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PUBLIC SUMMARY

= Proposed an ejector-integrated organic Rankine cycle (EORC-CCHP) system for efficient low-grade thermal energy
use.

= Developed a framework combining refrigerant selection and thermodynamic optimization with a focus on sustainabil-
ity.

= |dentified R290/R1234yf as the optimal fluid, achieving a COPsys of 1.435.

= Parametric analysis revealed trade-offs in power and cooling outputs.

m  Exergy analysis highlighted boiler and ejector as key areas for performance improvement.
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Sustainable utilization of low-grade thermal energy is essential for advanc-
ing low-carbon distributed energy systems. This study proposes an ejector-
integrated organic Rankine cycle combined cooling, heating and power
(EORC-CCHP) system, in which ejector-based internal energy cascading is
employed to reduce throttling losses and enhance system performance
under low-temperature heat sources. A systematic framework integrating
environmentally sustainable refrigerant selection and thermodynamic opti-
mization is developed. Candidate working fluids, including R290, R600a,
R1234yf, R1233zd(E), and their mixtures, are first screened from an envi-
ronment perspective using total equivalent warming impact (TEWI) and life-
cycle assessment (LCA). A comprehensive thermodynamic model is then
established, and a multi-criteria decision-making approach based on
TOPSIS is applied to assess system performance across multiple indica-
tors. The results identify the R290/R1234yf mixture as the optimal working
fluid, achieving a maximum closeness coefficient of 0.745 at an R290 mass
fraction of 0.4, corresponding to a system coefficient of performance
(COPyy) of 1.435. Parametric analysis reveals that system performance is
governed by coupled trade-offs among operating parameters: increasing
boiler temperature enhances power output but introduces additional ther-
modynamic irreversibility, while variations in mass flow rate and ejector
geometry redistribute energy utilization between power and cooling
outputs. Exergy analysis shows that irreversibility is dominated by the
boiler and ejector, which together account for the majority of exergy
destruction, identifying them as key targets for performance improvement.
This work demonstrates that the synergistic design of low-GWP refrigerant
mixtures and ejector-enhanced thermodynamic cycles provides an effec-
tive pathway for improving the efficiency and sustainability of CCHP
systems utilizing low-grade thermal energy.

INTRODUCTION

Improving the utilization efficiency of low-grade thermal energy has
become a key pathway toward sustainable and low-carbon energy systems.
A substantial amount of recoverable energy is available from industrial waste
heat, geothermal resources, and solar thermal systems. However, its effec-
tive conversion remains challenging due to inherent thermodynamic limita-

tions at low temperature levels."” Combined cooling, heating, and power
(CCHP) systems have attracted increasing attention as an effective solution
for distributed energy supply, as they enable cascade utilization of energy to
simultaneously produce electricity, heating, and cooling. This integrated
approach significantly enhances overall energy efficiency and contributes to
carbon emission reduction. Nevertheless, the performance of conventional
CCHP systems remains constrained under low-grade heat conditions, high-
lighting the need for advanced thermodynamic cycle design and system
optimization.**

Among various thermodynamic cycles, the organic Rankine cycle (ORC) is
widely recognized as an effective technology for recovering low- to medium-
temperature heat sources due to its flexible working-fluid selection and
favorable thermodynamic performance.”® However, conventional ORC
systems are primarily designed for power generation, and a considerable
portion of residual heat is typically rejected to the environment, resulting in
significant energy losses and limited overall efficiency, particularly under low-
temperature conditions.”® To address this limitation, ejector-integrated ORC
configurations have been proposed. By replacing the throttling process with
an ejector, part of the expansion work can be recovered to entrain secondary
flow, thereby reducing exergy destruction and improving internal energy
matching. In CCHP applications, the ejector-integrated ORC (EORC-CCHP)
enables the simultaneous generation of electricity, heating, and cooling,
where a fraction of turbine output is utilized to produce refrigeration without
additional external energy input. This integration provides a promising path-
way to enhance system efficiency and operational flexibility for low-grade
heat utilization.”""

Recent studies have explored various configurations of ejector-integrated
ORC systems to improve cascade utilization of thermal energy. Yu etal.”
demonstrated that incorporating dual-pressure evaporation and staged heat
recovery significantly improves thermal matching and enhances both ther-
modynamic and economic performance which increases net power output
by 23.6-40.6% and reduces total unit cost by 7.9-11.1%. Tang etal.””
showed that replacing throttling valves with ejectors can effectively recover
expansion work, thereby increasing exergy efficiency by 4.69-5.88 percent-
age points and net power output by 10.44-15.25%, while generating refriger-
ation without additional energy input. More advanced integrations have
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further coupled ejector-based ORC systems with other cycles to exploit multi-
level energy utilization. For example, Du etal."* combined ejector-assisted
ORC with a CO,-based power cycle to simultaneously achieve efficient waste
heat recovery and carbon emission reduction, while Niu et al."” demonstrated
that integrating ejector ORC into Carnot battery systems can significantly
enhance power output by over 30% and improve operational flexibility. Thus,
ejector integration has been proven effective in reducing throttling losses,
improving internal energy matching, and enabling flexible multi-energy
outputs.

