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Power (CECP) system, using R123 as a working fluid to utilize the solar energy over
a low temperature range. Evacuated tube solar collectors are used to collect the solar
radiation for their low costs. A thermal storage system and an auxiliary boiler are used
to provide continuous cooling and power output when solar radiation is not sufficient.
Mathematical models are employed to simulate the system under steady-state conditions.
The results obtained reveal that solar collector and auxiliary boiler are the main exergy
destruction sources. Parametric analysis is conducted to examine the effects of some key
thermodynamic parameters on the system performance. The results indicate that under
the actual constraints, increasing turbine inlet pressure elevates system efficiency while
increasing turbine inlet temperature and turbine back pressure decreases that. The system
is also optimized with the energy and exergy efficiencies as objective functions by means of
genetic algorithm under the given conditions.

(© 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Low temperature waste heat and renewable energies,
such as solar and geothermal energies as low tem-
perature heat sources are discussed extensively in the
literature. These energies cannot be employed in the
conventional power plants efficiently. Recently, various
and refrigeration cogeneration and power cycles have
been proposed to utilize them in energy-efficient sys-
tems. Goswami [1] proposed refrigeration cogeneration
and power system for the low temperature heat sources
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(< 200°C). The proposed cycle integrated with the
Rankine cycle and the absorption refrigeration cycle.
Many researchers [2-10] investigated the Goswami’s
proposed cycle both theoretically and experimentally.
They found that the combined cycle proposed is suit-
able for utilizing the low temperature heat sources
efficiently. However, the refrigeration capacity of the
proposed cycle is relatively small, because the phase of
the working fluid does not change during the refriger-
ation process. Various systems based on the combined
power and absorption refrigeration cycle were provided
by other researchers. Amano et al. [11,12] provided
a hybrid power and refrigeration cycle that combined
an ammonia-water power cycle and an absorption
refrigeration cycle. The power cycle provided stronger
solution to the refrigeration cycle rectifier to elevate
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refrigeration cycle performance. Zheng et al. [13,14]
proposed a combined cycle using the cold water to
decrease the condensing temperature of the Rankine
cycle. Zhang et al. [15-18] proposed two combined
power /refrigeration binary fluid systems driven by the
exhaust gas of a gas turbine: the parallel connected
system and the series connected system. In the parallel
system, and in the power subsystem, the concentration
of working fluid was fairly low, and the temperature
match in the evaporation process was unsatisfactory.
Moreover, Nord et al. [19] provided a Solar Integrated
Thermal Management and Power (SITMAP) cycle,
which integrates a jet pump instead of the compressor
in vapor compression and a Rankine cycle. This cycle
is designed for the spacecraft and driven by the solar
energy collecting the solar radiation using a concentra-
tion solar collector. Overall mass system is chosen as
the objective function to be minimized. Wang et al. [20]
analyzed and simplified Zhang’s parallel connected sys-
tem in Ref. [15] to make it better for low-temperature
heat sources. They eliminated the recuperator, high-
pressure pump, and condenser in the power generation
cycle. However, the turbine outlet steam still reached
97°C, and a large exergy loss occurred during the
absorption-condensation process. Wang et al. [21]
improved their cycle by applying an ejector between
the condenser and rectifier. However, the plant exergy
efficiency was improved by only 0.6% and the heat loss
in the turbine was not recovered. Jawahar et al. [22]
proposed a combined cooling and power cycle by intro-
ducing an expander into the generator absorber heat
exchanger cooling cycle (GAX cycle). The expander
is applied between the absorber and High-Pressure-
Generator-Absorber-exchanger (HPGAX). The cooling
and power cogeneration cycles are parallel, using the
same vapor from the HPGAX.

This study thus aims to (1) propose a combined
ejector cooling and power system driven by solar
energy; (2) evaluate the thermodynamic performance
of the proposed system; (3) identify the main sources
of exergy destruction components; (4) study the key
parameters on system performance; and (5) optimize
the energetic and exergetic efficiencies of cycle using
the Genetic Algorithm (GA).

2. System description

The CECP system proposed in this study is divided
into two subsystems: Organic Rankine Cycle (ORC)
subsystem and solar collector subsystem. Figure 1
illustrates schematic diagram of this system.

