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The study considered the investigation of a modified organic
Rankine power-cooling cycle (ORPCC) integrated with an ejector
system. The system comprises a vapour generator, turbine, an
ejector, a pump, a throttling valve, an evaporator and a
condenser and is driven by solar heat energy. Three organic
refrigerants - R245fa, R1234yf and R1234ze were used for the
analysis that covered exergy-based life cycle concept. The
simulation of the system was done using a developed source code
in Engineering Equations Solver (EES). The thermodynamic
results show that the organic Rankine cycle (ORC) system
configuration has a better energy and exergy efficiencies (up to
34.43, 28.87 and 32.38% energy efficiencies while 25.7, 31.27
and 31.68% exergy efficiencies for R245fa, RI234yf, and
R1234ze, respectively). This enhancement was due to the
additional cooling provided by the ejector refrigeration system
(ERS), generating 151.9, 120.8, and 153 kW for R245fa, R1234yf,
and R1234ze, respectively. The results further demonstrate that
R1234ze and R245fa are thermodynamically better options for
running the developed system. The system components using
R245fa has the least environmental effect with a value of 518,830
mpts while the components using RI1234yf has the highest
environmental effect of 540,340 mpts. The environmental effect
due to refrigerant leakage was highest when using R1234ze with
a value of 933325.3 mpts while the least impact was 78,123.46
mpts for R1234yf respectively. The study recommends a multi-
objective optimization of the plant in order to find the refrigerant
that satisfies both the thermodynamic efficiency and
environmental impact.

© 2026 RJEES. All rights reserved.

1. INTRODUCTION

The world today has largely achieved development through an increased efficient and extensive use of
various forms of energy. Energy availability has become an important indicator for economic growth,
industrialization and sustainable development (Gregory, 2025). The demand for energy has tended
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towards our quest to sustain and improve our livelihood and with the progression in population growth,
energy demand is expected to increase and widen (IEA Report., 2025). Efforts to match this increasing
population and economic development with adequate energy supply in many countries of the world
have resulted in serious implications to the environment Ssali ef al., (2018). This is so because energy
generation processes emit harmful pollutants which are injurious to the ecosystem (lhim et al., 2023).
These generation processes involving the burning of finite non-renewable energy source such as fossil
fuel has contributed to the emission of large amount of greenhouse gases mostly carbon dioxide
(Ukemeobong et al., 2023).

The need for innovative energy conversion technologies has become so significant for sustainable
power generation. In recent times, the vision is now towards assessing secured, environmentally
friendly, renewable and sustainable primary energy resources. Solar energy heads these sources due to
its availability and distribution in nature than other types of renewable energy sources. Solar energy
resource which is a form of low grade heat source can be converted into electrical power, heating and
cooling through the use of Organic Rankine Cycle, (ORC), providing a friendly, sustainable energy
supply (Kolahi ef al., 2016). Its low cost of maintenance, simple in its application with low pressure
requirements and high recovery efficiency makes it a very promising technology. The concept of the
ORC system has become a welcomed technology that is characterized with high efficiency. Its principle
is like those of the Rankine cycle but with organic fluid having high vapour pressure, lower boiling
point than water, consisting of a pump, evaporator, turbine (which replaces the boiler) and a condenser.
However, in addition to the foregoing and in an attempt to improve the ORC system efficiency,
researchers have devoted their effort and attention towards reducing the pump work by modifying the
basic ORC structure with other components such as an ejector to effect argumentation in turbine work,
system efficiency and a reduction in the running cost of a combined power system. An ejector happens
to be a passive compressor flow device that has no moving parts which is thermally activated by a high
temperature/pressure fluid stream (primary fluid) and transferring the energy to a low pressure stream
(secondary fluid), propelling it in the process to an intermediate conditions through the partial transfer
of momentum (Aidoun et al., 2019). The resulting flow is discharged at a stagnation pressure half way
between the primary and secondary pressures. Zhang and Cheng, (2017) carried out a study on
combined power and ejector cooling system with R245fa as working fluid. The simulation result
showed that a thermal efficiency of 34.1%, an effective efficiency of 18.7% and exergy efficiency of
56.8% could be obtained at a generator temperature of 395K, a condensing temperature of 298K, and
an evaporating temperature of 280K. Goudarzi and Taghizadeh, (2023) conducted a study on combined
power and ejector refrigeration cycle system for thermal energy recovery from waste heat of internal
combustion engine. The study found out that the performance of Rankine-ejector refrigeration system
is better than the Rankine-absorption system and the COP is about 51.88% higher.

