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power generation capacity of the studied system was calculated to be 2103 kW. The results also
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NOMENCLATURE
A Heat transfer area (m?) D Destruction
¢ Cost rate ($/y) DWH Domestic water heater
c Cost per unit exergy ($/GJ) eva Evaporator
ex Specific exergy (kJ/kg) exv Expansion valve
Ex Exergy rate (kW) g Generator
h Specific enthalpy (kJ/kg) GT Gas turbine
m Mass flow rate (kg/s) HX Heat exchanger
P Pressure (MPa) net Net
Q Heat transfer rate (kW) OFWH Open feedwater heater
T Temperature (°C) p Pump
w Power (kW) PDSC Parabolic dish collector
z The capital cost of components ($) SC Solar chimney
Z Capital cost rate ($/y) t Turbine
Subscripts wt Wind turbine
0 Environmental state
12,3,.. Cycle points Greek Symbols
abs Absorber % Density (kg/m?)
con Condenser n Efficiency (%)
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INTRODUCTION

The use of fossil fuels to meet electrical needs has created
many problems, including CO. emissions, 0zone
depletion, climate change, rising electricity prices, and
acid rain [1, 2]. Solar energy is the best alternative to
overcome such challenges because it is clean, cheap, and
widely available worldwide. In solar thermal systems, the
incoming radiation is absorbed by the solar collectors and
then converted into energy by converting energy into the
operating fluid into useful thermal energy[3]. Solar
energy concentrating technologies are receiving more
attention in high and medium temperature ranges due to
their higher thermal efficiency. Plate systems can be
integrated with the organic Rankine cycle[4], Stirling
engines [5], micro-gas turbines, and the steam Rankine
cycle[6].

Various thermodynamic cycles (Brayton cycle,
steam cycle, etc.) are used to convert solar thermal energy
into useful energy such as electricity. The cost of
generating electricity can be significantly reduced by
reducing heat dissipation, and combined gas cycles have
received a great deal of attention due to their higher
thermal efficiency than gas or steam cycles. In combined
power cycles, gas cycles, which are upstream, operate at
significantly higher temperatures. Hence, the gas cycles
act as the primary power cycles, and a large amount of the
heat released by them is used to guide the steam cycles as
well as for reheating [7].

Solar chimney technology does not require tracking
devices or specialized construction materials. In addition,
the solar chimney is not affected by high temperatures and
has a low operating cost. Although the studies about the
different uses of solar chimneys have increased in recent
years; there is a need to investigate the different aspects
of applying solar chimneys and integrating them with
other cycles. Therefore, in the present study, the
feasibility of using solar chimneys and wind energy as
leading technologies is examined.

Haaf et al. [8] were among the first researchers to test
a prototype solar chimney plant in Manzanares, Spain in
1983. They reported that the output power of the solar
chimney power plant was 50 kW in 1000 W/m? solar
radiation. Zandian and Ashjaei [9] proposed a concept in
which the cooling tower of Shahid Rajaei power
plant was replaced by a solar chimney. The results
showed that the output power of the solar chimney power
plant was 360 kW to 3 MW at different diameters of the
chimney.

The use of hybrid cycles that use solar energy, gas
turbines, or wind turbines as an energy source has been
studied by many researchers. A new integrated system for
residential applications including wind turbines and a
solar plate collector for renewable energy extraction, an
Organic Rankine cycle for power generation, and an
absorption chiller for cold generation was introduced by
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Esfandi et al. [10]. The results showed that the combined
methane production of this system varies from 42 to 140
cubic meters per month, due to carbon dioxide
consumption from 44 to 144 cubic meters per month for
duration of one year. In addition, the energy efficiency
and exergy of this hybrid system vary from 24.7% and
23% to 9.1% and 8%, respectively. The simple payback
time for the studied integrated system was 15.6 years
while the payback time of the hybrid cycle was 21.4
years. Méndez and Bicer [11] studied the feasibility of
using an integrated system to generate electricity and
freshwater, using solar chimneys and wind energy as their
main technologies. Preliminary analysis was performed
to evaluate power generation and heat absorption by the
solar chimney storage system. In addition, waterfall
thermal and membrane desalination technologies were
incorporated to produce freshwater, using the heat storage
heat source of a solar chimney. A wind farm was added
to generate more electricity while meeting the demand of
several systems. As a result, the integrated system offers
overall energy efficiency of 52.53% when draining the
water tank and 52.51% when storing water. Khan et al.
[12] introduced a new multigeneration system that uses
solar power to generate electricity, cooling, hydrogen,
and freshwater. The system includes a parabolic plate
collector with composite nanofluids, a Brayton carbon
dioxide compression cycle, a proton exchange membrane
electrolyzer, a desalination unit, and a dual lithium
bromide absorption cycle. The results showed that the
total energy efficiency and exergy of the proposed system
are 31.59% and 30.02%, respectively. While the
production of fresh water and cooling loads are 1.546 kg/s
and 1.196 kW, respectively. The results of the economic
analysis showed that the cost of electricity and the total
rate of exergy destruction is 0.887 $/kWh and 530 $/h,
respectively, with a repayment period of 9.5 years.