2.1. Organic rankine cycle subsystem

ORC subsystem consists of a turbine (Tur), an ejector
(Ejc), two evaporators (Eva), a condenser (Con), a
pump (p), an economizer (Eco) and a super heater
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Figure 1. Schematic diagram of CECP system.

(SH). The saturated liquid is pumped into economizer
and, after superheating in super heater, produces
power in the turbine connected to the electric gen-
erator. The extracted vapor of the turbine enters
the supersonic nozzle of ejector. The wvery high
velocity vapor at the exit of the nozzle produces a
high vacuum at the inlet of the mixing chamber and
entrains secondary vapor into the chamber from the
evaporator. The two streams are mixed in the mixing
chamber. Then the mixed stream becomes a transient
supersonic stream. One entering the constant cross-
section zone, a normal shock wave occurs, accompanied
by a significant pressure rise. After the shock, the
velocity of the mixed stream becomes subsonic and
decelerates in the diffuser. The outlet stream from
ejector is mixed with turbine outlet in mixer (Mix)
and discharged to the condenser to convert to liquid
by rejecting heat to cooling water.

2.2. Solar collector subsystem

The major components of solar collector subsystem
are an evacuated tube solar collector, thermal Storage
Tank (ST) and Auxiliary Boiler (AB). The main energy
source of the whole system is evacuated tube solar
collector. The auxiliary boiler is installed as the backup
energy source and it is used when the temperature of
the thermal storage is lower than allowable tempera-
ture; on the other hand, thermal storage is used when
solar radiation is insufficient. FEvacuated tube solar
collector for its low cost and easy installation is used.

3. Simulation and analysis of the systems

Thermodynamic modeling of the solar CECP system
has been conducted based on simulation code in Engi-
neering Equation Solver (EES) [23].

3.1. Assumptions
For simplifying the theoretical analysis following as-
sumptions are made:

1. The system reaches a steady state, and pressure
drops in pipes, vapor generator, evaporator and
heat exchanger are neglected.

2. The flow across the throttle valve is isenthalpic.
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3. The condenser outlet state is saturated liquid, and
outlet state of evaporator is saturated vapor.

4. The pumps and the turbine have a given isentropic
efficiencies.

All of the potential and kinetic exergies are ignored.

Ut

6. The fuel injected to the auxiliary boiler is natural
gas.

3.2. Thermodynamic analysis

In order to simulate the system, the principles of mass
and energy conservation are used. Neglecting the
kinetic and potential energies, the general equations of
these principles for a steady state process are specified
as [24]:

e Mass conservation:

S =Y me. (1)

¢ Emnergy conservation:

SN 0-S W= meh. — > mihi. (2)

Here, @@ denotes the heat transfer rate and W the
work transfer rate. These equations are applied to each
component of the systems.

3.2.1. Organic Rankine Cycle (ORC) subsystem

ORC subsystem includes turbine, two evaporators, two
pumps, heater, economizer, super heater, condenser,
two mixers, valve and ejector. The conservation of
magss and energy principle applied to each component
can be expressed as follows:

Tur:
mip = ms + ms, (3)
Wb = mihy — (mahs + mshs), (4)
Wrarb
Tis, Turb = Wi turs” (5)
Eval:
ms = ma, (6)
Qcr = ms(hy — hs). (7)
Eva2:
Mz = mis, (8)
mis = Mise, (9)
m12(h13 - h12) = m15(h15 - h16)~ (10)

P:

mi1 = Mo, (11)

W, = miovio(Pi1 — Pio) /Mis,p- (12)
Eco:

mi1 = mia, (13)

mie = Mi7, (14)

mi1(hiz — hi1) = mig(hie — hir). (15)
SH:

miz = mi, (16)

misa = Mas, (17)

mlS(hl - h13) = m14(h14 - h15)~ (18)
Con:

ms = me, (19)

Qcond = ms(hs — hg). (20)
Mix:

ms + Mg = Mms, (21)

mshs +mahs = mshs. (22)
Val:

mr = ms, (23)

hz = hs. (24)