The selection of working fluids plays a decisive role in determining both the
thermodynamic performance and environmental impact of ORC-based
systems. With the implementation of the Kigali Amendment to the Montreal
Protocol, high-global-warming-potential (GWP) refrigerants are being
progressively phased down, accelerating the development of environmen-
tally sustainable alternatives. Low-GWP working fluids, including natural
hydrocarbons and hydrofluoroolefins (HFOs), have been extensively investi-
gated. Hydrocarbons such as R290 and R600a exhibit excellent thermody-
namic performance and ultra-low GWP but are constrained by flammability
concerns,'®'” whereas HFO refrigerants (e.q., R1234yf and R1233zd(E)) offer
improved safety characteristics with relatively lower thermodynamic perfor-
mance.'*"” These trade-offs highlight the limitations of single-component
working fluids in achieving optimal thermodynamic matching under varying
operating conditions.”” To overcome these limitations, refrigerant mixtures
have been proposed as an effective strategy to tailor thermophysical proper-
ties and temperature glide, thereby improving heat transfer matching and
overall system performance. Previous studies have demonstrated that mixed
refrigerants can significantly enhance ORC efficiency and expand the operat-
ing range, particularly under variable heat source conditions.”' However, most
existing research has focused on conventional ORC systems, while the inter-
action between refrigerant mixtures and advanced ejector-integrated config-
urations remains insufficiently understood.

Therefore, although previous studies have investigated ORC-based CCHP
systems, ejector-enhanced cycles, and low-GWP refrigerants independently,
a critical research gap remains in their integrated optimization. Due to the
inherent trade-offs among thermodynamic efficiency, environmental impact,
and economic performance, multi-objective optimization methods have been
widely adopted. Recent studies, have introduced advanced optimization
algorithms,” such as NSGA-II** and multi-objective particle swarm optimiza-
tion (MOPS0),” into ejector-integrated ORC-based systems. These studies
demonstrate that multi-objective frameworks can effectively balance
competing performance indicators and identify optimal operating conditions,
and reveal strong coupling relationships among system configuration, work-
ing fluid properties, and operating parameters. In particular, systematic eval-
uations of emerging low-GWP refrigerant mixtures in EORC-CCHP systems
are still limited, the coupled effects of refrigerant composition and operating
parameters have not been fully elucidated, and the integration of exergy anal-
ysis into multi-objective optimization frameworks remains insufficient. These
limitations hinder the development of efficient and environmentally sustain-
able system designs.

To address these challenges, this study presents a comprehensive investi-
gation of an ejector-integrated ORC-based CCHP (EORC-CCHP) system
using low-GWP refrigerant mixtures, with a focus on the coupling among
working fluid properties, system configuration, and operating conditions. The
main contributions are summarized as follows:

(1) A coupled environmental—thermodynamic evaluation framework based
on TEWI and life-cycle assessment (LCA) is established to systematically
screen low-GWP refrigerant mixtures.

(2) The influence of zeotropic mixture temperature glide on the synergistic
production of power, heating, and cooling is elucidated, and the optimal
working fluid (R290/R1234yf) and composition are identified.

(8) A coordinated optimization of key operating and structural parameters
is conducted to determine optimal operating ranges and enhance overall
system performance.

(4) An exergy-based analysis is performed to quantify and rank system
irreversibility, identifying dominant sources of exergy destruction and key
targets for performance improvement.

Through this integrated approach, the present study establishes a system-

atic framework for coupling working fluid design, thermodynamic cycle
configuration, and multi-objective optimization, providing valuable guidance
for the efficient and environmentally sustainable utilization of low-grade ther-
mal energy.

MATERIALS AND METHODS
System description

Figure 1 illustrates the schematic diagram and corresponding 7-s diagram
of the proposed EORC-CCHP system. The working fluid leaving the boiler at
high temperature and pressure (State 1) expands in the turbine to generate
power. A split-flow configuration is adopted in the turbine: a portion of the
fluid is extracted at an intermediate pressure (State 2) and directed to the
ejector as the primary flow, while the remaining fluid continues to expand to a
lower pressure (State 3), thereby maximizing power output. The low-pres-
sure fluid (State 3) subsequently enters the heater, where a rated heating
capacity of 5 kW is delivered (State 5). After heat release, this stream is
directed to the mixer. Meanwhile, the intermediate-pressure stream (State 2)
expands through the ejector nozzle, generating a high-velocity jet that
creates a suction effect, entraining the secondary flow from the evaporator
(State 9). The mixed flow passes through the diffuser, where pressure is
partially recovered before exiting the ejector (State 4). The ejector outlet
stream mixes with the heated stream and then enters the condenser
(State 6), where heat is rejected to the surroundings. The condensed liquid
flows to a balancing valve (State 7), where it is divided into two streams. One
stream is throttled and enters the evaporator (State 8), absorbing environ-
mental heat and vaporizing to State 9, thus completing the refrigeration cycle.
The other stream is pressurized by the pump (State 10) and returned to the
boiler, completing the power generation loop.

Refrigerant selection

The selection of working fluids plays a crucial role in determining the ther-
modynamic performance, environmental impact, and operational safety of
EORC-CCHP systems, particularly under low-grade heat source conditions
where thermophysical properties strongly influence heat transfer matching
and cycle efficiency.” In this study, four representative low-GWP refrigerants
(R290, R600a, R1234yf, and R1233zd(E)) are selected to capture the trade-
offs among thermodynamic performance, environmental sustainability, and
safety constraints. These pure fluids also serve as the basis for constructing
zeotropic mixtures, enabling further investigation of composition-dependent
thermodynamic behavior and system optimization. The key thermophysical
and safety properties of the selected refrigerants are summarized in Table 1,
providing the foundation for subsequent thermodynamic analysis and
mixture design.