Yeng et al, (2022) carried a study on energy and exergy analysis of cooling/power cogeneration ejector
refrigeration system (CPC-ER) and compared it with conventional ejector refrigeration system (CER).
The study found out that, the CPC-ER has the higher energy utilization efficiency than the CER system
and is suitable for cooling and power in low grade thermal sources. Kheiri ef a/ (2017) carried out a
thermodynamic modeling and performance analysis of four different configurations of an ORC system.
ORC integrated with an ejector (EORC), ORC combined with regenerator (ERORC), ORC integrated
with ejector, feed fluid heater (EFFHORC) and ORC integrated with ejector, regenerator and feed fluid
heater (ERFFHORC). The results demonstrate that, through the state-of-art modifications, the thermal
efficiency of the EORC, ERORC, EFFHORC and ERFFHORC were improved by 13.21%, 15.30%,
18.35% and 19.29% respectively compared with that of simple ORC. The results also show that Cis2-
Butame and R245fa had the highest overall power output and thermal efficiency from the operational
refrigerants used for all the adopted cycles. The ERFFHORC and the generic ORC operated with
R245fa had the maximum and minimum thermal efficiencies respectively. Abam et al, (2018a)
conducted an exergy analysis of a novel low heat recovery organic Rankine cycle (ORC-NOV) and
compared it with an organic Rankine cycle turbine bleeding and regeneration (ORCTBR) system. The
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study found out that at base condition, the maximum efficiency of about 7.2% was achieved with ORC-
NOV and showed an improved performance of approximately 2% in the turbine output power. Abam
et al, (2018b) carried out a study on the performance and thermo-suitability analysis of non-hybrid
organic Rankine cycle (ORC) at varying heat source and evaporator conditions. The result indicated a
high exergetic sustainability index (ESI) and low waste heat ratio (WER) in ORC-IHE and the ORC-
TBR for all variations in evaporator pressure and heat source temperature (HST). Ghaebi et al, (2017)
carried out a study on the performance characteristics of a basic ejector expansion combined cooling
and power cycle (EECCPC) and compared it with a three modified EECCPC. EECCPC with turbine
bleeding, EECCPC with regenerator and EECCPC with both turbine bleeding and regenerator using
R123, R245fs, and Isobutane as refrigerants. The study indicates that the thermal efficiency, overall
exergy destruction ration and exergy efficiency can be improved by 24.5, 32 and 72% respectively.
Also, selecting R123/Isobutane working fluids for the combined system incorporated with turbine
bleeding and recuperator was most appropriate.

These findings are particularly interesting as it confirms the role of an ejector as a crucial important
component whose losses must be considered with care in order to achieve high overall system
efficiency. In summary, there is little doubt that the incorporation of an ejector into the ORC system
gives rise to an interesting and versatile power and cooling technology which has the potential to play
an important role in addressing the global energy challenge. In view of the above, this research work
objective is aimed at modifying an ORC system to producing power and cooling with simple
configurations and reduced components, analyzing its thermodynamic performance and evaluating the
system components lifecycle environmental implications which is absent in previous studies.

2. METHODOLOGY
2.1. Process Description

Figure 1 shows the schematic diagram of the energy system for power and cooling. The system consists
of'an ORC and Ejector Refrigeration Cycle (ERC), with only solar energy as the heat source. The system
comprises a vapor generator, turbine, an ejector, a pump, a throttling valve, an evaporator and a
condenser. The system is driven by a solar heat energy in which the collector reflects the incident solar
radiation on to the focal line towards a receiver that absorbs the concentrated solar energy to raise the
temperature of the fluid inside the receiver tube. This high temperature fluid inside the receiver tube
then transfers its thermal energy to the refrigerant passing through the heat recovery vapor generator
(HRVG).

The cycle starts at point (10) where liquid refrigerant is pumped into the HRVG (10-3) in which the
pressure is increased by the pump. The super-heated refrigerant vapor (4) expands in the turbine to drive
a coupled generator for power generation. At the turbine (5), a part of the working fluid is bled out
which passes through the converging diverging supersonic nozzle of the ejector. The very high velocity
refrigerant vapour at the exit of the nozzle creates a very high vacuum at the inlet of the mixing chamber
and entrains a secondary vapour from the evaporator (12) into the ejector chamber. The extracted
primary vapour (5) and secondary vapour (12) are then mixed in the mixing chamber. The stream (6)
out of the ejector which mixes with the turbine exhaust (13) now enters into the condenser (7-8) where
it condenses and converted into saturated liquid. At this point, the saturated liquid (8) is divided into
two parts (9, 10); one part (9) passes through a throttling valve (TV) where the pressure is reduced to
evaporator pressure (11) and feeds into the evaporator. The low temperature and pressure of the working
fluid that entered into the evaporator vaporizes (11-12) to produce cooling. The second part of the
saturated liquid (10) is pumped into the HRVG where the pump increases its pressure to start a new
cycle.
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Figure 1: Schematic diagram of an organic Rankine power-cooling cycle

2.2. Thermodynamic Modeling of the System

The modeling involves the development of energy and exergy balance across the components to obtain
the necessary thermodynamic properties needed to establish several performance indices in the system.
The general energy and exergy balances for any component, £, is obtained using the expressions:

Q—W=Zmoho—zmihi (1)
Zmlel'i'EQ =Zﬁloeo +Ew+ ED (2)

Where the heat rate is Q, work across the system boundary is W, the mass influx is ri1;, and mass efflux
is my. The specific exergy influx, e;, efflux, e,, the exergy of heat, EQ, and work, Ey, as well as the
exergy destruction, Ep, in the k™ component are also similarly represented.

Furthermore, for a specific component, the exergy destruction can be expressed in terms of product and
fuel (Ifaei et al., 2016; Roy and Ghosh, 2017).