Ejector is the significant component in this system,
and its performance is dependent upon entrainment
ratio which determines the magnitude of mass flow
rate of secondary refrigerant in terms of mass flow rate
of primary refrigerant coming out from the turbine.
Its model has been carried out based on the one-
dimensional constant pressure model which is used by
most researchers [25,26]. Some assumptions to model
the ejector are as follows:

1. The working fluid and the second fluid will not mix
until they reach the mixing chamber;

2. The velocity of the fluid into ejector and the velocity
of the fluid out of diffuser are neglected, because
they are much lower than the velocity of the fluid
in mixing chamber;

3. The working fluid flow is one-dimensional and flow
is steady state;
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4. The kinetic energy at the inlets of primary and
suction ports and the exit of diffuser are negligible;

The inner wall of the ejector is adiabatic;

For simplicity in deriving the model, the effects of
frictional and mixing losses are taken into account
by using isentropic efficiencies and needs to be de-
termined experimentally. The efficiencies of nozzle,
mixing and diffuser sections efficiencies are assumed
to be 0.9, 0.85 and 0.85, respectively [25,26];

7. Mixing is assumed to occur at constant pressure
over a short distance in the mixing chamber.

Based on above assumptions, mass and energy equa-
tions and detailed mathematical model for ejector are
given by [27]:

Mo + Mg = My, (25)
mohs + mohg = mahy. (26)
It is known that the performance of ejector is evaluated

by its entrainment ratio, u, and given as:

g
s 27
n= (27)

n= \/nnnmndif(hQ - hel,s)/(h4,s - heQ) —1. (28)

When the inlet state parameters of primary flow,
secondary flow and back pressure of the ejector are
given, the value of entrainment ratio p could be found
using iterative calculation.

3.2.2. Solar collector subsystem
The useful heat gained by solar collector, @, is calcu-
lated from the heat balance in the solar collector [28]:

Qu = Ncoll X AColl X Gt7 (29)

where ncon is defined as the ratio of the useful heat
gain to the incident solar radiation. Solar collector
efficiency can be calculated using the following thermal
performance equations [29]:

Ta - TO (Ta - ZTO)2
NColl = Mo — e Xap— T Xas.
t t (30)

a1 and ao are the heat loss coeflicient and is adopted
from product specification sheet of the selected collec-
tor [30]. To predict the performance of a solar system,
instantaneous values of radiation (G;) are required.
The total instantaneous solar radiation on tilted surface
is obtained {rom the relations [28]:

Gy =GRy + GqRq + (Gy + G4)Rp, (31)

Gy =G — Gy. (32)

Ry, Ry and Rp are calculated from [28]:

sin ¢ sin(L — ) 4 cos é cosh cos(L — 3)
R, = : . . (33)
sin Lsin é 4+ cosL cos é cos(w)

Ry= 110 (34)
RR:p<1_;085>. (35)

The diffuse to total radiation ratio for a horizontal
surface is expressed with the equation [28]:

H _ _ _
ﬁd = 1.311 — 3.022K7 + 3.427TK% — 1.821K%. (36)

For extracting hourly values from daily values, two
correlations are usually used:

Liu and Jordan correlation [28]:

. cos(w) — cos(wss) .
d (24) sin(wes) — (F2e=) cos(wss) 7

Collares Pereira and Rabl correlation [28]:

T cos(w) — cos(wss)
r= ﬂ(a + [ cos(w))

2MWss ?

sin(wss) — ( 360 )COS(wSS)(BS)

a = 0.409 + 0.5016 sin(w,, — 60),

B =0.6609 — 0.4767 sin(w,, — 60).

In this system, we use a sensible thermal storage system
to store the collected solar energy. To simplify the
model, it is assumed that the water in the insulated
water storage tank is completely mixed with the water
following back into the tank from the collector and the
economizer. Moreover, we assume that the ambient
temperature Ty is constant and the loss of the water
tank is considered. The equation for the energy balance
in the tank is then [31]:

MooCp(Too — Thg) = marcy(Tis — Thr) + Qr,s7- (39)

Mass and energy equations for auxiliary heater are:

mig = Mig, (40)
meLHVmap = migcy(T1a — T1s), (41)
Qap =myLHVinap. (42)

Overall system:
Welec = (WTurb - Wp) X Ngen, (43)

Welec + QCL
Qu + QAB ’

TICECP =
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_Q
Qu +QAB.