Thermodynamic model

This section establishes the thermodynamic model of the proposed EORC-
CCHP system by providing a mathematical description of each component.
To simplify the analysis, the following assumptions are adopted: (1) The
system operates under steady-state conditions; (2) Pressure drops and heat
losses in pipelines and components are neglected; (3) The working fluid is in
a superheated state at the outlets of the boiler and evaporator; (4) The ejec-
tor operates under critical conditions, where the primary flow reaches a
virtual throat and the secondary flow attains sonic velocity at the mixing
section.

The ejector structure (Figure 1B), consists of a primary nozzle, suction
chamber, mixing chamber, and diffuser. The ejector enhances system
performance by replacing the throttling process and enabling energy recov-
ery through momentum transfer between the primary and secondary flows.
The high-pressure primary flow (State 2) expands through the nozzle,
converting pressure energy into kinetic energy and forming a high-speed jet
(State 1). This jet induces a low-pressure region in the suction chamber,
entraining the secondary flow from the evaporator (State 9). The two streams
meet under critical mixing conditions and mix in the constant-area chamber,
where a normal shock may occur, leading to a pressure rise and a transition
from supersonic to subsonic flow. The mixed flow then enters the diffuser,
where velocity decreases and pressure is recovered to the condenser level
(State 4).
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Figure 1. System parameter configuration diagram (A) Schematic of the EORC-CCHP system; (B) Structure diagram of the ejector; (C) T-s diagram of R290/R1234yf; (D)

Temperature glide of different refrigerant mixtures.

The entrainment ratio (ER), defined as the ratio of the secondary mass flow
rate to the primary mass flow rate, is a key performance indicator of the ejec-
tor:

ER=m,/m, m

where mg and mj, represent the mass flow rate of the secondary and primary
flows, respectively.

The governing equations for each ejector section are summarized in
Table 2 and are derived from the conservation of mass, momentum, and
energy. The flow properties at the nozzle throat and other critical sections are
obtained through iterative calculations that reconcile ideal isentropic rela-
tions with efficiency corrections, ensuring accurate representation of non-
ideal behavior.

Environmental impact

To comprehensively evaluate the environmental performance of the
system, both operational and life-cycle impacts are considered using the
total equivalent warming impact (TEWI) and life cycle assessment (LCA)
methods.

The TEWI accounts for both direct emissions (DE), caused by refrigerant

leakage, and indirect emissions (IE), associated with energy consumption:”

TEWI = DE e + IErem )
The direct emissions are calculated as:
DEw=C-(L-ALR+EOL)-GWP,y, (3)
The indirect emissions are determined by:
|Esen = L-AEC-EM (4)

where C is the refrigerant charge (90 kg), L is the system lifetime (20 years),
ALR is the annual leakage rate (5%), and EOL is the end-of-life leakage rate
(85%). AEC is the annual energy consumption (8500 kWh), and £M is the
carbon emission factor (0.6 kg CO,/kWh).*

To further evaluate the overall environmental impact beyond operational
emissions, LCA is conducted using the environmental impact potential (EIP)
as the evaluation indicator. The LCA considers three stages of the system life
cycle: (1) Manufacturing stage: environmental impacts associated with
material production and component manufacturing (e.g., heat exchangers,
turbines, and pumps); (2) Operation stage: impacts from refrigerant leakage
(direct emissions) and energy consumption (indirect emissions); (3) Disposal

4 Energy Use 2(1): 100045, March 27, 2026
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Table 1. Refrigerant safety parameters and thermophysical properties.

26-28

ARTICLE

Parameter R290 R600a R1234yf R1233zd(E)
Molecular formula CsHg CsHqo C3H,F, C3H,CIF;
Molecular weight 4410 58.12 114.04 130.49
Normal boiling point (K) 231.036 261.401 243.665 291.413
Critical temperature (K) 369.89 407.81 367.85 439.60
Critical pressure (MPa) 4.251 3.629 3.382 3.624

ODP 0 0 0 0

GWP (100 years) 3.3 3 <1 7

Safety level A3 A3 A2L Al

Flammability classification

Burning rate (cm/s)

Higher Flammability LFL
46

Higher Flammability LFL
38

Lower Flammability LFL
1.5

No Flame Propagation

0

Minimum ignition energy (mJ) 0.25 0.25 5000-10000 No Flame Propagation
Lower explosive (vol% in air) 2.1 1.8 6.2 No Flame Propagation
Upper flammability limit (vol% in air) 9.5 8.4 12.3 No Flame Propagation

Table 2. Thermodynamic calculation equations for the ejector.