ED,R = EF,k - EPk—EL,k 3)

The exergy efficiency, Y, the exergy destruction and exergy loss ratios are equally defined for kth
component, as in Equations 4 to 6

Epg Epx+ELk
S ke )
Epk Epk
Epk
Yy, = — 5
Dk EFtotal ( )
ELk
Yie =7 (6)
EFtotal

Where E, D, P, L F, and K connote exergy rate, destruction, product, loss, fuel and component. From
Equations 1 and 2, the total energy and exergy balances, as well as the exergy efficiencies and
destructions are tabulated in Tables 1 and 2.
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Table 1: Summary of the energy balance equation

Component Energy balance equation

Vapour . . o .

generator Mghy = Tighy = thahs = 1hshs

Turbine Worer = mg(hy — hs)mg(1 — E;)(hs — hy3)
Valve Mghg = my1hyy

Condenser Qcona. = My (hy; — hg)

Evaporator Qrvap. = Myq (hy1 — hyp)

EjeCtOI' mlzhlz + mshs = T’f’l6h6

Pump Worcpymp = Mo (3 = hyp)

Table 2: Equations describing exergy parameters for the system

Exergy
flow rate Exergt}/ fﬂolw Exergy Exergy
Components of product rate of fue efficiency Exergy balance destruction (Ep)
o (Er) ()
(Epx)
. . . . E,—E = b, . .
Vapour generator E,—E; E —E, * 3 Eit+Es+Ep=E  _ E,+E,—E
E, —E, +E, Es
W, By Es We B +E by
Turbine t . e . . = W, + E + E
_E13 E4_E5_E13 = WT+E5+E13 —E4T 5 13
ValVe EII Eg ._9 Eg + ED == Ell ED = E11 - Eg
Eyq .
L L Ejs—Ep B + By, + By Ep .
Condenser Eic -E E, — E, —_ . . = E;+E E
15 =~ £14 7 8 E, — By = Fg+ Eys B Eli 15 7
. . . . Ei1 —E L . .
Evaporator Ei1-E Eie — Ei7 s S Eu ~+ Eie ~+ Ep = E,+E;,—E;
Eis — Ei7 = Eip +Eyy —Ey,
Ejector Es Ee + Eyy e B+ E,+Ey= B, Ep= Eg—Es — Ey
. . . E3 - ElO . . . . E
Pum E;—E 74 T Ey+Ep = E5 + W, b . :
p 3 10 P W, 10 T £p 3 P = F, + W, — Eyq

An ejector is a type of pump that uses the Venturi effect of a converging—diverging nozzle to convert
the mechanical energy (pressure) of a motive fluid to kinetic energy (velocity), creating a low-pressure
zone that draws in and entrains a suction fluid. After passing through the throat of the injector, the mixed
fluid expands and the velocity is reduced, recompressing the mixed fluids by converting velocity back
to pressure. The process occurring in the ejector is assumed to be under steady state, one dimensional
and adiabatic and no work is done during the process as shown in Figure 2. The energy balance in the
ejector can be expressed as in Equation (7).

myzhy + mshs = mghg (7

At the inlet and outlet of the ejector the velocities can be considered negligible (Wang and Dia, 2009).
In this study, the primary motive flow enters the ejector at point 5 and the suction flow exits the
evaporator at point 12. The process in the ejector includes the expansion of the high-pressure prime
motive flow through the nozzle, mixing with the low pressure secondary flow in the mixing section at
constant pressure and diffusing to the outlet of the ejector (point 6) while the kinetic energy of the
mixture is converted to a pressure head as shown in Figure 1. An important parameter for the secondary
flow is the entrainment ratio, defined in Equation 8.



226
I.G. Onwuzurike et al. / Nigerian Research Journal of Engineering and Environmental Sciences
11(1) 2026 pp. 221-238

— M
W= ®
In the nozzle section, the inlet velocity of the primary flow Vj ¢ 1 is negligible, so the exit enthalpy and
velocity of primary flow can be expressed in Equation 9.

fo,nz = \/ZnNozlhpf,nl_hpf,nZ,s| ©)

Nozzle efficiency:

_ hpfi iy —hpfy 1
= s ny —bsnas (19)
Where hyf 1 is the enthalpy at point 5 and hy,f ;s is the exit enthalpy of the primary flow under
isentropic expansion and 17y, is the nozzle efficiency.

Nozzle Mixing Chamber Diffuser
Section 1 Section

Suction
Flow

Figure 2: Schematic diagram of an ejector system

Momentum conservation equation for the mixing chamber area gives the following relationship in
Equation 11.

mSfo,nZ + lest,nZ = |1il5 + mlzlvmf,m,s (1 1)
Neglecting the secondary flow velocity Vg, compared to the primary flow velocity V¢ -, the exit

velocity of mixed flow Vi, ., s can be expressed as in Equation 12.

v
Vi ms = —fj:f (12)

The mixing chamber efficiency can be expressed as in Equation 13.

V‘I’%lf m
Nmix = 2 ' (13)
Therefore, the actual velocity of the mixed flow is expressed as in Equation 14

VpfnzyMMi
me,m,s - W (14)

The energy equation for the mixing chamber is expressed in Equation 15

2
Vsfn,
2

2
Vofing
2

. . ) Vifm
msg hpf.n2 + + My, hsf,nz + = Mg hmf,m+ Zf (15)

By simplifying Equation 15 and using Equations. (8) and (14), the enthalpy of mixed flow is obtained
in Equation 16.

h +wh V2
pfn sfn mf,m
e 2 (16)

hmf,m =

In the diffuser section, the mixed flow converts its kinetic energy to a pressure increase. Assuming the
exit velocity of the mixed flow to be negligible and considering the diffuser efficiency, the actual exit
enthalpy of the mixed flow is calculated as in Equation 17
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he = hmf,m + |hmf,ds - hmf,ml/TIDif (17)