Exergy is the maximum work which can be obtained
from a given form of energy using the environmental
parameters as the reference state [32]. In the other
words, it is an attribute of the system and environment
together. In the absence of nuclear, magnetic, electrical
and surface tension effects, the total exergy of a system
X can be divided into four components: physical
exergy, Xpp, kinetic exergy, Xxn, potential exergy,
Xpr, and chemical exergy, Xeog [33]:

SF (45

s

X =Xpg +Xgn +Xpr+Xcn. (46)

In this study, the kinetic and potential exergy are
assumed to be negligible as the elevation and speed
have negligible changes. Applying the first and the
second law of thermodynamics, the exergy balance is
obtained as [34]:

XQ—f—Zmixi:Zmexe + Xw + Xbp, (47)
To

Xo=1[1—-— 48

(%o o

Xw =W, (49)

where X¢g and Xy are the corresponding exergy of
heat transfer and work which across the boundaries of
the control volume. The exergy destruction rate and
the exergy efficiency for each component for the whole
system are shown in Table 1.

The exergy inputs to the system come from sun
and natural gas, which is used in auxiliary boiler, given
for sun as [35]:

B 1/To\* 4/T,
X = GiAcon (1 + 3 (Ts) —3 (Ts)) ) (50)

in which T, is taken to be 6000 K, and:
Xf =mysry, (51)

for natural gas, in which x; is considered to be 51393
kJ kg 1.

4, Inputs of the system simulation

Simulation of the solar CECP system is conducted
based on some inputs which are shown in Table 1.
R123 is selected as working fluid because it could
prove to be the suitable working fluid for ORC system
due to its high system performance and low operating
pressure. Moreover it is nontoxic, nonflammable and
non-corrosive [31,36]. The Ozone Depletion Potential
(ODP) and Global Warning Potential (GWP) of R123
are 0.020 and 77 years respectively [31]. Water is used
as medium in evacuated solar collector and as storage
liquid in heat storage tank.

In this study, electricity, cooling and heating load
of a hypothetical one-floor building which is located in
Urmia city (37.4N, 45.3E), Iran, is calculated. Urmia
temperature is variable between -6.32°C and 25.87°C
in a year and maximum and minimum daily insolation
on a horizontal surface is 9.13 and 0.83 kWh m~2
day~! [37]. The modeling is conducted based on
maximum and minimum daily insolation incident on
horizontal surface which occurs on July 17th. Monthly
average insolation incident on horizontal surface value
is shown in Table 2.

The required collector area is specified based on
meteorological data extracted from NASA internet
site [37].

Table 1. Exergy destruction rate and efficiency for system components.

Component Exergy destruction rate Exergy efficiency
~ . ; _ XD, Tur
Tur AD,Tur = MmMiT1 — M2T2 — M3T3 — Warb ETur = 1 — M1z _maze _mgz3
. - _ _ X D.Ejc
Ejc XD, Eje = maxs + mowg — max4 epje =1 — mazatmozg
Eval X = mgxs + Ma3Ta3 — MgTg — M4 T: e —1— XDBvar
A D,Eval 8T8 23223 9T9 24724 Eval P E—————
Eva2 X = M15%15 + Mi2X12 — M1gT16 — M13T S by =1— — XD.Pvaz
D,Eva2 = M15T15 12212 16716 13713 Bva2 = ioe1nFmisT1a
- 1 Xp,
P )\D,p = VVP + mipxi1p0 — Mi11T11 Ep = 1-— Wipl’
Eco X = Mixie + M11T11 — M12XL12 — MI7T e —1—_ XDPo
D,Eco = M16T16 11711 12712 17017 Bco = ior1otmiiTi
- ; X
SH Xp.si = mia@1a + mistis — miseis — maizy esm= L — o e
Xp.c
Con XD,Con = msxs + Ma1T21 — MeTe — M22L22 ECon = 1 — mszs.ﬁ.m;jmgl
- X
AB Xp.aB = Xy + migxig — miawi4 eap=1-— )’éi?B
ST Xp.ST = Maolao + Mir217 — MigTis — Miotig — X g1 esp = 1 — —~RSTHXrsT
> > magz20+mi7Ti7
- X ;
ETC Xp,erc = X5 + migT19 — Ma0T20 egrc =1 — %
1 1 — @ _ W, A XEval
CECP Xp,cecp = Xs + X5+ Xival — Welee — Xcon — X517  €D,cECP = g Eval