Stage Equation

2(ho —hpy) + V3
Apy = NoyMp/ (PpyVpy)

Mej = Ms +Mp

Voy =
Virtual throat

P (MpVpy +MsVey) = MejVim

mp (hpy + ng/Z) +ms(hsy + ng/Z) = Mgj(hm + V2 /2)

Mixing chamber PrAaVn = PmAaVm
Pm —Pn =pnVn —PmVm
hn+V2/2 = hyn + V2, /2

Actual calculation equation

Ideal calculation equation

Vi = 2(/’]2 = ht) Vt,\s = 2(h2 - ht,is)
Nozzle throat Vp =mp/(PpAp) Vi =1/2(hy—hp) + V2
Vey = v/2(hg — Pig) Veyis = 1/ 2(hg — hsy s)
stage: impacts related to refrigerant recovery/destruction and material recy- EIP, = EIEP“"E‘ 9
total

cling or landfill.
The EIP calculation for each stage is calculated as:

where Eq, IS the total useful energy output of the system over its lifetime.
The parameter values used in the above calculations are obtained from the

EIP,.. = Y M(K) - Ef(k) (®) literature.”™
‘ Evaluation criteria and modeling
Based on the thermodynamic and environmental frameworks established
EIP,, =YY" Q(k)-Ef(k) +G(r) (6)  above, a comprehensive simulation model of the EORC-CCHP system is
o developed. The model integrates thermodynamic cycle analysis, ejector
performance, and environmental evaluation to assess system behavior under
EIPd\s:ZM(k)'Ef(k) (7)  varying operating conditions. The key design parameters and operating
k

where k denotes the type of environmental impact (e.g., GWP, acidification
potential (AP)); M(K) represents material or energy consumption, Q(k) is the
emission of pollutant j and Ef(K) is the corresponding equivalent factor. G(r)
represents the environmental impact contribution of refrigerant r.

The total environmental impact over the life cycle is expressed as:

ElP\o = ElPygy + EIPg, + ElPys ®)

To account for system performance, the life-cycle environmental impact
per unit energy output is defined as:

ranges are listed in Table 3. These parameters are selected to reflect practi-
cal operating conditions and to enable systematic analysis of the effects of
geometric and thermodynamic variables on system performance.

The modeling workflow is illustrated in Figure 2. The governing equations
of each component are solved iteratively to ensure conservation of mass,
energy, and momentum throughout the system. For the ejector, the isen-
tropic efficiencies of the primary flow, secondary flow, and mixed flow are
assumed to be 92%, 85%, and 80%, respectively, with a mixing efficiency of
95%. In addition, the isentropic efficiencies of the turbine and pump are set
to 82% and 75%, respectively.” These values are adopted from the literature
to account for irreversibility in practical systems.
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Table 3. System design parameters and operating ranges.

Design parameters Numerical
Main nozzle throat diameter (mm) 7.0-11.0
Main nozzle outlet diameter (mm) 11.85
Mixing chamber diameter (mm) 16.6
Expander outlet diameter (mm) 40
Evaporation temperature (°C) 10
Evaporation superheat (°C) 13
Condensing temperature (°C) 10~26
Boiler temperature (°C) 70-88
Boiler superheat (°C) 13
Boiler mass flow rate (kg/s) 0.5-1.5

RESULTS AND DISCUSSION
Environmental evaluation

To evaluate the environmental performance of the EORC-CCHP system
using different low-GWP refrigerants, both operational and life-cycle impacts
are assessed based on TEWI and LCA (including EIP indicators). This dual-
perspective analysis enables a comprehensive comparison of refrigerants
under increasingly stringent environmental regulations.

Figure 3A presents the TEWI values of the four refrigerants. It can be
observed that, although all refrigerants exhibit zero ODP, significant differ-
ences in TEWI arise due to variations in GWP. Among the investigated refrig-
erants, R1234yf exhibits the lowest TEWI value (1.022x10° kg CO, eq), indi-
cating the best overall carbon performance. R290 and R600a show compa-
rable TEWI values (both approximately 1.025x10° kg CO, eq), primarily due to
their extremely low GWP values. In contrast, R1233zd(E) yields a slightly
higher TEWI (1.032x10° kg CO, eq), which can be attributed to its relatively
higher GWP. The differences in TEWI are mainly governed by the direct emis-
sion term, highlighting the dominant role of refrigerant GWP in determining
carbon-related environmental performance.

Figure 3B compares the environmental impact potentials (EIP) of different
refrigerants across multiple indicators, including acidification potential (AP),
eutrophication potential (EP), resource depletion potential (REP), and human
toxicity potential (HTP). R290 and R600a demonstrate superior performance
in terms of AP and EP. Specifically, the AP and EP values of R290 is
2.310x107° kg SO, eq and 8.908x10™ kg NO3 eq, respectively. which are
lower than those of R1234yf and R1233zd(E). This advantage is mainly
attributed to the lower emissions of SO, and NOy associated with hydrocar-
bon refrigerants during production and energy consumption stages. In
contrast, R1233zd(E) exhibits slightly higher REP and HTP values compared
to other refrigerants. This can be related to the presence of chlorine-contain-
ing components, which may contribute to increased environmental burdens
during manufacturing and disposal processes.

Figure 3C illustrates the life-cycle GWP per unit energy output. R1233zd(E)
exhibits the highest value (0.1400 kg CO, eq./ kWh), followed by R600a,
R1234yf, and R290. This trend is consistent with the inherent GWP charac-
teristics of the refrigerants and further confirms that GWP remains a key
determinant of overall environmental impact.

Based on the combined analysis of TEWI and multiple EIP indicators,
R1234yf and R290 emerge as the most promising candidates in terms of
overall environmental performance. R1234yf shows a slight advantage due
to its superior performance in GWP and HTP, making it particularly suitable
for applications emphasizing carbon reduction and human health considera-
tions. Meanwhile, R290 demonstrates outstanding performance in AP and
EP, indicating its competitiveness in regions where acidification and eutroph-
ication impacts are of primary concern. Therefore, R1234yf and R290 are
recommended as priority working fluids for subsequent system optimization,
provided that safety requirements and operational constraints are adequately
addressed.