A review of previous studies has shown that the study
of a combined power plant with a parabolic dish solar
collector has rarely been studied. Researchers have
mostly used heliostat solar towers and linear parabolic
collectors for use in multigeneration systems, but the use
of plate solar collectors for such purposes has rarely been
studied. Also, no study has been done on the simultaneous
use of solar chimneys and wind turbines to help generate
electricity for such a system. Therefore, the present study
aims to generate electricity using a combined cycle power
plant that includes. Also, two solar chimney systems and
wind turbines have been used to increase power
generation in the proposed cycle. In addition, in the
proposed cycle, instead of fossil fuels, renewable energy
is used, which reduces the amount of carbon dioxide and
is towards sustainable development.

System description
In the proposed system, a multigeneration cycle is
designed for electricity, steam, hot water, cooling for
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sustainable development. The schematic diagram of the
proposed system is shown in Figure 1. The system
consists of five sub-cycles: The Brayton cycle, the
Organic Rankine cycle, an absorption cooling system, a
steam generating unit, and a domestic hot water
production system. A solar chimney and wind turbine
(with an electricity generator) have also been used to help
generate more electricity in the system under study. Fluid
R123 is used as an operating fluid in the Organic Rankine
cycle due to its environmentally friendly properties.
Lithium bromide-water is also used as the operating fluid
in absorption refrigeration cycles.

First, the compressed air is heated using a parabolic
dish solar collector and transferred to a turbine to generate
electricity. The heat leaving the Brayton cycle enters the
heat exchanger of the steam generating system to provide
the heat needed to generate steam. The air stream then
enters the second heat exchanger to generate the heat
required for the Organic Rankine cycle. The output
stream then passes through the absorption cycle system to
provide heating and cooling. The output current of the
generator is used to heat the incoming water at a
temperature of 25 °C and then the gas flow is discharged
into the atmosphere after the temperature decreases. Also,
a solar chimney and wind turbine are used for power
production.

Thermodynamic and economic analysis
Thermodynamic analysis of the proposed system is
performed by the EES program [13]. The thermodynamic
calculations of the general system and subsystems are
determined in this section. Design parameters and
assumptions for thermodynamic analysis are presented in
Table 1.
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Figure 1. Schematic diagram of the proposed system
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The following equations are used to calculate the
properties of the Parabolic dish solar collector, Solar
chimney, and wind turbine:

()

nen ,PDSC

2
Q

sun

Table 1. Input design conditions for the proposed system

Parameter Value
Parabolic dish solar collector [6]

Aperture area (m?) 30.269
Receptor area (m?) 0.0099
Inlet temperature (°C) 177
Solar radiation (W/m?) 850
Mass flow rate (kg/s) 0.01
Optical efficiency (%) 85
Collector efficiency coefficient 0.9
Brayton cycle [14]

Compressor isotropic efficiency (%) 85
Turbine isotropic efficiency (%) 85
Mass flow rate (kg/s) 10
Compressor outlet pressure (kPa) 1267
Steam generation system

Mass flow rate (kg/s) 35
Production steam pressure (kPa) 2000
Organic Rankine cycle [15]

Condenser temperature (°C) 40
Turbine inlet temperature (°C) 120
Open feedwater heater pressure (kPa) 494
Absorption refrigeration system [16]

Mass flow rate (kg / s) 0.2
Evaporator temperature (°C) 5
Grnerator temperature (°C) 80
Condenser temperature (°C) 35
Absorber temperature (°C) 35
Solar chimney

Collector diameter (m) 280
Chimney diameter (m) 14
Chimney height (m) 280
Wind turbine [17]

Wind turbine diameter (m) 34
Average wind speed (m/s) 55
Turbine power factor 0.593
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where Q,,, is defined as follows:
qun = GbAap

where G, is the solar radiation falling on the solar

@

concentrator and Arlp is the area of the aperture.

