. Under varying degrees of superheat, the impact on the exergetic
efficiency, net output work, and thermal efficiency of ORC systems is distinct for fluids such as R11,
R123, R113, R245fa, and R141b. For instance, at lower temperatures, R11 and R113 exhibit higher exergetic
efficiencies, while R123 demonstrates superior performance at higher temperatures. Consequently,
the judicious selection of an organic working fluid tailored to specific operating conditions can
significantly enhance the overall performance of ORC systems.

(2) As the degree of superheat increases, the net output work of ORC systems utilizing various working
fluids initially ascends, reaching a peak at a specific superheat level. For instance, R141b and R245fa
achieve their maximum net output work at a superheat of 10○C. This phenomenon underscores the
critical role of superheat control in the optimization of ORC system performance. Under conditions
where the evaporation pressure varies from 10 to 30 bar and the superheat is held constant, the irre-
versible losses of the system employing R11 exhibit a roughly linear increase with the rise in subcooling.
The minimum irreversible losses, recorded at 670 kJ/kg, occur at an evaporation pressure of 30 bar and
a subcooling of 0○C. These findings highlight the importance of managing evaporation pressure and
subcooling to minimize inefficiencies and enhance the overall performance of ORC systems.

(3) An increase in evaporation pressure and subcooling leads to an escalation in irreversible losses within
the system, resulting in a degradation of both thermal efficiency and exergetic efficiency, which is
detrimental to the operation of the system and the recovery of waste heat.

(4) In summary, factors such as the compactness of the Organic Rankine Cycle (ORC) system, thermal
management strategies, control algorithms, and exhaust backpressure control technologies will signifi-
cantly impact system performance in future research and applications. Through the analysis of working
fluid parameters, this paper demonstrates that different environmental conditions and working fluids
can be configured based on specific requirements. By reasonably selecting organic working fluids,
controlling superheat, optimizing the operating conditions of diesel engines, and refining system
design and optimization, the exergetic efficiency, thermal efficiency, and net output power of waste
heat recovery from diesel engines can be enhanced, thereby achieving efficient waste heat recovery and
utilization. This is of great significance for promoting energy conservation, emission reduction, and
efficient energy utilization in the automotive industry.
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Appendix A

Table A1: Exergy breakdown rate table for ORC system components

Assembly Ecosystem destruction rate (İ)
computational formula Physical significance Key influencing factors

Evaporator İeva = Ėx ,in − Ėx ,2

Entropy loss of heat
transfer process between
high temperature exhaust

and working medium

Heat transfer temperature
difference, heat property

of working medium

Expander İexp = Ėx ,2 − Ėx ,3 − P
Irreversible loss in the
process of mechanical

energy conversion
Mechanical Efficiency ηt

Condenser İcond = Ėx ,3 − Ėx ,4

Energy loss in the low
temperature exothermic

process

Cooling water
temperature, ambient

temperature T0

Working fluid
pump İpump = Pp/ηp − (Ėx ,1 − Ėx ,4)

Energy to pressure
energy conversion loss Efficiency of pump ηp

Total system
energy loss

∑ İORC =
İeva + İexp + İcond + İpump

The sum of all irreversible
losses

Working medium
selection and operation
parameter optimization
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Table A2: Professional terminology notes

Number Parameter/Abbreviation Definition Unit
1 ORC Organic Rankine Cycle –
2 WHE Waste Heat Recovery –

3 R11, R123, R113,
R245fa, R141b

Working fluids used in the
Organic Rankine Cycle system

(refrigerants)
–

4 ηex Exergetic efficiency –
5 ηth Thermal efficiency –
6 Pnet Net output power kW
7 T Thermodynamic temperature K
8 h Specific enthalpy kJ/kg
9 s Specific entropy kJ/(kg⋅K)
10 Pevap Evaporation pressure bar
11 Tsuperheat Superheat temperature ○C
12 Tsubcool Subcooling temperature ○C
13 m˙ Mass flow rate kg/h
14 ηpump Working fluid pump efficiency –
15 ηexpander Expander mechanical efficiency –
16 ηgenerator Generator efficiency –
17 Qevap Heat absorbed in the evaporator kJ/kg
18 Qcond Heat released in the condenser kJ/kg
19 Eloss Irreversible losses kJ/kg
20 Einput System input exergy kW
21 Eoutput System output exergy kW

22 ηoverall, th
Overall thermal recovery

efficiency –

23 ηoverall, ex
Overall exergy recovery

efficiency –

24 T0 Ambient temperature K
25 Qambient Heat released to ambient kJ/s
26 Eexhaust Exergy of exhaust waste heat kJ/s
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