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Abstract

A renewable energy source, especially solar energy, is one of the best alternatives for power generation in
rural areas. Organic Rankine cycle (ORC) can be powered by a low-grade energy source, suitable for small-
scale power production in rural areas. This study investigates the combined power generation and cooling
system using the combination of ORC and vapor compression cycle (VCC), where ORC is powered by
a parabolic trough solar collector. Thermodynamic and economic simulation of the system is conducted
for four different working fluids, which are R245fa, R114, R600 and R142b. It can be concluded that the
thermal efficiency of the power plant increases by using the combined ORC-VCC system. The effect of
thermodynamic parameters such as turbine inlet temperature and pressure on the system performance is
also discussed, and the optimal design values are provided. The results show that the power plant uses
R245fa as the minimum exergy destruction rate. The study indicates that R114 gives minimum cost function
(PCEU) for 137°C turbine inlet temperature while the minimum PCEU for R142b is obtained at a turbine
inlet pressure of 2500 kPa. Finally, the study indicates that the inlet pressure of the turbine has a significant
impact on the system cost and thermal efficiency.
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1 INTRODUCTION

CO2 emissions [4]. Another promising solution in recovering the
waste energy can significantly help us meet the energy demands
and decrease CO; emissions [5].

One of the major global problems is climate change due to green-
house gas emissions from power plants, the transportation sec-
tor and other industrial sectors [1]. The change rate of global
warming can be decreased by decreasing the emission of these
gases into the atmosphere, which is the solution for the worldwide
warming problem [2]. Carbon dioxide (CO,) is the main contrib-
utor to global warming, which has resulted from the combustion
process of fossil fuels used in transportation and power genera-
tion [3]. Renewable energy sources such as geothermal, biomass,
hydropower, solar and wind power should be used to minimize
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Different configurations of organic Rankine cycle (ORC) power
plants powered by geothermal energy sources have been inves-
tigated using energy and exergy analysis [6], where the ORC
condenser had the highest exergy destruction rate. Moreover,
this study presented a comprehensive review of different types
of geothermal ORC power plants used in hydrogen and fresh-
water production and electricity production. Another work [7]
reviewed ORC powered by a geothermal energy source using
energy and exergy analysis. Moreover, economic and life cycle
studies were also presented to compare geothermal ORC with
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commercial power plants. Finally, the work introduced the envi-
ronmental impacts caused by using a geothermal energy source to
power the ORC power plant. A novel combination of geothermal
ORC and absorption chiller has been proposed [8] for electricity
and cooling production. Energy, exergy and economic (3E) anal-
yses were conducted for this novel system to determine its per-
formance. The work also implemented the MOPSO algorithm to
obtain the optimum electricity and cooling costs and the optimum
exergy efficiency.

The purpose of the multigeneration concept is to produce
electricity, heating and cooling [9]. Multigeneration systems are
usually classified as cogeneration, where power and heat are made,
and trigeneration, where cooling, heat and power (CHP) are
produced [10]. Due to the low thermal efficiency (30-40%; [11])
of conventional power plants, it is recommended to use waste heat
as a heat source of EnergyEnergy to enhance the system efficiency
[12]. The use of multigeneration systems has been increased
during the last years, which would positively support the global
energy demand [13]. Using a multigeneration system could result
in lower greenhouse gas emissions to meet the regulations set by
developed and developing countries to reduce the global warming
effect. Combining CHP with renewable energy sources could
improve the system economics and decrease the consumption of
fossil fuel and hence in environmental pollution [14]. The small-
scale combined CHP and CCHP systems powered by renewable
energy sources could improve off-grid areas’ social and economic
environment [15].