The useful energy Qu available by the solar system is
defined as follows:

Q,=Q-Q
where Q; is the solar energy radiation falling on the

receiver and Qy is the heat loss from the receiver and is
obtained as follows:

©)

Q=UA(-T) @
where U is the overall heat loss coefficient:
A 1
U =[——+ _]*1 (®)
Ac'(hc,ca + hr‘ca) hr,cr

The useful heat gain of the concentrating solar system can
be calculated by applying the famous Hottel-Whillier
equation [13].

Q = F,.A,.[(s Ao, —L)} ©)
Aa

where S is the absorbed radiation (S =7,G,) and 7, is

the optical efficiency or thermal performance of the
parabolic dish collector. Heat removal factor can be
expressed as follows [18]:

m.C -AU .F
FR = LI exp _rrr (M
AU, m.C
r p
where F; can be defined as follows:
Foo ®)
U L
DrO N
o, 9
U,=—+—"+|D,.In(—) ®)
U 2.K

The total solar exergy content is estimated by using

Patella’s approach:
4
A, T
3T 3\ T

sun sun

E'Xsular (10)

=G,A.|1-

The work output of the solar chimney turbine is calculated
as:
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W

sct

=1 AP,V (11

sct

in which 7 is the turbine efficiency, AP, is the

pressure drop across the turbine and v is the volume flow
rate. The energy and exergy efficiencies of the solar
chimney is presented as follows:

Wsct
Mense = (12)
1 .
Z'”'( Dwu2 - Dchz)'Qrad
_ sct
nen,sc - 1 (13)

" .7Z'.( D, -D,’ ) Q.

In order to find the power output from the wind turbine
the following equation is used:

. (14)
PM = E']thairAw!CDVS

where p is the air density, V is the wind speed, A is the
turbine’s rotor area andC is the turbine’s power

coefficient.
The total exergy content of the wind turbine is:

. 1
EX,, = E Pac ALY ? (12)

The equations used to estimate the energy efficiency and
exergy of the system are as follows:

Mode 1: Multigeneration including parabolic plate solar
collector, Brayton cycle, steam generation, Organic
Rankine cycle, absorption refrigeration cycle, and
domestic hot water

o= Wnst + QHRSG .+ QARC‘eva + QDWH (16)
. QSUH,PDSC
LW ex —mex,, +
Moy e = Ex net 37°"37 36736 (17)
Mag€Xag — Mag€X3g + MEXy — MyE€Xg
Mode 2: The first mode plus wind turbine
W t + Q.HRSG + QARC + Q.DWH +le
nen.statsZ = - h = . (18)
qun.PDSC +Ww\
1 . . )

nexslale? = . : XWnel + m37exﬁ7 - mQG ex36 +

e T EX, (19)

M ex_ —m_ex. +mex —mex +W
39 39 38 38 9 9 8 8 wt
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Mode 3: The second mode plus solar chimney
Wnel + QHRSG + Q’ARC‘eva + Q‘DWH +le +Wsc

qun,PDSC +le + qun‘sc

(20)

nen state3 =

1 .
xW  +m_ex_—m ex_ +
. net 37 37 36 36
+Ex,

nex‘slale:i ="

solar

(21)
Mm_ex. —m_ex_+mex —mex +W +W
39 39 38 38 9 9 8 8 wt sC

Table 2 summarized cost balance, auxiliary equations,
and investment cost equations.

RESULTS AND DISCUSSION

In this study, the EES program is used for all system
thermodynamic calculations. The main thermodynamic
and thermo-economic results are calculated at each point
and presented in Table 3.

The rate of power generation in the sub-cycles of the
system is shown in Figure 2. As it can be seen in Figure
2, it is clear that the highest power generation is in the
Brayton cycle and the lowest power generation is in the
organic Rankine cycle. The amount of power generated
by Brayton cycle turbines, organic energy costs, solar
chimneys, and wind turbines are 5486, 48.16, 115, and
197.5 kW, respectively. The reason the Brayton cycle
produces more power is that it operates at very high
temperatures.

The amount of exergy destruction of the main
components of the overall system is shown in Figures 3a
and 3b. As can be seen from the results, the greatest
amount of exergy destruction is observed in the solar
collector. The exergy destruction rate of the solar
collector is 23957 kW. The Brayton and Organic Rankine
cycles have the maximum amount of exergy destruction.
Among the cycle components, the Brayton turbine and
compressor and the Organic Rankin cycle evaporator
have the highest exergy destruction rates. The cause of
high destruction in the mentioned components is the large

Table 2. Cost balance, auxiliary, and investment equipment cost equations for each component of the proposed system [12, 19-21].