OPEN 8ACCESS
Thermodynamic performance

This section investigates the influence of refrigerant composition on
system performance, including power efficiency, cooling efficiency, exergy
efficiency, economic efficiency, Coefficient of Performance of Ejector Refrig-
eration (COP.) and COPg,. The baseline operating conditions are set as
follows: evaporation temperature of 10 °C, condensation temperature of
25 °C, boiler temperature of 80 °C, and refrigerant mass flow rate of 1 kg/s.

Figure 4A illustrates the variation of power efficiency with refrigerant
composition. For most mixtures, the power efficiency exhibits a non-mono-
tonic trend, initially decreasing and then increasing as the fraction of the first
component increases. For example, the power efficiency of the R290/R600a
mixture decreases from 9.65% to 7.05% and subsequently increases to
7.77%. This behavior can be attributed to the nonlinear variation of thermo-
physical properties in zeotropic mixtures, which affects turbine expansion
characteristics and ejector performance. In particular, the matching between
expansion ratio and critical properties plays a key role in determining power
output. In contrast, the R290/R1233zd(E) mixture shows a monotonic
increase in power efficiency, which is mainly due to the mismatch between
its critical properties and the operating conditions at low R290 fractions,
leading to suboptimal cycle performance in that region. As shown in
Figure 4B, the cooling efficiency demonstrates more diverse trends depend-
ing on the refrigerant pair. For instance, the cooling efficiency of
R290/R1234yf increases from 18.01% to 21.79% and then decreases to
18.39%, while that of R600a/R1234yf decreases monotonically. Conversely,
the R290/R600a mixture exhibits a continuous increase in cooling efficiency.
These differences are closely related to the temperature glide characteristics
(Figure 1D), which affect heat transfer matching in the evaporator and
condenser. When the temperature glide is better aligned with the heat
source/sink profiles, the heat transfer process is enhanced, leading to
improved cooling performance.

Figures 4C&D show the variations in exergy efficiency and economic effi-
ciency, respectively. Both indicators exhibit trends similar to those of power
and cooling efficiencies. The variation in exergy efficiency reflects the
combined effect of irreversibility in key components, particularly the turbine
and ejector. Improved matching of thermophysical properties reduces exergy
destruction during expansion, mixing, and heat transfer processes. The
economic efficiency is closely related to the overall energy output of the
system, including power generation, cooling capacity, and heating output.
Since the variation range of cooling efficiency is significantly larger than that
of power efficiency, the economic efficiency is primarily governed by the
cooling performance. For example, the exergy efficiency of the R290/R600a
mixture decreases from 64.69% to 49.02% and then increases to 56.40%,
while the economic efficiency shows a similar but less pronounced trend.

Figures 4E&F present the variations of COP¢ and COPg, respectively. The
COP, generally exhibits a non-monotonic trend with composition. For the
R290/R1234yf mixture, COP, decreases from 0.540 to 0.481 and then
increases to 0.627. This behavior can be explained by the non-ideal mixing
characteristics of refrigerants. At certain compositions, the thermophysical
properties of the mixture lead to optimal coupling among the primary nozzle
expansion, secondary flow entrainment, and mixing/diffusion processes in
the ejector. Deviations from this optimal composition result in reduced
performance. The variation of COPg follows a similar trend, as it is directly
influenced by both power and cooling outputs. However, since the cooling
contribution is dominant in the system, the trend of COPg is more closely
aligned with that of cooling efficiency.

Figure 4G presents the TOPSIS-based closeness coefficient, which inte-
grates multiple performance indicators. The R290/R1234yf mixture exhibits
significantly higher closeness values compared to other refrigerant combina-
tions, indicating superior overall performance. Specifically, when the mass
fraction of R290 is 0.3-0.6, the closeness coefficients range from 0.723 to
0.745, with a maximum at approximately 0.4. This suggests that an optimal
balance between thermodynamic performance and system efficiency can be
achieved within this composition range. In comparison, other refrigerant
combinations show lower closeness values, indicating less favorable trade-
offs among the considered performance metrics. Based on the comprehen-
sive evaluation, the R290/R1234yf mixture is selected for subsequent analy-
sis. The composition range of R290 = 0.3-0.6 is identified as the optimal
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Figure 2. Schematic diagram of the EORC-CCHP system modeling process.

operating window for further system optimization.

Effect of boiler temperature

This section investigates the influence of boiler temperature (70—88 °C) on
system performance under fixed evaporation temperature (10 °C), condensa-
tion temperature (25 °C), and refrigerant mass flow rate (1.0 kg/s).

Figure 5A shows the variation of net power output and cooling capacity
with boiler temperature. The cooling capacity remains nearly constant across
the investigated temperature range, with values of 51.57 kW, 56.76 kW, 60.94
kW, and 64.38 kW corresponding to R230 mass fractions of 0.3, 0.4, 0.5, and
0.6, respectively. This indicates that the cooling performance is weakly
dependent on boiler temperature under the given operating conditions. In
contrast, the net power output increases approximately linearly with increas-
ing boiler temperature. For example, at 80 °C, the net power outputs for the
four compositions are 15.78 kW, 17.79 kW, 19.89 kW, and 22.09 kW, respec-
tively, increasing with the R290 fraction. This trend can be explained by the
rise in turbine inlet temperature and pressure at higher boiler temperatures,

which increases the specific enthalpy drop during expansion. Although the
pump power consumption also increases slightly, its contribution is negligi-
ble compared to the gain in turbine output, leading to a net increase in
system power.