The investigation of large CHP systems has been given a lot of
focus recently. Such methods include Stirling engines, reciprocat-
ing engines and the ORC power plant [16]. Bellos and Tzivanidis
[17] analyzed a trigeneration system powered by solar EnergyEn-
ergy to produce cooling, heat and electricity for the building,
where they used 100 m* area of trough solar collector (PTC).
They considered production of 20 kW for cooling and heat as
the maximum examined values. They assumed 2500 hours yearly
as the system’s operating time, and they calculated the payback
period as 8.5 years. Khosravi and Syri [18] investigated an absorp-
tion chiller powered by a geothermal energy source, combined
with a desalination unit and solar thermal collector. The waste
heat generated in the absorption system was used as an energy
source for the desalination unit. This heat recovery significantly
increased the coefficient of performance of the absorption cycle.
Khalilzadeh and Hossein Nezhad [19] investigated waste heat in
a trigeneration system using 12 wind turbines (7.5 MW each),
where a modified ORC with feedwater heat, absorption chiller and
heat exchangers was used. Chaiwat [20] proposed EnergyEnergy,
exergy, economic and environmental analysis for a multigenera-
tion system using ORC, single-effect absorption chiller and drying
room. Based on their results, the energy efficiency was ~17.23%,
and the exergy efficiency was 15.13%. Siddiqui et al. [21] proposed
a renewable energy system combined with a biomass gasification
system, for which they noticed that the overall efficiency of the
integrated system remarkably improved.

On the other hand, due to the low thermal efficiency of the
ORGCs, researchers are intrigued to improve the efficiency by

3E analysis of combined solar ORC-VCC power plant

analyzing different methods. The selection of working fluid is
an important issue that is encountered when designing an ORC.
Taking into account that the working fluid needs should have low
global warming potential (GWP) and ozone depletion potential
(ODP) according to the Paris Agreement on climate change [22].
Regan and Tao [23] studied different working fluids for solar ORC
powered by solar EnergyEnergy. They found about 11 working
fluids suitable for the power plant when the power plant was oper-
ating at solar collector low or medium temperature. Khosravi et al.
[24] presented ORC powered with geothermal and solar Ener-
gyEnergy, where they proposed an artificial intelligence model
to investigate the influence of various parameters on the system
performance. They examined different organic fluids for ORC and
stated that R1234yf resulted in the best version of ORC. Pabon
et al. [25] designed thermal energy storage incorporated with a
two-phase mechanical pumped loop (TMPL) to cool a concen-
trating photovoltaic system. They investigated the TMPL system
with the low global GWP refrigerants (R1234yf and R1234ze(E)),
which showed similar performance compared to R134a. This was
a promising conclusion to replace the new refrigerants as working
fluids for thermodynamic systems. In another study, Pabon et al.
[26] conducted an experimental investigation for an evaporator
in a refrigeration system. They found out that R1234yf showed a
similar dynamic behavior as compared to R134a.

The literature showed that a renewable multigeneration system
could better utilize energy and better exergy efficiency. The main
objective of this work is to investigate a novel small-scale ORC and
vapor compression cycle (VCC) powered by PTC. The system can
work for power generation and heating in winter and power gen-
eration and cooling in summer. This paper presents 3E analyses
of combined solar ORC-VCC power plant. The combined power
generation and cooling system using an ORC powered by solar
energy source and a VCC is analyzed using thermodynamic and
economic simulation for four different working fluids, which are
R245fa, R114, R600 and R142b. The paper outline is organized
as follows: Section 1 presents the literature review of previous
works done on the paper topic; Section 2 presents the materials
and methods that includes the thermodynamic model in Sec-
tion 2.1 and the governing equations in Section 2.1.1; Section 3
demonstrates mathematically the exergy analysis of the combined
power plant; Section 4 presents the economic analysis of the
combined power plant based on the cost functions of all power
plant components; Section 5 presents graphically the simulation
results to see the effect of the most important parameters on
the power plant performance; and Section 6 presents the major
outcomes obtained in this paper. The outcomes of the present
work are as follows:

3E for the solar ORC VCC combined power plant is proposed.
Analysis is conducted for four different working fluids, which
are R245fa, R114, R600 and R142b.

Exergy destruction rates of all components are evaluated.

The minimum exergy destruction rate for the proposed power
plant is for R245fa as the working fluid.
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Figure 1. Combined power plant configuration.

B R114 results in minimum PCEU for 137°C turbine inlet tem-
perature, and R142b results in minimum PCEU for 2500 kPa
turbine inlet pressure.