Diffuser efficiency is as in Equation 18.
h -h
Mg = Lo i (18)
hmf,d hmf,m

Where hyy,f 45 is the ideal exit enthalpy of the mixed flow with isentropic compression, and 1p;f is the

diffuser efficiency. Using these equations, the entrainment ratio is expressed as (Wang and Dia, 2009)
in Equation 19

hs_ha
hiz3=hp

(19)

w = \/nNoanianif

Where Nyoz, Numix»> Npif are the nozzle, mixing chamber and diffuser efficiencies.
2.3. Life Cycle Analysis of the System

The life cycle analysis (LCA) of the system comprises different stages: the construction, operation and
decommissioning stages. For the system, the LCA boundary is defined by the system components;
vapour generator, turbine, condenser, pump, evaporator, the ejector and the working fluid. The influence
of the piping system and connecting devices such as valve, temperature gauges and couplings are not
considered as well as their effect on the environment. Additionally, the working fluid interaction with
the environment exist at the three stages of development of the system indicated as: the production
stage, the operation stage, where seepage occurs and the decommissioning stage, where there is
emission due to the loss in mass of the working fluid which escapes to the environment (Zhang et al.,
2014). On the contrary, during the system design the effect of the working fluid interaction with the
environment is taken into account as the working fluid may trickle to the environment especially at the
operation stage owing to failures in joint seals, valves seals and pipe deterioration predominantly caused
by corrosion. Consequently, in the development of the LCA, exergy model or exergoenvironmental
model, working fluid seepage is factored into the model. Studies have indicated such seepages value to
range between 0 and 2 % which in practice, the percentage loss is multiplied by the design operating
years of the plant to obtained the actual loss of the working fluid to the original value (Zhang and Cheng,
2017; Gerber and Marechal, 2012). Another consideration factored into the model is the emission loss
and the waste oil during the discharge of the non-condensate at the decommissioning stage. This loss
should not be less than 3 % of the overall working fluid recovered in the recovering process, which is
adopted in this study (ARI 740 - 98). For the component system, the Eco-indicator 99 procedure is
applied to compute the effect of each component on the environment (Goedkoop et al., 2001).

2.3.1 Calculation of the component masses

The total area of the heat transfer of the k™ component is calculated in Equation 20 (Song et al. 2016).
_ Ok
Ak - UrATy, (20)

Where:

Q) = Rate of heat transfer ((kW), A, = Heat transfer area (m?), U, = Coefficient of heat transfer
(W /m?.K), AT, = Logarithmic mean temperature difference expressed as (Song et al., 2016) in
equation 21

_ ATgmax—ATmin
ATy = In>Tkmax (21)

ATkmin

The condenser and evaporator masses are calculated from (Liu et al., 2013) expressed in Equation 22.
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Mk:pXAkXS (22)
Where p, Ay, and § are density, area and thickness of the k" component.

The pump and turbine masses are calculated from (Fergani et al., 2016; Antipova et al., 2013) in
Equation 23.

Mk =a X Wk (23)

Where a denotes the material quality and per kW of the turbine power while W, defines the consumed
power of the pump in the generated power of the turbine (kW).

2.3.2. Components’ life cycle analysis
The effect of the kth component on the environment is defined in Equation 24.
Yk = wg X Mk (24)

Where wy, is the eco-99 coefficient of the kth system component (mPts/kg), while the impact of the k™
on the environment and the overall environmental impact for the three stages, construction, operation
and decommissioning are calculated using Equation 25 and 26.

YA = ygon 4 yom 4y (25)
Y, = YLcA 4y (26)

The exergoenvironmental description for the system components in Figure 1 is performed in the study
of (Meyer et al., 2009). The general exergoenvironmental balance equations for k” component of a
system is expressed in Equation 27 and 28

2 Bout =) Bin + Yk (27)
B=Exb (28)
Where B is the exergoenvironmental impact rate (mPts/h), Y}, is the environmental impact rate of the
k™ component (mPts/h),E is the rate of exergy flow (kW) and b is the specific impact on the

environment (mPts/GJ) calculated for both product and fuel as presented in Equation 29 and 30.
Similarly, the environmental impact due to exergy destruction is calculated in Equation 31.

B
bpy = i’: (29)
B
bgy = i: (30)
BD,k = by X ED,k (31

Furthermore, the exergoenvironmental impact equations (B), the environmental impact rate (Y}, of the
k™ component is presented in Table 3.

2.3.3. Exergoenvironmental evaluation for the refrigerant (working fluid)

The impact of the refrigerant or working fluid is not enveloped in the exergoenvironmental model of
the organic Rankine cycle. On this, allocation rule has been applied (Fergani et al., 2016) where the
environmental effect of the working fluid is described. The latter is achieved by assigning the
exergoenvironmental effect of the working fluid to respective components of the system based on the
percentage of exergy destruction of the respective components expressed in Equation 32.

Y =y X Vg (32)
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Where Y, ¢ is the total impact of the working fluid on the environment, yp,  is the ratio of exergy

destruction. The overall impact of the working fluid on the environment is obtained using Equation 33.
— d

Yir = Yt + YO8 + YI2¢ (33)

w

Where Vi7", Yo7, and Ym‘ffc describes the environmental impact due to the working fluid at stages of

construction, maintenance and, operation and decommissioning, respectively. Additionally, during the
operation stage seepage of working fluid occurs and this is measured by Equation 34.

l
My =My X B Xn (34)
Where MVJ;;, is quantity of working fluid leakage (kg), M, s is the working fluid quantity filled during

the operation stage, § is the annual leakage proportion of fluid (%) and n is the plant years.