Components Equipment cost Cost equations Auxiliary equations
s csun = O
PDSC Z__=50A ¢ +¢+Z =¢
a sun 1 PDSC 2
C =C¢,
711m3 P4 PA . ; . . C3 =0
Brayton Compressor Z  =|——|x—xIn— €, =Z, +C +¢
09 - 7761: Ps Pa w,GT ¢ = W,GT t
479.34m, P
e | XX . 5 . X
Brayton Turbine 09-7,. P ¢, +Z, =¢C, +¢ C, =C,
(1+exp(0.036T_-54.4)
A o8 ¢ +¢ +72 = c =0
6 8 HRSG 8
HRSG Z =130 —=
0.093 ¢, +¢, ¢, =¢
¢ +¢ +7 =
085 7 14 ORC ,eva
ORC Evaporator z, . =30914(A_ ) C,=¢C,
‘ ¢ +¢C
10 15
ORCP . 0.65 ClZ = ORC, p1 w,pl _
ump 1 ZORC.pl = 200 (WORC‘pl) . CW o CW‘
+C,
C4 = Z c =C
ORC Pump 2 d = 200(wW )“5 ! oRe.p2 P2 w2 e
ORC,p2 ORC,p2 N
+C
+7_ =6 + c.=c
R . 075 15 ORC,t w,t 15 16
ORC Turbine z,.  =4150(W, )
ORC,t ORC,t C + C —
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Cl7 + Clﬂ + ZORC con = ClB = O

ORC Condenser z,. . =51662(A. )“’6 ‘

- - C‘11 + Clg C17 = Cll
CIZ + (.:16 + Z.ORC OFWH =
ORC OFWH Z o =0 ' -
13
AAR °° ClO + Cza + ZARC,Q =
ARC Generator Z,. . =17500. c.0 c, =C,
9 . . .
100 CZO + CZZ + CZQ
A o CZZ + C32 + Z.ARC‘con = CZZ = C23
ARC Condenser Z = 8000.| ===
ARC ,con . .
100 C23 + CSS 32 = 0
A o C24 + CQG + Z.ARC eva = CZA = C25
ARC Evaporator Z =16000.| X< '
ARC ,eva
100 C25 + C37 36 = 0
A o CZS + C31 + (.:34 + ZARC abs
ARC Absorber Z =16000,| e ) c, =0
ARC ,abs . .
100 =¢C, +C,
W 0.26
Z,.,=2100.] —= | x _
‘ 10 ¢, =2, +C,,
ARC Pump o ' c,,=C,.
1 - nARC.p +C26
nARC,p
ARC Expansion valve 1 Z . n=0 c, + Z.ARCM =c, -
ARC Expansion valve 2 Z =0 ¢, + Z-M‘m2 =C, -
A °° CZ? + CZQ + ZARC HX
ARC Heat exchanger Z —=12000,| —2&emx ‘ c,=C,
‘ 100 = CZH + C30
(:ZD + (:38 + Z'DWH CQD = ch
DWH Z . =03xm
=C +¢C c. =0
21 39 38
Wind turbine Z, =5000xW, - -
Solar chimney collector Z ., =8004xA_ - -
Zsc,cou =380.04x Hsc tow +

Solar chimney tower - -

4002xD_

Solar chimney turbine Z_ =4002 XWSC,. - -
temperature difference between their input and output Figure 4 shows the energy and exergy efficiency of the
streams, which causes a large amount of exergy to be lost. studied systems. The three systems under consideration
Therefore, to have an effective system, it is necessary to are: the first system includes parabolic plate solar
be careful in selecting and designing these three collector cycles, Brayton cycle, a steam generation unit,
components. Organic Rankine cycle, absorption refrigeration cycle,
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and domestic water heater, the second system included

the first system plus wind turbine and the third system

contains the second system plus a solar chimney.
Examining the obtained diagrams, it is concluded that

Table 3. The main thermodynamic and economic results of the
studied system

State P (kPa) T(K) Ex(kW) C (3ly)
1 101 450 0.4345 5.775
2 101 1267.31 8.248 109.6
3 101 298.15 3.47 0

4 1267 660.31 6.932 158.5
5 1267 1202.53 11.03 196.4
6 101 717.46 5.115 91.05
7 101 449.66 3.764 67