2 MATERIAL AND METHODS

2.1 Thermodynamic modeling

The schematic diagram of the ORC-VCC is shown in Figure 1,
and its T-S diagram is shown in Figure 2. The operating principles
of ORC plants begin with the injection of an ORC fluid into the
economizer, where it is heated to saturation temperature. The
fluid state is modified from saturated liquid to saturated vapor
in the evaporator, which operates at a constant temperature. The
orc fluid superconductor, the third heat exchanger, is superheated
and raises the temperature at constant pressure. The superheated
steam in state 6 reaches the turbine and generates electricity. The
recuperator will reuse the turbine’s high steam energy output
because of the turbine’s high steam energy output. The input
is preheated before entering the economizer by the preheated
infrared liquid recuperator. The recuperator fluid passes through
the condenser, where it cools to the saturation liquid state. Finally,
the economizer receives the working fluid.

2.1.1 Governing equations

Mass balance. ~ Mass balances are written as follows:

my = thg + iy = iy + thgg (1)
Wiy = W3 = Wy = Ws = e = My 2)
Mg = Mg = Wy = M1y = M3 (3)
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Figure 2. Temperature-entropy diagram.

ORC energy balance.

e = fhy7 = fing = fig
14 = M5
The turbine isentropic efficiency is

W, hg—hy
- Wt,s B h6_h7s'

Nt

The turbine power output is

W = thg (hg — hy),

(4)
(5)

(6)

(7)

where h is the specific enthalpy and the superscripted s refers to

isentropic states.
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The specific enthalpy of state 7 is obtained by calculating the
isentropic vapor quality, x7s, at the exit of the turbine as shown in
the following equations:

S7s— S
g = 2 (8)
Sfg

S7s = S (9)
hzs = hf + x7shfg (10)
h7 = hs — n¢ (he — hys) , (11)

where s is the specific entropy.

The condenser heat transfer rate is written as

Qc = (tng + 1117) hyix — tinrh, (12)

where hy = hf(Pcong) and hpix are the specific enthalpy at the
mixing point of states 8 and 17.
The equations used to calculate the pump power are

$25 = 51 (13)

hys —hy =v1 (P2 — P1) (14)
hys —h

Np = ﬁ, (15)

where 7p is the pump isentropic efficiency and v; is the pump inlet
specific volume. The pump work is then obtained as

Wp =ty (hy — ). (16)
The power output is obtained by
Whet = Wy — W, (17)
The thermal efficiency is
-

Energy balance of VCC.
expressed as

The cooling load in the evaporator is

Qcool = 18 (h16 - h19) . (18)
The required work by the compressor is written as
Weom = tiis (17 — hie) . (19)
The compressor isentropic efficiency is defined as
h7,s — hie
. = s 7o 20
Nis,com h17 — h16 ( )

which corresponds to the respective isentropic point.

3E analysis of combined solar ORC-VCC power plant

The energy balance of the adiabatic expansion process in the
throttling valve gives

hig = hio. (21)

Working fluids.  Four different working fluids, including R245fa,
R114 and R142b refrigerants and R600 hydrocarbons, or n-
butane, have been selected in this study. All these fluids are
considered to be organic fluids. The specifications of these
fluids are shown in Table 1. Among the most critical factors that
influence fluid choice are GWP, ODP and atmospheric lifetime.

Solar collector. A parabolic PTC has been selected as a source of
heat in this work. The radiation efficiency of the collector is
0.81 [19], and the intensity of the sunlight shown with G is also
considered to be 700 W/m? [20]. THERMINOL VP-1 is also used
for the solar collector heat transfer oil [21]. The specifications
of THERMINOL VP-1 are given in Table 2, where cp, o and k
refer to the heat transfer fluid’s specific heat, density and thermal
conductivity, respectively.

3 EXERGY ANALYSIS

The concept of energy and exergy analysis is carried to find out
the exergy destruction for the power plant.

The exergy destruction rates for the turbine, condenser, heat
exchangers connecting the solar and ORC power plant, recuper-
ator, evaporator, compressor and expansion valve are obtained,
respectively, as follows

Iy = tiorg (he — h7 — To * (ss — 57)) — W; (22)

Iond = (Expix + Ex14) — (Ex1 + Ex15) (23)

Tpump = thore (h1 —hy — To * (s1 —$2)) — W, (24)
Igx = (Ex3 + Ex10) — (Ex¢ + Ex13) (25)

Irec = (Ex7 + Ex;) — (Exg + Ex3) (26)

Igvap,vce = (Ex19 + Expot air) — (Ex16 + EXcold air) ~ (27)

Leomp,voe = thore (h16 — hi7 — To * (s16 — $17)) — Weomp (28)

Liai,vec = To e (s19 — s18) (29)

The overall exergy destruction rate of the combined cycle is

Ttor = It +Icond+1pump +IHX+IRec+IEva,VCC+Icomp,VCC+Ival,VCC‘
(30)
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Table 1. Fluid properties.