Table 3: Exergoenvironmental impact equation of the energy system

Component Exergoenvironmental impact equation Auxiliary equation
Vapour generator B, + B3 +VY,, =B,,B,,Y,, = Yog ﬂ = E
1 3 vg 2+P4, fvg (T % n) E1 Ez
Bi_Bs
) . . . . . Yiun E, E
Turbine By + Yoy = Bs + Bis + By Youp = @ ;‘n) B:_ 3154
Es  Eis
o Youl By By,
Valve By +Y, =B ,Y = - =
9 val, 11, fval (T % Tl) Eg E11
L Voo B, B
Cond B, + By, +Y, =Bg+B Y, =< - ==
ondenser 7 14 con 8 15,%con (T xn) B, Eq
. . . . . . Y 316 Bl7
EVapOratOr Bll + Blﬁ + Yevp = BlZ + Bl7,YEUp = % E_16 = E—17
Bs _ Bs
Ejector . . , _ v _ YEer Es Eg
Bs + By + Ygjor = Be » Yeje = (oxm) B, By
Bs  Fro
) i : s Y By Bj
Pump B10 + Ypum + BWp = B3 5 Ypum = (f:::l) E— = E—
10 3

Similarly, during decommissioning, the emission of the fluid due to the discharge of non-condensate
gas is evaluated using Equation 35.

l
o= (Magp = M) xy (35)
Where: Mi;? = quantity of emitted working fluid during decommissioning (kg) and y = the working
fluid emission ratio (%).
2.4. Performance Validation

The result from the study is validated and compared with related theoretical basic combined power-
cooling cycle integrated with an ejector system using same operating parameters. The turbine output,
evaporator cooling rate, energy and exergy efficiency was compared with the work of Ghaebi et al.,
(2017). The research was the closest in system configuration to the present work. The result shows
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significant improvement using R245fa as the common refrigerant. An improvement potential (IP) was
obtained in the power output of about 36.26% while the efficiencies followed the same improvement
trend with about 48.2% improvement potential in the evaporator cooling rate. The validation
performance is shown in Table 4.

Table 4: Performance validation of the EORPCC

Parameters Ghaebi et al. (2017) Current work Improvement Potential
Turbine output (KW) 15.64 24.54 8.9

Energy efficiency (%) 14.47 37.57 23.1

Exergy efficiency (%) 35.87 41.46 5.59
Evaporator cooling rate (KW) 17.02 32.87 15.85
Refrigerant R245fa R245fa

Mass flow rate (kg/s) 0.52 0.52

Turbine inlet temperature (K) 150 150

3. RESULTS AND DISCUSSION
3.1. Operating Parameters and Thermodynamic Approach

System properties are presented subject to these thermodynamic assumptions for the three considered
refrigerants.

e The ambient temperature and pressure were taken as 27 °C and 1.013 bar, resectively.

e The lower and upper operating pressures were taken as 4.129 and 18 bar for R245fa.
Corresponding values were taken as 6.5 and 18 bar, as well as 4.32 and 18 bar for
R1234yf and R1234ze, respectively.

e The turbine inlet temperature were taken as 120 °C, 100 °C, and 110 °C for refrigerants
R245fa, R1234yf and R1234ze, resectively.

e The refrigerant mass flow rate was 3 kg/s for all refrigerants and is made subject to the
required energy balance around the vapour generator.

e The system was analyzed at steady state conditions with the effect of pressure and
temperature drops neglected.

e The system boundaries were treated as adiabatic such that the heat losses to the
surroundings were neglected.

o The effect of valve and ejector has been neglected in the life cycle analysis.

The thermodynamic simulation results from the three refrigerants are shown in Tables 4, 5, and 6 for
R245fa, R1234yf and R1234ze, respectively. The plant operating hours for one year was taken as 7000
h while the lifetime operating hours (n) was 20 years. These parameters with the operating data were
used to develop codes in engineering equation solver (EES) for the system in order to generate the
thermodynamic flow parameters for the different working fluids. The input parameters for all the
refrigerants were taken as 350 K while the highest exergy flow rate was obtained at 366.40 KW with
R1234ze as shown in Table 7. For refrigerant R245fa and R1234yf, the exergy flow rates for these
fluids are with values of 364.30 and 332.7 KW as shown in Tables 5 and 6 respectively. However, the
entropy changes within the working fluids were found to vary across the components and these
variations across the refrigerants and components must have been responsible for the decline in the
exergy flow rates.

3.2. Performance Index of the Plant

The measured performance index includes the system heat input, turbine output, pump work,
evaporator cooling rate, total energy and exergy efficiencies. Within the indicated performance
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indicators, a comparative analysis between the energy and exergy efficiency, turbine output and
evaporator cooling rate is shown in Table 8. The ORC system configuration has a relatively high energy
and exergy efficiencies (up to 34.43 %, 28.87 %, and 32.28 % energy efficiencies for R245fa, R1234yf,
and R1234ze, respectively). The performance also shows an exergy efficiency of 25.7, 31.27 and
31.68% for R245fa, R12384yf and R12384ze respectively. This enhancement is due to the additional
cooling provided by the ejector refrigeration system (ERS). The additional product by virtue of the ERS
is 151.9, 120.8, and 153 kW for R245fa, R1234yf, and R1234ze, respectively. Evidently, R1234ze and
R245fa are thermodynamically better options for running the developed system within the boundaries
of the thermodynamic properties developed in the study. Based on the operating data for the system,
the pump work was nearly the same at 3.33, 3.142, and 3.486 kW, for R245fa, R1234yf, and R1234ze,
respectively.