Figure 5B illustrates the variation of heating capacity and boiler heat input.
As the boiler temperature increases, the heating capacity exhibits a slight
decreasing trend. This is primarily due to a reduction in mass flow rate
through the condenser, which offsets the increase in enthalpy difference
across the heating process. In contrast, the boiler heat input increases
monotonically with temperature. For instance, when the R290 fraction varies
from 0.3 to 0.6, the boiler heat input increases from 236.25—-240.22 kW to
303.59-308.73 kW. This behavior results from the increasing enthalpy differ-
ence between the pump outlet and boiler outlet states as temperature rises.

Figure 5C presents the variation of exergy efficiency and economic effi-
ciency. The economic efficiency increases monotonically with boiler temper-
ature, mainly driven by the significant growth in net power output relative to
the increase in heat input. In contrast, the exergy efficiency exhibits a single-
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Figure 3. Environmental impact assessment of refrigerants (A) comparison of TEWI, (B) EIP and (C) GWP.

peak (unimodal) trend. At lower temperatures, increasing boiler temperature
improves turbine performance and reduces the relative impact of exergy
losses, leading to higher exergy efficiency. However, at higher temperatures,
the irreversibility of heat transfer in the boiler becomes more pronounced,
causing a rapid increase in exergy destruction. As a result, the overall exergy
efficiency decreases beyond a certain temperature. This behavior reflects the
trade-off between improved energy conversion and increased thermody-
namic irreversibility at elevated temperature levels.

Figure 5D shows the variation of power efficiency and cooling efficiency.
The power efficiency increases linearly with boiler temperature for all refrig-
erant compositions. For example, as the R290 fraction decreases from 0.6 to
0.3, the power efficiency increases from 5.83% to 8.10%, 5.68% to 7.91%,
5.50% to 7.71%, and 5.27% to 7.49%, respectively. This trend is consistent
with the increase in net power output relative to heat input. Conversely, the
cooling efficiency decreases with increasing boiler temperature. Since the
cooling capacity remains nearly constant while the heat input increases
significantly, the ratio defining cooling efficiency decreases.

Overall, increasing boiler temperature enhances power output and
economic performance, while slightly reducing cooling efficiency and intro-
ducing additional exergy losses at higher temperature levels. Therefore, an
optimal boiler temperature exists that balances power generation and ther-
modynamic efficiency, which should be considered in practical system oper-
ation.

Effect of refrigerant mass flow rate
This section investigates the influence of refrigerant mass flow rate in the

boiler, varying from 0.5 kg/s to 1.5 kg/s, on the thermodynamic, exergy, and
economic performance of the system.

Figure 6A presents the variation of mass flow rates within the ejector. It
can be observed that the primary flow rate, secondary flow rate, and entrain-
ment ratio remain nearly constant as the boiler mass flow rate increases.
This behavior is attributed to the geometric constraints of the ejector and the
critical flow conditions. Under choked flow conditions, the mass flow rates of
the primary and secondary streams are primarily determined by nozzle
geometry and thermodynamic state rather than upstream mass flow varia-
tions. Consequently, the entrainment ratio remains constant at approxi-
mately 0.6822. However, the increase in total system mass flow rate leads to
a redistribution of flow in other components. In particular, the mass flow rate
after the second-stage expansion of the turbine increases significantly (e.g.,
ms has increased from 0.118 kg/s to 1.118 kg/s), while the total mass flow
rate entering the condenser increases accordingly.

Figures 6B-D illustrate the variations in net power output, heating capacity,
and boiler heat input. All three quantities increase monotonically with
increasing mass flow rate. The increase in net power output is primarily due
to the rise in mass flow participating in the secondary expansion of the
turbine. Since the primary extraction flow remains constant, additional mass
flow contributes directly to work generation, resulting in a significant increase
in turbine output. The increase in net power output is primarily due to the rise
in mass flow participating in the secondary expansion of the turbine. Since
the primary extraction flow remains constant, additional mass flow
contributes directly to work generation, resulting in a significant increase in
turbine output.
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Figures 6E-l show the influence of mass flow rate on key performance
indicators, including heat recovery ratio, power efficiency, cooling efficiency,
economic efficiency, and exergy efficiency. A notable feature is the scaling
effect observed in the system: as mass flow rate increases, most energy-
related quantities (power, heating, cooling, and heat input) scale approxi-
mately proportionally. As a result, some performance indicators exhibit rela-
tively weak sensitivity to mass flow rate. Specifically, the heat recovery ratio,
cooling efficiency, and economic efficiency show similar decreasing trends.
This is because, although useful outputs increase, the corresponding
increase in heat input is proportionally larger, leading to reduced efficiency
metrics. For example, at an R290 fraction of 0.6, the heat recovery ratio
decreases from 0.971 to 0.928, the cooling efficiency decreases from 41.93%
to 13.98%, and the economic efficiency decreases from 106.53% to 72.27%.
In contrast, the power efficiency increases with mass flow rate. For instance,
at an R290 fraction of 0.6, the power efficiency rises from 4.09% to 8.22%.
This is because the additional mass flow contributes more significantly to
turbine work than to heat input, resulting in improved power conversion effi-
ciency.