Substance Molecular mass (kg/mol) Typ (°C) Terit (°C) Peit (MPa) Atmospheric lifetime (yr)
R245fa 134.05 15.14 154 3.651 7.6

R114 170.92 3.6 145 3.289 300

R600 58.12 —0.5 152 3.796 0.018

R142b 100.5 —10 137 4.055 17.9

Table 2. Specifications of THERMINOL VP-1.

Fluid Tmin/Tmax (°C) p (kg/m?) ¢p (kJ/kgK) k (W/mK)
THERMINOL VP-1 12.78/398.9 1067.6 1.532 0.1368

Table 3. Capital cost functions.

Component Capital cost function

4405 x (W) ™®
1397 x (Aeva or cond)o'89
2143 x (Agp)**'

Organic fluid turbine
Evaporator and condenser
Heat exchanger

Pump 1120 % (Wpimp) ™
Recuperator 2681 X (Arec)®™®
Compressor 71.1 x Ggelnr,

4 ECONOMIC ANALYSIS

We also employed economic analysis besides energy and exergy
analysis to determine the optimum operating condition for the
system. Equation 31 calculates the system product cost rate (Crot)
that is equal to the fuel cost rate (Cfuel), the overall investment cost
rate (Z¢y) and the rate of maintenance and operation cost (Zom)
[27], which is written as

Ctot = Cfuel + Z (ZCI + ZOM)k (31)
k
and we have
Zerk+ Zows = 222 crE (32)
CI,k OM,k - N % 3600 >

where N is the system annual working hours and CRF is the capital
recovery factor, which is expressed by the following equation
(28, 29]:

ii+1)"
CRF = # (33)
i+D"-1
where i and 7 are the annual effective rate and lifetime, respec-

tively.

Table 3 summarizes the capital cost function for the power
plant components

and for the solar collector:

Zeonl = 567 scroll, (34)
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where the collector surface area is

Qcoll
Acoll = (35)
“ ncollG
and the cost function is defined by
C
PCEU = — i (36)

[(Wn + Qeva) x n x N|’

5 RESULTS AND DISCUSSION

5.1 Base mode analysis

The VCC cycle is off-grid in base mode, and the system only
operates with the solar collector and the ORC cycle. Due to the
superheater before the turbine, the fluid at the turbine inlet is
superheated.

Figure 3 shows the effect of Ts on the thermal efficiency (first-
order efficiency) of the ground state system for the four stud-
ied fluids for fixed other parameters. As shown in Figure 3, the
increase in Tg results in the first law efficiency for all four fluids. As
the temperature increases, the fluid energy content (or enthalpy)
also increases, thereby increasing the system’s thermal efficiency.
This, of course, increases the difference between the solar collec-
tor’s operating fluid inlet and outlet temperatures, and therefore
requires a larger collector area, thus increasing the collector cost.
As can be seen from Table 4, the highest thermal efficiency is
related to the R245fa fluid, which is also illustrated in Figure 3.
Generally, from a thermal efficiency point of view, increasing the
T has a positive effect on the energy performance of the base
system.

Figure 4 presents the system thermal efficiency variation at the
ground state relative to the turbine inlet pressure for the four
studied fluids.

The figure shows an optimum pressure at which the thermal
efficiency has a maximum value for all fluids. The reason for this
behavior is due to the specific enthalpy of the operating fluid.
When the output pressure of the turbine is constant and the
inlet pressure increases, the specific enthalpy difference reaches a
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Table 4. System output values for the base model.

3E analysis of combined solar ORC-VCC power plant

R142b R600 R114 R245fa
M (%) 11.51 12.87 12.34 13.06
Whet (KW) 23.65 18.86 17.37 15.82
orc(kg/s) 0.8931 0.3473 0.9385 0.5507
0.135 24 T T
—=—R114
—o—R245fa R y P
0.13F ~ Reoo S i o T

5’ paesas: maaEEl E

g S 20f ]
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’
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Figure 3. Variation of thermal efficiency with Tg in base mode.
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Figure 4. Variation of thermal efficiency with Pg in base mode.

maximum, which results in maximum thermal efficiency. Hence,
the optimal system performance at the base state is at the pressure
where the maximum thermal efficiency is reached.