Table 5: Thermodynamic simulation data at the state points for R245fa

State Temperature Pressure Enthalpy Entropy Mass Energy
[°C] [Bar] [kJ/kg] [kJ/kg K] [keg] [kW]

1 350.00 1.013 631.50 6.448 3.40 364.30
2 150.00 1.013 424.60 6.048 3.40 28.64
3 40.60 18.000 235.50 1.178 3.0 28.64

4 120.00 18.000 487.90 1.811 3.0 162.30
5 90.00 7.991 473.20 1.811 1.20 47.25
6 65.90 5.434 452.10 1.771 2.20 66.49

7 66.20 4.129 455.90 1.797 4.00 104.70
8 40.00 4.129 252.40 1.178 1.00 8.48
9 40.00 4.129 252.40 1.178 1.00 8.48
10 40.00 4.129 252.40 1.178 3.00 25.43
11 30.60 1.800 252.40 1.179 1 8.11
12 30.60 1.800 426.80 1.754 1.00 10.12
13 70.50 4.129 460.50 1.811 1.80 48.11
14 20.00 1.013 83.30 0.294 12.97 0.00
15 35.00 1.013 146.00 0.503 12.97 1.19
16 27.00 1.013 300.40 5.702 6.68 0.00
17 1 1.013 274.30 5.611 6.68 8.02

Table 6: Thermodynamic simulation data at the state points for R1234yf

State Temperature Pressure Enthalpy Entropy Mass Energy
[°C] [Bar] [kJ/kg] [kJ/kg. K] [keg] [kW]
1 350.00 1.013 631.5 6.448 3.103 332.7
2 150.00 1.013 424.6 6.048 3.103 62.61
3 24.20 18 232.9 1.114 3 119.2
4 100 18 447 1.75 3 188.8
5 70.00 7.211 426.8 1.75 1.2 51.38
6 47.10 12.08 393.1 1.617 2.2 108
7 50.50 6.5 407.3 1.698 4 155.4
8 23.4 6.5 231.9 1.111 1 39.73
9 234 6.5 231.9 1.111 1 39.73
10 234 6.5 231.9 1.121 3 119.2
11 -15.4 1.8 231.9 1.126 1 35.07
12 -15.4 1.8 352.7 1.595 1 15.18
13 66.9 6.5 424.5 1.75 1.8 72.9
14 20 1.013 83.3 0.294 11.18 0
15 35 1.013 146 0.5029 11.18 1.022
16 27 1.013 300.4 5.702 4.627 0

17 1 1.013 2743 5.611 4.627 5.558
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Table 7: Thermodynamic simulation data at the state points for R1234ze

State Temperature Pressure Enthalpy Entropy Mass Energy
[°C] [Bar] [kJ/kg] [kl/kg K] [ke] [kW]
1 350 1.013 631.5 6.448 3.418 366.4
2 150 1.013 424.6 6.048 3.418 68.96
3 20.9 18 226.7 1.09 3 104.6
4 110 18.000 462.5 1.779 3 191.2
5 85.0 9.306 447.6 1.779 1.2 58.59
6 69.3 15.8 416.2 1.659 2.2 118
7 51.5 4.32 422.5 1.756 4 123.1
8 20.4 4.32 225.6 1,09 1 33.72
9 20.4 4.32 225.6 1.09 1 33.72
10 20.4 4.32 225.6 1.09 1 33.72
11 -5 1.8 225.6 1.096 1 31.91
12 -5 1.8 378.6 1.667 1 13.68
13 59.7 4.32 430.2 1.779 1.8 56.6
14 20 1.013 83.3 0.294 12.56 0
15 35 1.013 146 0.5029 12.56 1.147
16 27.0 1.013 300.4 5.702 5.862 0
17 1 1.013 2743 5.611 5.862 7.041

In terms of net power output from the expander with same refrigerant mass flow, as much as 75 kW
was obtained with R1234ze, while the other refrigerants gave about 65 kW. The evaporator cooling rate
was also high with R1234ze. However, the highest exergy efficiency for the system was obtained when
run with R245fa. This is attributable to the enthalpy properties of R245fa by virtue of the energy balance
around the vapour generator.

Table 8: Performance indicators of the plant

. Value .
Performance index R245fa R1234yf R1234ze Unit
System heat input 635.8 642.1 707.2 kW
Turbine output 66.98 64.57 75.98 kW
Pump work 3.332 3.142 3.486 kW
Evaporator cooling rate 151.9 120.8 153 kW
System exergy efficiency 25.7 31.27 31.68 %
System energy efficiency 34.43 28.87 32.38 %

3.3. LCA and Exergoenvironmental Analysis of the System Plant

The LCA method was used for computation of the environmental impacts of the components. The
leakage of working fluid to the atmosphere was also considered in the analysis. During the leakage to
the atmosphere, the Eco 99 coefficients were approximated as 7300, 19654, and 674 mPts/kg for
R1234ze, R1234yf, and R245fa, respectively (Goedkoop et al, 2001). The corresponding Eco 99
coefficients for the manufacturing phase are also taken as 150, 99, and 99 mPts/kg for R1234z4,
R1234yf, and R245fa, respectively (Goedkoop et al., 2001).