Figure 61 shows that the exergy efficiency increases with mass flow rate
for all refrigerant compositions. For example, at an R290 fraction of 0.4, the
exergy efficiency increases from 37.38% to 56.23%. This improvement can be
attributed to enhanced utilization of available energy as the system through-
put increases. Higher mass flow rates reduce the relative impact of fixed irre-
versibility in components, leading to improved overall exergy efficiency. Addi-
tionally, at the same mass flow rate, higher R290 fractions result in higher
exergy efficiency. For example, at 1.0 kg/s, the exergy efficiencies decrease
from 53.64% to 50.17% as the R290 fraction decreases, indicating better
thermodynamic matching at higher R290 content.

Overall, increasing the refrigerant mass flow rate enhances the absolute
energy outputs of the system, including power generation and heating

capacity. However, due to scaling effects, some efficiency indicators
decrease, while power and exergy efficiencies improve. This suggests that
the mass flow rate is a key operational parameter that governs the trade-off
between energy output and efficiency, and should be optimized according to
specific application requirements.

Effect of ejector nozzle throat diameter

This section investigates the influence of the ejector primary nozzle throat
diameter (7.0-11.0 mm) on system performance. The operating conditions
are fixed at a boiler temperature of 80 °C, evaporation temperature of 10 °C,
condensation temperature of 25 °C, and refrigerant mass flow rate of 1.0
kg/s.

Figure 7A shows the variation of the entrainment ratio with nozzle throat
diameter. The entrainment ratio decreases monotonically as the throat diam-
eter increases for all refrigerant compositions. For example, when the R290
fraction decreases from 0.6 to 0.3, the entrainment ratio drops from 0.832 to
0.360, 0.823 to 0.356, 0.805 to 0.348, and 0.773 to 0.330, respectively. This
behavior can be explained by the reduction in jet velocity at larger nozzle
diameters. Under choked flow conditions, increasing the throat diameter
reduces the flow acceleration and exit velocity of the primary jet, thereby
weakening the momentum transfer to the secondary flow. As a result, the
suction capacity of the ejector decreases, leading to a lower entrainment
ratio.

Figures 7B-D illustrate the variations in heating capacity, cooling capacity,
and net power output. Both heating and cooling capacities decrease with
increasing nozzle throat diameter, whereas the net power output shows an
increasing trend. The reduction in cooling and heating capacities is primarily
attributed to the decline in entrainment ratio, which reduces the secondary
flow rate and weakens the heat transfer processes in the evaporator and
condenser. In contrast, the increase in net power output is related to changes
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Figure 6. Influence of mass flow in the boiler on different parameters of the system.

in flow distribution within the system. As less mass flow is entrained into the
ejector, a larger fraction of the working fluid undergoes turbine expansion,
leading to increased work output.

Figures 7E-H present the variations in power efficiency, cooling efficiency,
economic efficiency, and exergy efficiency. The power efficiency increases
with nozzle diameter due to the enhanced turbine contribution to net work.
For instance, when the R290 fraction varies from 0.6 to 0.3, the power effi-
ciency increases from 6.98% to 7.80%, 6.81% to 7.65%, 6.61% to 7.49%, and
6.38% to 7.28%, respectively. In contrast, the cooling efficiency decreases
with increasing nozzle diameter, consistent with the reduction in entrainment
ratio and cooling capacity. As a result, the economic efficiency also
decreases, since it is strongly influenced by the cooling and heating outputs.
For example, at an R290 fraction of 0.6, the economic efficiency decreases
from 82.79% to 72.41%. The exergy efficiency, however, increases with
nozzle diameter. This indicates that, despite the reduction in cooling perfor-
mance, the system achieves more efficient utilization of available energy due
to improved power generation and reduced relative irreversibility in the
expansion process.

Figure 71 shows the variation of COP,, which decreases significantly with
increasing nozzle diameter. For example, at an R290 fraction of 0.6, COP
decreased from 0.709 to 0.323 as the diameter increases from 7.0 mm to
11.0 mm. This trend is directly linked to the decline in entrainment ratio. A
larger nozzle diameter weakens the expansion intensity and velocity of the
primary flow, reducing the suction capability and secondary flow rate. Conse-
quently, the refrigeration capacity and overall performance of the ejector
refrigeration subsystem deteriorate.

Overall, increasing the nozzle throat diameter enhances power generation
and exergy efficiency but deteriorates cooling performance and economic
efficiency. This reflects a fundamental trade-off between power-oriented and
cooling-oriented operation modes. Therefore, the nozzle throat diameter
should be carefully optimized based on the desired system objective. Smaller
diameters are more suitable for applications prioritizing cooling performance,
whereas larger diameters favor power generation and exergy efficiency.

System exergy analysis

To further reveal the distribution characteristics of irreversible losses within
the EORC-CCHP system, an exergy analysis is conducted based on the
second law of thermodynamics. The exergy destruction of each component
is evaluated to identify the dominant sources of irreversibility and potential
directions for system improvement.