The changes in the power output concerning the turbine inlet
pressure are shown in Figure 5.

As shown in Figure 5, the total net output decreases as the
turbine inlet pressure increases for three of the four fluids studied.
Increasing the working pressure increases the power output of the
turbine. However, the work required by the pump to produce the
desired pressure also increases. On the other hand, increasing the
mass flow rate reduces the ORC cycle performance. Therefore, the
sum of these factors reduces the total output of the network for
three fluids. But in the case of R142b fluid, the output work first
increases and then decreases.

Turbine inlet pressure (kPa)

Figure 5. Variation of power output with Ps in base mode.
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Figure 6. Variation of organic fluid mass flow rate with Pg in base mode.

Figure 6 shows the effect of Ps, and Figure 7 shows the effect
of Ts on the ORC power plant operating mass flow rate in the
base state. As can be seen in both diagrams, the ORC mass flow
rate decreases with increasing turbine inlet pressure and turbine
inlet temperature. Reducing the mass flow reduces the amount of
the total output of the network, which is an undesirable effect. But
overall, it is a desirable factor for the system’s operation, especially
from the economic point of view of mass flow reduction. R600
fluid has the lowest mass flow rate, and the R114 fluid requires the
highest mass flow rate for the system operation.

Figure 8 demonstrates the effect of Tg on the total grid output
at the ground state for the four inorganic fluids.

As shown in the figure above, increasing T reduces the overall
power output due to the reduction in the operating mass flow rate.
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Table 5. System output values for ORC-VCC mode.

R245fa R142b R600 R114
n(%) 27.84 26.94 27.65 26.52
Whet (kW) 12.94 23.92 17.02 15.02
thore (kg/s) 0.419 0.818 0.288 0.755
1.2 T T 0.28
—=—RI114
i R vmax\m;xww,«mawm\”f’“%’y (000000
e iy . R600 >wﬂ%&myﬁwxﬁ«ﬁ:@%¥,«, XX B eE=sasssaas EmmsmamEEERE)
—_ R142b > vm'm'mlnnmﬂmmm[mzmﬂm
Eﬂ " E 027 i —=—RI14 o R4S |
= 08} 1 é —5—R600 R142b
E Ch
:
2 - ] 5 ’
= 0.6 jooocwocoasenonsncoooce . 2
= = = 0.26F 4
= z
04+ 8
T TP P e T e e
0.2 : L ' . 025 . L . .
130 132 134 136 138 140 130 132 134 136 138 140

Turbine inlet temperature (°C)

Figure 7. Variation of organic fluid mass flow rate with T_6 in base mode.
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Figure 8. Power output versus T_6 in base mode.

Increasing T improves the turbine’s performance, but decreasing
the mass flow rate reduces the amount of output work.

5.2 ORC-VCC mode analysis
The cases discussed in the previous section are also examined for
the ORC-VCC mode. In the ORC-VCC mode, the VCC cycle
switches from off-grid to on-grid, and this part of the system
enters the network. For this simulation turbine, inlet pressure
and temperature are 2500 kPa and 140°C, respectively. Table 5
summarizes the output values for the system in ORC-VCC mode.
As with the ORC cycle performance in the ground state, the
fluid at the turbine inlet is superheated due to the presence of
a superconductor before the turbine. Figures 9 and 10 show the
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Turbine inlet temperature (°C)

Figure 9. Variation of thermal efficiency with T_6 in ORC-VCC mode.
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Figure 10. Power output versus T_6 in ORC-VCC mode.

effect of T on the thermal efficiency of the system and net power
generated in the ORC-VCC mode for the four fluids, respectively.

The increase in T improves the thermal efficiency and
decreases the power output for all four fluids. In the basic model,
the first law efficiency for the four fluids is in the range of 11-
13.5%, while in the ORC-VCC mode, it is in the field of 25-26.5%,
indicating a nearly two-fold increase in thermal efficiency.