The working fluids data for the life cycle analysis is presented in Table 9. The filling amount for the
refrigerants in the construction phase has been highlighted for the selected working fluids. The filling
mass of the working fluid is 5.57 kg and 5.4 kg for a 1-kW power output generated by the turbine
(Murillo ef al, 2020). In this study, a filling mass of the working fluid of 5.57 kg for a 1-kW power
output is used. In the operation phase, a 10 per cent leakage was assumed leaving 90 per cent of the
filled refrigerants for the operation phase. Furthermore, 3 percent of the leakage quantity was used for
the required amount in the decommissioning phase. The corresponding values are shown for R245fa,
R1234ze, and R1234yf in Table 8.
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Table 9: LCA relative data of working fluid

Phase Operation R245fa R1234ze R1234yf
Construction phase Filing quantity 373.0786 359.6549 423.2086
Operation phase Leakage quantity 37.30786 35.96549 42.32086
Decommissioning phase Emission loss quantity 10.07312 9.710682 11.42663

The heat transfer rate and the area for such heat transfer in the evaporator, vapour generator and
condenser are required for computation of the mass of these components during the construction phase.
This is shown in Table 10. Since no material is lost during the operation phase, the mass requirements
are neglected. However, in the decommissioning phase, the remainders of the materials of the entire
components of the system were taken as 4.5 % of the manufacturing components’ masses, respectively.
For the refrigerants, their values for the system during construction, operation and decommissioning
phases are shown in Table 8.

Table 10: Heat transfer parameters for life cycle analysis

Parameter R245fa R1234yf R245z¢
Condenser heat rate (kW) 724.1 701.5 787.8
Condenser Area (m?) 100.1 119.7 98.0
Vapour generator heat rate (kW) 635.8 642.1 707.2
Vapour generator area (m?) 112.4 108.4 102.5
Evaporator heat rate (kW) 151.9 120.8 153
Evaporator area (m?) 16.8 21.2 14.4

Life cycle analysis results for the system using different refrigerants are shown in Tables 11, 12, and
13. Steel was used as the material for the system and the analysis as indicated in the methods covered
the construction, operation and decommissioning stages. The life cycle analysis for the working fluids
was also considered. The components considered in the analysis include the evaporator, condenser,
pump, and turbine. The coefficient of degradation using steel as material for the physical components
was taken as 86 mPts/kg and applies to the evaporator, condenser, pump, and turbine during
construction, operation and decommissioning phases.

Table 11: R245fa LCA computation results

Degradation . . o dec
Component Material coefficient Quka lity 2 YPP YP }i

(mPts/kg) (kg) (mPts) (mPts) (mPts) (mPts)
Vap. Gen Steel 86 1782.664 153309.104 0 6898.90 160208.01
Evaporator Steel 86 266.448 22914.53 0 1031.154 23945.68
Condenser Steel 86 1587.586 136532.4 0 6143.958 142676.4
Pump Steel 86 46.648 4011.728 0 180.5278 4192.256
Turbine Steel 86 2089.776 179720.7 0 8087.433 187808.2
Fluid R1234ze 150*/7300" 373.0786 55961.79 272347.4 73533.79 401843

*Refrigerant Eco 99 coefficients during manufacturing; “Refrigerants Eco 99 coefficients for operation and
decommissioning phases

Table 12: R1234ze LCA computation results

Degradation

3 co 0] dec
Component Material coefficient Qu; liy 2 YPp YP ;{
(mPts/kg) (kg) (mPts) (mPts) (mPts) (mPts)

Vap. Gen. Steel 86 1625.65 139805.9 0 6291.26 146097.16
Evaporator Steel 86 228.384 19641.02 0 883.8461 20524.87
Condenser Steel 86 1554.28 133668.1 0 6015.064 139683.1
Pump Steel 86 48.804 4197.144 0 188.8715 4386.015
Turbine Steel 86 2370.576 203869.5 0 9174.129 213043.7
Fluid R1234ze 99*/19654" 359.6549 35605.84 706865.7 190853.7 933325.3
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Table 13: R1234yf LCA computation results.

Degradation

. . Quality Ye° Y°P ydee Y

Component  Material C((rf;?;fgn)t (ke) (mPts) (mPts) (mPts) (mPts)
Vap. Gen. Steel 86 1719.224 147853.264 0 6653.39 154506.66
Evaporator Steel 86 336.232 28915.95 0 1301.218 30217.17

Condenser Steel 86 1898.442 163266 0 7346.971 170613
Pump Steel 86 43.988 3782.968 0 170.2336 3953.202
Turbine Steel 86 2014.584 173254.2 0 7796.44 181050.7
Fluid R1234ze 99*/674% 423.2086 41897.65 28524.26 7701.55 78123.46