Xo+Xs
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Table 2. Input data for the system.
ORC subsystem

Dead state temperature 15°C
Dead state pressure 100 kPa
Turbine inlet pressure 1000 kPa
Turbine inlet temperature 130°C
Ejector back pressure 91.48 kPa
mass flow extraction ratio 0.5
Turbine isentropic efficiency 0.85
Evaporation temperature -5°C
Pump isentropic efficiency 0.7
Cooling water inlet pressure 300 kPa
Cooling water inlet temperature 15°C
Cooling water mass flow 0.4 kgs !
Cooling load 4.5 kW
Heating load -

Power 2.7 kW
Electrical generator efficiency 0.95

Pinch point temperature difference 5°C

Solar subsystem
28.5 MJ m~? day*

Monthly average insolation, A

Monthly averaged insolation

_ 0.7
clearness index, Kp
Tilt angle (°) 374
Optical efficiency, no 0.656

1.4 Wm™t K!
0.007 Wm* K !

Coefficient, ay

Coeflicient, a2

5. Results

Before starting this section, the model suggested in
this study was validated with the model presented
elsewhere [38]. Validation has been conducted by
comparison of some important parameters such as
mass flow rate, temperature and pressure as shown in
Table 3. As illustrated in the table, model validation
against Ref. [38] has shown a good agreement for se-
lected points. Normalized root-mean-square deviation
for mass flow rate, temperature and pressure of selected
points was calculated and achieved 0.12%, 5.6% and
1.72%, respectively.

In this section, the result of energy and exergy
modeling of the proposed CECP system are presented
and discussed. In this study, the effects of the turbine
inlet pressure, turbine inlet temperature and turbine
back pressure on system efficiencies and components
exergy destruction rates are examined and discussed.
Solar collector, auxiliary boiler, economizer and ejector
are chosen for discussion because they have higher ex-
ergy destruction rates in comparison to others. Table 4
shows the result of system simulation. Table 5 shows
the performance of the system. It is found that energy

\E/

Q

<

g

=]

2

o

=

-

b=

wn

[

el

>

= .

g

% W -0 - -

= t BN __
O = @ 5 om X R U £ K
2 309 5 R
méé £ 25 > a8 8§ »n

Figure 2. Components exergy destruction rate in CECP
cycle.
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Figure 3. The Grassman diagram of components exergy
destruction as a percentage of total input exergy

(Xin,e = 29.6 KW).

and exergy efficiencies of the proposed CECP system
are 24.4% and 9.8%, respectively.

5.1. Owverall efficiency and exergy destruction
The solar CECP system components exergy
destruction rates, exergy efficiencies and their
percentages as total exergy destructed and total
exergy input are shown in Table 6. Table 6 and
Figures 2 and 3 illustrate that solar collector and
auxiliary boiler are the major sources of exergy
destruction. The solar collector destroys 13.09 kW
(49.9% of total exergy destruction and 44.2% of total
exergy input) and the auxiliary boiler destroys 9.87
kW (37.6% of total exergy destruction and 33.3% of
total exergy input). In contrast, the exergy destructed
by remaining components is lower. In figure 3, the
Grassmann diagram demonstrates that power and
cooling load exergies are 9.1% and 0.7% of total exergy
input. Moreover, it indicates that the most significant
components that have high destruction rates in system
are solar collector and auxiliary boiler. Therefore,
careful design and selection of these two components
are essential in designing a solar CECP system.