Thermal efficiency variation with P for the four fluids is shown
in Figure 11. As Pg increases, the thermal efficiency increases,
reaching a maximum point, and then decreases. The highest pos-
sible thermal efficiency in ORC-VCC mode is for the operating
fluid the R245fa when all the parameters are kept constant and
only the turbine inlet pressure changes. The maximum thermal
efficiency occurs at ~2500 kPa for R245fa.
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Figure 12. Variation of power output with Ps in ORC-VCC mode.
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Figure 13. Variation of organic fluid mass flow rate with P in ORC-VCC mode.

The changes in the power output of the combined power plant
concerning the inlet pressure of the turbine for the four fluids in
the ORC-VCC system are shown in Figure 12.

Figure 12 shows two different behaviors of the studied fluids
as the turbine inlet pressure increases. For R245fa, R114 and
R600 fluids, increasing Pg causes a decrease in the total output
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Figure 14. Variation of organic fluid mass flow rate with Te in ORC-VCC mode.
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Figure 16. Effect of Ps on the total exergy destruction rate.

of the grid output. But for R142b fluid, the whole workload of
the network output first increases to a maximum point and then
decreases. If all other parameters are assumed to be constant, and
the system has the most efficient work, R600 fluid inlet pressure
is the best option up to 2000 kPa and R142b is preferable for
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Figure 18. Effect of Ps on PCEU for different fluids.

higher fluid pressures. The total output of the network output in
ORC-VCC mode is lower than in the basic mode.

Figure 13 shows the effect of Pg, and Figure 14 shows the effect
of Tg on the four fluids’ mass flow rate in ORC-VCC mode. The
figures show that the ORC fluid mass flow rate decreases with
increasing turbine inlet pressure and turbine inlet temperature.
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By reducing the operating fluid mass flow rate, two important
system outputs, namely the whole network operation and the heat
absorbed by the evaporator, will be reduced. Therefore, when
these two parameters are more important than the efficiency and
economic aspects of the system, mass flow reduction is considered
a negative change.

5.3 Exergy analysis

Figure 15 illustrates the effect of T over total exergy destruction
for different working fluids. As can be seen from the figure,
increasing the turbine inlet temperature decreases the total exergy
destruction of the system. The system with R142b possesses the
highest exergy destruction while the minimum exergy destruc-
tion belongs to R245fa. Figure 16 also shows the same behavior
for turbine inlet pressure.

5.4 Economic analysis

Figure 17 demonstrates the effect of increasing the turbine inlet
temperature over PCEU for each working fluid separately. The
system working with R114 has the minimum PCEU when the
turbine inlet temperature is ~137°C. This figure also shows the
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minimum PCEU for the system working with R600, R245fa and
R142b achieved with the turbine inlet temperature of 132°C,
132°C and 145°C, respectively. Figure 18 illustrates the influence
of turbine inlet pressure on PCEU. The results show that for R114,
R245fa and R600, the optimum turbine inlet pressure is between
1500 and 2000 kPa. The minimum PCEU for R142b is obtained
for the turbine inlet pressure of 2500 kPa.

6 CONCLUSIONS

Thermodynamic and economic analysis of an ORC power plant
with PTC for small-scale power generation was investigated from
3E points of view. This research aimed to improve the thermal
efficiency of the power generation system by using waste heat
from the ORC to power the VCC cycle for cooling. Four fluids,
namely R245fa, R114, R600 and R142b, were considered the
operating organic fluids in this study. The VCC cycle utilized part
of the dissipative heat in the condenser, which was used to cool
the air to a temperature of 9°C. Using the VCC cycle simultane-
ously with the ORC cycle resulted in an increase in the system’s
thermal efficiency for all fluids by more than 100%. The effects of
temperature and pressure at the turbine inlet on thermal efficiency
and mass flow rate were investigated. According to the findings, an
optimum input turbine pressure exists, which leads to maximizing
thermal efficiency. The presence of a recuperator was critical
because it improved thermal efficiency due to the heat recovery
from the turbine outlet and the reduction of the loads on the con-
denser and solar collectors. The cycle with recuperator and super-
heater was the best schematic, but it had a higher overall cost.

The system working with R114 had the minimum PCEU when
the turbine inlet temperature was ~137°C, whereas the minimum
PCEU for R142b was obtained for the turbine inlet pressure of
2500 kPa. Finally, the parametric study indicated that turbine inlet
pressure significantly impacts the system’s thermal efficiency and
overall cost.
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