Under the reference operating conditions, using the R290/R1234yf mixture
with an R290 mass fraction of 0.4, the distribution of exergy losses among
system components is presented in Figure 8. It can be observed that the
boiler contributes the largest share of exergy destruction, accounting for
28.9% of the total exergy input. This is primarily due to the large temperature
difference between the high-temperature heat source and the working fluid,
which leads to significant irreversibility during heat transfer. This result indi-
cates that improving heat transfer matching and reducing temperature gradi-
ents in the boiler are critical for enhancing overall system efficiency. The
ejector is the second-largest source of exergy loss, contributing 26.2%. The
high irreversibility in the ejector arises from complex internal processes,
including rapid expansion, momentum exchange, shock waves, and non-
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equilibrium mixing between primary and secondary flows. These processes
inherently involve substantial entropy generation, making the ejector a key
target for performance optimization. The evaporator accounts for 23.1% of

the total exergy loss, mainly due to temperature differences between the
working fluid and the heat source during phase change. Similar to the boiler,
this highlights the importance of heat transfer matching in reducing thermo-
dynamic losses. The turbine contributes 16.4% of the exergy destruction.
Although it plays a central role in power generation, irreversible losses arise
from non-ideal expansion, mechanical inefficiencies, and internal fluid fric-
tion, which limit the conversion of available energy into useful work. In
contrast, the exergy losses associated with the mixer, throttle valve, pump,
and heater are relatively small, with a combined contribution of less than 5%,
indicating that their impact on overall system irreversibility is limited.

The exergy analysis reveals that more than 75% of the total irreversibility is
concentrated in three components: the boiler, ejector, and evaporator. This
indicates that system performance is primarily constrained by heat transfer
processes and ejector-related flow irreversibility. From a design and opti-
mization perspective, priority should be given to: improving heat transfer
matching in the boiler and evaporator (e.g., through temperature glide
matching of zeotropic mixtures), optimizing ejector geometry and operating
conditions to reduce mixing and shock losses, and enhancing turbine effi-
ciency to further improve energy conversion. Overall, the results demonstrate
that reducing heat transfer irreversibility and improving ejector performance
are the most effective pathways for enhancing the thermodynamic perfor-
mance of the EORC-CCHP system.
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CONCLUSIONS

This study systematically investigates the thermodynamic and exergy
performance of an EORC-CCHP system using low-GWP refrigerant mixtures.
The main findings can be summarized as follows:

(1) The R290/R1234yf mixture demonstrates superior overall performance
among the investigated working fluids. An optimal composition is identified
at an R290 mass fraction of around 0.4, where a balanced enhancement in
power output, cooling capacity, and system efficiency is achieved.

(2) Boiler temperature primarily governs the trade-off between power
output and thermodynamic irreversibility. Increasing temperature enhances
turbine work output, but simultaneously intensifies heat transfer irreversibility,
leading to an optimal operating range rather than a monotonic improvement
in exergy efficiency.

(3) The refrigerant mass flow rate mainly affects the scale of energy
throughput rather than intrinsic efficiency. While higher flow rates signifi-
cantly increase system capacity, they introduce diminishing returns in energy
utilization efficiency, highlighting a fundamental trade-off between capacity
and performance.

(4) The ejector nozzle geometry plays a critical role in redistributing system
performance. Enlarging the nozzle throat improves power and exergy effi-
ciency by reducing internal flow losses, but weakens entrainment capability
and cooling performance, indicating a structural trade-off between thermo-
dynamic efficiency and refrigeration effectiveness.

(5) Exergy analysis reveals that system inefficiencies are dominated by
heat transfer and mixing processes. More than 75% of total exergy destruc-
tion is concentrated in the boiler, ejector, and evaporator, identifying them as
the primary bottlenecks limiting system performance.

From a system design perspective, optimal performance can be achieved
by adopting R290/R1234yf mixtures with moderate R290 fractions (0.3—0.6),
maintaining the boiler temperature within an intermediate range, and care-
fully optimizing ejector geometry. Future improvements should focus on
reducing heat transfer irreversibility and enhancing ejector flow structure,
which are identified as the most effective pathways for improving overall
system efficiency.

Nomenclature
Symbols
A Cross-sectional area (m?)
a Acoustic velocity (m/s)
D Diameter (m)
h Enthalpy (J/kg)
m Mass flow rate (kg/s)
=2 Pressure (kPa)
Q Heat transfer rate (kW)
s Entropy (J/kg - K)
T Temperature (°C)
% Flow velocity (m/s)

Greek symbols

B/a Price ratio of cooling/heating to electricity per unit
A Change in the value

n Isentropic efficiency

P Density (kg/m®)

Subscripts

0 Ambient

a Constant area section

boil Boiler

con Condenser

y Hypothetical throat section

e Cooling

ec Economic

eva Evaporator

tur Turbine

t Primary nozzle throat

ex Exergy

h Heating

is Isentropic

m Mixing

n Normal shock

p Primary nozzle exit

ref Refrigeration of ejector

sys System

Abbreviations

AP Acidification potential

CCHP Combined cooling, heating and power

COoP Coefficient of performance

EIP Environmental impact potential

EORC-CCHP Ejoe(;:ﬁrc:;-’I:;zgt;ifgte:ngrg:vryecrRanklne Cycle combined

EERC Ejector expansion refrigeration cycle

VCcC Vapor compression refrigeration cycle

EP Eutrophication potential

GWP Global warming potential

HRR Heat recovery ratio

HTP Human toxicity potential

LCA Life cycle assessment

ODP Ozone depletion potential

ORC Organic Rankine cycle

REP Respiratory effects potential
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