5.2. Effect of turbine inlet pressure
The effect of turbine inlet pressure on CECP system
efficiencies and components exergy destruction rates is
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Table 3. Comparison between the model and the literature.

m (kg s™') T (°C) P (kPa)
X X X
: g ; g ; 2
= ~ g = ~ B i o 3
: 3T g - R
2 S k= 2 S k= 2 o &
A = A = = A = A
1 4.549 4.66 2.40% 130 130 0% 700 700 0%
2 1.765  1.817  2.95% 98.98 98.98 0% 220 220 0%
3 2.647  2.843  7.40% 78.73 84.69  7.60% 914 109.7  20%
4 1.902  1.959 3% 89.88 90.33  0.50% 914 109.7  20%
5 4549  4.802 5.56% 83.41 87 4.30% 914 109.7  20%
6 4549  4.802 5.56% 25 30 20% 914 109.7  20%
7 0.137 0.1418 3.50% 25 30 20% 914 109.7  20%
8 0.137 0.1418 3.50% -5 -5 0% 25.8 259  0.40%
9 0.137 0.1418 3.50% -5 -5 0% 25.8 259  0.40%
10 4.549 4.66 2.44% 25 30 20% 914 109.7  20%
11 4.549 4.66 2.44% 25.35 30.34 19.70% 700 700 0%
14 20 20 0% 140 140 0% 700 700 0%
17 20 20 0% 98.24 127  29.30% 700 700 0%
21 100 100 0% 20 20 0% 101 101 0%
22 100 100 0% 21.94 22.4 2.10% 101 101 0%
NRMSD 0.12% 5.6% 1.72%
Table 4. Result of system simulation.
state Fluid m T P h s * X
(kg s™1) (°C) (KPa) (kJ kg™') (kI kg~ K~1) (kJ kg™') (kW)
1 R123, superheated 0.097 130 1000 466.3 1.7438 52.37 5.08
2 R123, superheated 0.049  94.15 300 446.3 1.7507 30.33 1.49
3 R123, superheated 0.049 68.24 91.48 429.6 1.7658 9.248 0.45
4 R123, superheated 0.078  57.01 91.48 421.1 1.7409 8.009 0.62
5 R123, superheated 0.126  61.34 91.48 424.4 1.7505 8.456 1.07
6  R123, saturated liquid 0.126 25  91.48 226.2 1.0914 0.2 0.03
7 R123, saturated liquid 0.029 25  91.48 226.2 1.0914 0.2 0.0058
8  RI123, saturated mixture 0.029 -5 25.9 226.2 1.0978 -1.635 -0.05
9  RI123, saturated vapor 0.029 -5 25.9 379.6 1.6695 -13.01 -0.38
10 R123, saturated liquid 0.097 25  91.48 226.2 1.0914 0.2 0.02
11 R123, compressed liquid 0.097  25.57 1000 227.1 1.0923 0.832 0.08
12 R123, saturated liquid 0.097 111.1 1000 321.8 1.3691 15.83 1.54
13 R123, saturated vapor 0.097 111.1 1000 448.4 1.6986 47.46 4.60
14  Water, compressed liquid 0.2 140 1000 589.7 1.7387 90.25 18.05
15  Water, compressed liquid 0.2 138 1000 581 1.7193 87.14 17.43
16  Water, compressed liquid 0.2 123.6 1000 519.6 1.5656 70.04 14.01
17 Water, compressed liquid 0.2 112.7 1000 473.6 1.4481 57.92 11.58
18  Water, compressed liquid 0.2 126.4 1000 530.9 1.5954 72.8 14.56
19  Water, compressed liquid 0.25 126.4 1000 531.4 1.5954 73.32 18.33
20  Water, compressed liquid 0.25 137.5 1000 578.8 1.7124 87 21.75
21  Water, compressed liquid 0.4 15 300 63.2 0.2242 0.2 0.08
22 Water, compressed liquid 0.4 29.97 300 125.8 0.4360 1.772 0.71
23 Water, compressed liquid ~ 0.215 5 300 21.32 0.0763 0.945 0.20
24 Water, compressed liquid ~ 0.215 0 300 0.264 0 1.9 0.41
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examined through Figures 4 and 5. It can be observed
that both energy and exergy efficiencies increase as
turbine inlet pressure increases while required collector
area decreases. Energy efficiency improves within
53% because of decrement of heat provided by solar
collector; exergy efficiency has the same improvement

30+

= nCECP
== cCECP

25

20
15

5.