In Figure 3, a comparative analysis of the environmental impact of the system components is provided
in line with the operating refrigerants. When the performance criteria is of priority, the components with
refrigerant R245fa has less environmental impact followed by R1234ze and R1234yf. This is totally
attributed to the heat transfer rates, pump power, and turbine power by virtue of the system operation
using R245fa and not the environmental friendliness of this fluid which is clearly indicated in Tables
10, 11, and 12. The environmental impact of the refrigerants is shown in Figure 4, computed based on
the data in Table 9. The filling mass and the specific environmental impact in milipoints per kilogram
are the two driving variables for the total impact from the use of these working fluids. Clearly, as shown
in Figure 4, the refrigerant R1234ze has the most environmental impact, with a value totaling 933325.3
mPts. Although this value does not completely connote physical damage related to a known
environmental effect, its comparison with similar values represents its potential to impact more on the
environment by some chosen index for environmental degradation. Less environmental impact of
78,123.46 mPts was recorded when R1234yf was selected as the working fluid.
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Figure 3: Comparative LCA results for the system with different refrigerants
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Figure 4: Total environmental impacts from selected working refrigerants in the study
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The quantity of environmental impact from the refrigerants is spread between the construction,
operation and decommissioning phases with the operation phases accounting for the highest part of the
total emissions. This is shown in Figure 5 with R1234ze accounting for up to 3.81, 75.74 and 20.45%
respectively, for the construction, operation and decommissioning phases.
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Figure 5: Refrigerant environmental impact during the lifetime of the system

3.4. Sensitivity Analysis of the EORPCC System

An analysis was performed on the sensitivity of the EORPCC to evaluate the variables that affects the
performance of the system. The exergy destruction (ED) inceases with an increase in evaporator
pressure (EVPP). The highest values of ED was obtained at EVPP of 4.0bar at 159kw, 175kw and
185kw for R1234yf, R1234ze and R245fa respespectively. The lowest values of ED was obtained at
108kw, 124kw and 156kw for R1234yf, R1234ze and R245fa respectively as shown in Figure 6 for the
different working fluids. The cooling rate decreases with an increase in turbine back pressure (TBP)
between 1.2 and 4.0bar. The cooling rate decreases from 185kw to 144kw for R1234yf. It also decreases
from 201kw to 158kw and 202kw to 153kw for R1234ze and R245fa respectively as shown in Figure
7a. The increase in ejector mass flow rate (EMR) increases the cooling rate. The highest values of
cooling rate between 1.0kg/s to 1.76kg/s occurred at 215kw, 268kw and 268.04kw for R1234yf,
R1234ze and R245fa respectively as indicated in Figure 7b. At constant pressure, the effect of
increasing the turbine inlet temperature (TIT) increases the enthalpy of the expanding gasses, thereby
increasing both the turbine output and the cycle efficiency. The result demonstrates a linear increment
in turbine output and efficiency with increasing turbine inlet temperature as shown in Figure 8.
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Figure 6: Effect of evaporator pressure on exergy destruction
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Figure 8: Effect of TIT on power output and efficiency

Figure 9a and 10b shows the effect of turbine back pressure (TBP) and ejector mass flow rate (EMR)
on the unit cost of electricity. Increasing the TBP increases the UCOE for all the working fluids. The
minimum UCOE occurred at 0.128 $/kw, 0.142 $/kw and 0.162 $/kw for R1234ze, R1234yfand R245fa
respectively as shown in Figure 9a. Similarly, increasing EMR decreases the UCOE. The least UCOE
(0.123 $/kw) occurred with R1234ze at EMR of 1.75kg/s while R1234yf and R245fa had similar UCOE
of 0.156S%/kg at 1.76kg/s EMR shown in Figure 9b.
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Figure 9a: Effect of (a) TBP and (b) EMR on UCOE
4. CONCLUSION

This report investigates the exergy-based life cycle analysis of an organic Rankine power-cooling cycle
integrated with an ejector system. The system was driven by solar heat energy that is absorbed by the
heat transfer fluid inside the receiver tube that transfers its heat content to the organic fluid. The
modeling of the solar heat characteristics was limited to its mass flow rate and heat content. Three
organic refrigerants - R245fa, R1234yf, and R1234ze - were used for the analysis that covered
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thermodynamics and exergy based life cycle analysis concept. The manufacture and leakage of working
fluid were considered in the life cycle analysis from the construction, operation and decommissioning
phases of the plant. The following major conclusions were drawn:

e The ORC system configuration had a relatively high energy and exergy efficiencies (up
to 34.43, 28.87 and 32.28 energy efficiencies while 25.7 31.27and 31.68 exergy
efficiencies for R245fa, R1234yf, and R1234ze, respectively). This enhancement was
due to the additional cooling provided by the ejector refrigeration system (ERS).

e The additional product by virtue of the ERS was 151.9, 120.8, and 153 kW for R245fa,
R1234yf and R1234ze respectively.

e R1234ze and R245fa were thermodynamically better options for running the developed
system within the boundaries of the thermodynamic properties developed in the study.

e When the performance criteria was of priority, the system components with refrigerant
R245fa had the least environmental impact with a value of 518,83 1mpts followed by
R1234ze and R1234yf with values of 523,735mpts and 540,34 1mpts respectively. Due
to leakages, refrigerant R1234yf had the least environmental impact followed by R245fa
and R1234ze. The refrigerant R1234ze had the most environmental impact, with a value
totaling 933,325.3mPts. Least environmental impact of 78,123.46 mPts was recorded
when R1234yf was selected as the working fluid.

e The operation phase accounts for the highest part of the total emissions with R1234ze
accounting for up to 3.81, 75.74 and 20.45% respectively for the construction, operation
and decommissioning phases..
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