Efficiency (%)

T

T T T T 1
0 200 400 600 800 1000 1200
Turbine inlet pressure, P; (kPa)

Figure 4. Effect of turbine inlet pressure on the energy
and exergy efficiencies of the system.

Table 5. Result of thermodynamic simulation.

Required collector surface area (m?) 15.31

Turbine inlet mass flow rate (kg s71)  0.097

Ejector entrainment ratio 0.6
Total heat required (kW) 23.22
Total exergy input (kW) 29.6
Thermal efficiency (%) 24.4
Exergy efficiency (%) 9.8
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Figure 5. Effect of turbine inlet pressure on components
exergy destruction rates.

due to the decrement of components exergy destruc-
tions. Figure 5 demonstrates that solar collector
and auxiliary boiler exergy destruction rate is more
sensitive to turbine inlet pressure in comparison to
economizer and ejector exergy destruction rates. The
sensitivity is because solar exergy increases widely
because of changes in collector area, and consequently
solar collector exergy destruction rate drops from
20.9 kW to 13 kW. In auxiliary boiler, this variation is
owing to decrement in auxiliary boiler inlet and outlet
exergy difference, while economizer and ejector exergy
destruction rates are almost constant because of slight
changes in the exergy streams.

5.3. Effect of turbine inlet temperature
The effect of turbine inlet temperature on CECP
system efficiencies, and components exergy destruction

Table 6. Comparative result of exergy analysis of components.

Components Exergy destruction Exergy efficiency Xp,./Xp,y Xb,e/Xin
rate, Xp (kW) (%) (%) (%)
Tur 0.40 87 1.5 1.4
Ejc 0.47 57 1.8 1.6
Eval 0.13 62 0.5 0.4
Evap2 0.35 90 1.3 1.2
P 0.02 71 0.08 0.1
Eco 0.97 60 3.7 3.3
SH 0.15 T 0.6 0.5
Con 0.41 60 1.6 1.4
Mix 0.004 - 0.02 0.01
Va 0.05 - 0.2 0.2
EG 0.14 95 0.5 0.5
AB 9.87 65 37.6 33.3
ST 0.18 99 0.7 0.6
ETC 13.09 21 49.9 44.2

CECP 26.234

9.8 100 -
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Figure 6. Effect of turbine inlet temperature on the
energy and exergy efficiencies of the system.
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Figure 7. Effect of turbine inlet temperature on
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rates is illustrated through Figures 6 and 7. Figure 6
reveals that increment turbine inlet temperature de-
creases energy and exergy efficiencies of the system
within 50%. Energy efficiency decreases because of
increasing the requirement of total heat provided, and
exergy efficiency decreases due to components exergy
destruction rates increment. Figure 7 illustrates the
effect turbine inlet temperature on components exergy
destruction rates. As the turbine inlet temperature
increases, auxiliary boiler exergy destruction rate in-
creases. By increasing turbine inlet temperature,
auxiliary boiler outlet temperature increases, therefore
both outlet exergy stream of the auxiliary boiler and
the amount of fuel required in the auxiliary boiler
increase, but the increment in the product exergy
of the auxiliary boiler is more than in fuel exergy,
and as a result exergy destruction rate increases.
Solar collector exergy destruction rate remains almost
constant due to consistency in collector area and as
a result in solar exergy. FEjector exergy destruction
rates decreases within 19% due to decrement in outlet
exergy stream of ejector. Economizer exergy destruc-
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Figure 8. Effect of turbine back pressure on energy and
exergy efficiencies of the system.
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Figure 9. Effect of turbine back pressure on components
exergy destruction rates.

tion increases from 0.97 kW to 1.3 kW because of
increasing of difference between inlet and outlet exergy
streams.

5.4. Effect of turbine back pressure

In this subsection, CECP system efficiencies, required
collector area and components exergy destruction rates
versus turbine back pressure variations are investigated
through Figures 8 and 9. The study shows that
increasing turbine back pressure decreases energy and
exergy efficiencies slightly. Energy efficiency decreases
within 8% due to slight change in total heat required,
and exergy efficiency also decreases within 8% because
of slight change in components exergy destruction
rates.

Figure 9 illustrates the variation of components
exergy destruction rate against turbine back pressure
variation. It is revealed that increasing turbine back
pressure increases all components exergy destruction
rates slightly.
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6. Optimization method using genetic
algorithm

The genetic algorithm is based on the natural selection
theory in the biological genetic progress developed
by Charles Darwin and introduced firstly by John
Holland [39]. In the GA, every parameter is considered
as a gene and a solution is considered as a chromo-
some and they are encoded as binary numbers. A
population of variable chromosome like structure is
built by various combinations of genes. A group of
chromosomes are given, which is called the original
population, before the GA theory is applying. The
better approximations in the original population gen-
erate a new generation and the better approximations
to potential results are selected as the new population.
Then the new population continues to generate next
generation and stops when the population converges
to the optimal result. In the GA, the fitness function
evaluates the fitness value, and large fitness value
results better adaptability of the chromosome-like
structure. In this investigation, the energetic and
exergetic system efficiencies are chosen as the fitness
function.

7. Optimization results

Table 7 indicates the various key thermodynamic
parameters and the operation parameters of GA, in
this solar-driven ejector cooling and power system.
The maximum and minimum values of turbine inlet
pressure is set to be 500-1000 kPa to enable the system
to operate stably and the range of inlet temperature
of turbine 130-160°C. Table 8 represents the results
of parameter optimization for the optimum values of
objective functions. It is found that to achieve the
optimal energetic and exergetic efficiencies, separately,
turbine inlet pressure is close to the maximum value

Table 7. Parameter optimization in GA.

Population size 10
Crossover probability 0.8
Mutation probability 0.02
Stop generation 200

The range of turbine inlet pressure, P1 (kPa) 500-1000
The range of turbine inlet temperature, 77 (C) 130-160
The range of turbine back pressure, P» (kPa) 250-350

Table 8. Optimization results of solar driven CECP
system.

Objective function P; (kPa) T (C) P: (kPa)
nCECP (%) 25.43 998.7 130.03 252.3
eCECP (%) 10.18 999.5 130.06 255.2

and turbine inlet temperature and back pressure are
close to their saturated values. In the other words,
under the actual constraints, a higher turbine inlet
pressure with low temperature vapor state in turbine
outlets could obtain a better system performance of
solar driven ejector cooling and power generation sys-
tem.

8. Conclusion

In this study, a solar CECP system is proposed for
specified amount of electricity and cooling. Required
collector area and solar fraction are calculated con-
sidering day in July maximum monthly average daily
radiation. Energy and exergy analysis of this system is
conducted. Moreover overall exergy destruction rate of
system and each component is calculated. Performance
of system is examined by varying key parameters
such as turbine inlet pressure, turbine inlet pressure
and turbine back pressure. Finally, genetic algorithm
is employed to conduct the parameter optimization
with the exergy efficiency as its objective function.
The following remarks can be concluded from this
study:

e Energy and exergy efficiencies of the system are
calculated to be 24.4% and 9.8%, respectively.

¢ Amount of required collector area and solar fraction
are calculated to be 16.32 m? and 0.5, respectively.

e It is found that, auxiliary boiler and solar collector
are the main exergy destruction sources. Thus
for increasing system exergetic performance it is
essential to have careful design of these components.

e Energy and exergy efficiencies may improve up to
53% by increasing turbine inlet pressure, while they
decrease down to 50% by increasing turbine inlet
temperature and 8% by increasing turbine back
pressure.

o Exergy destruction rates of solar collector and aux-
iliary boiler decreases by increasing the turbine inlet
pressure, while it increases by increasing turbine
inlet temperature and turbine back pressure.

e Optimization of the system using GA improves the
energy and exergy efficiencies up to 25.43% and
10.18%, respectively.

Nomenclature
A Surface area of solar collector, m?
C, Specific heat, kJ kg=! K—!

Total instantaneous radiation, W m™2

Specific enthalpy, kJ kg—!

moT Q@

Monthly average radiation, J m~—?2
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Monthly average clearness index
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Slope angle of the collector, °©

Latitude, ° v Specific volume, m? /kg
Lower Heating Value, kJ w Hour angle, °
—1 . .
Mass flow rate, kg s 1 Entrainment ratio
Day number
Pressure, kPa
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