8 2000 298.15 6.663 0

9 2000 485.53 642.6 24591
10 101 385.19 3577 63674
11 154.7 313.15 1.452 34.17
12 494 313.31 2.188 65.05
13 494 353.49 21.62 646.1
14 1201 353.94 23.79 845.9
15 1201 393.15 175.5 4131
16 494 364.62 25.94 610.3
17 154.7 336.12 30.31 713.1
18 101 298.15 0 0
19 101 308.15 9.18 920.2
20 101 377.24 3560 63361
21 101 332.24 3487 62077
22 5.629 353.15 17.47 1788
23 5.629 308.15 0.118 12.08
24 0.8725 278.15 25.69 12.08
25 0.8725 278.15 -35.23 -16.47
26 0.8725 308.15 0.692 12.13
27 5.629 311.15 1.19 28.16
28 5.629 338.03 11.78 256.5
29 5.629 353.15 18.7 181.8
30 5.629 326.27 49 47.62
31 0.8725 326.27 49 47.62
32 101 300.15 0.669 0
33 101 305.15 8.102 1988
34 101 300.15 0.822 0
35 101 305.15 9.96 1090
36 101 285.15 27.54 0
37 101 280.15 53.48 1323
38 101 298.15 0 0
39 101 333.15 24.73 1283

adding a wind turbine to the introduced system increases
the energy and exergy efficiency of the system, but
adding a solar chimney reduces the efficiency of the
system. Adding a solar chimney due to its large area
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Figure 2. Production capacity by the proposed cycle subsystems
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increases the amount of heat load and exergy to the
system, which reduces the energy and exergy efficiency
of the system.

Figure 5 shows the capital cost rate of the three
proposed systems. The diagrams show that the highest
cost rate belongs to system 3, in which a wind turbine and
solar chimney are added to the first system. Brayton cycle
turbines, the wind turbine, and solar chimney with values
of 82515, 67759, and 33815 dollars per year have the
highest capital cost rates, respectively, and special
attention should be paid to these three components in the
design of the system.

Figure 6 shows the relationship between the amount
of solar radiation, the overall efficiency of the system, and

eta_en MM eta_ex
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Figure 4. Energy and exergy efficiency of the proposed systems
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Figure 5. Capital cost rate of the proposed systems
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the total cost of exergy destruction of the system.
Investigation of the graphs proved that when the amount
of solar radiation changes from 740 to 1040 W, the overall
energy efficiency of the system decreases from 11.63 to
11.52% because the increase in solar radiation means that
the amount of solar heat has a greater effect on the system.
Therefore, the net effect on the overall energy efficiency
is a decreasing trend. In addition, with the increase of
solar radiation due to the addition of useful exergy, the
exergy efficiency of the multigeneration system increases
to about 0.43% and reaches 11.68% from 11.63%. Also,
slightly increasing the amount of solar radiation
significantly reduces the total cost of exergy destruction.
This reduction is due to the availability of more useful
work in more solar radiation, which reduces the amount
of exergy destruction of the system components.
Therefore, the total cost of destruction will be declining.

Figure 7 shows the energy and exergy efficiency of
the general system by changing the inlet pressure of the
Brayton cycle turbine. As a result of increasing the
turbine inlet pressure from 750 kPa to 1500 kPa, the
energy efficiency increases from 20.82% to 21.7 %, and
the exergy efficiency rises from 9.63% to 10.58%. Based
on the results, it can be stated that an increase in the
turbine inlet pressure in the Brayton cycle has a positive
effect on the system efficiency.

The effect of evaporator temperature on the energy
and exergy efficiency coefficient of the absorption
refrigeration system is displayed in Figure 8. Both
operating parameters behave differently from the
evaporator temperature. The energy efficiency coefficient
increases from 0.62 to 0.7807 with increasing evaporator
temperature from 273 K to 280 K, while the exergy
efficiency decreases with an increase in evaporator
temperature from 0.2386% to 0.2932%.
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Figure 6. The effect of the amount of solar radiation on energy
efficiency, exergy, and the total cost of system exergy
destruction
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The effect of wind speed changes on the wind turbine
production capacity and system efficiency in terms of
energy and exergy is depicted in Figure 9. The study of
the diagrams shows that with increasing the inlet speed of
the turbine, the wind turbine production capacity and the
energy and exergy efficiency of the system increase.
When the turbine speed increases from 4 to 12 m/s, the
power generated by the turbine increases from 75.98 to
2051 kW. Also, the energy and exergy efficiency of the
system increased from 11.18% to 18.69% and 11.37% to
14.72 %, respectively. The main reason for the increase
in system efficiency is an increase in wind turbine
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production capacity by increasing the inlet speed of the
turbine.

The net output of the system and the total cost of
exergy destruction due to changes in the inlet temperature
of the Organic Rankine cycle turbine are shown in Figure
10. According to the obtained graphs, by changing the
temperature of the turbine from 373 to 433 K, the net
output of the system first increases and then decreases.
The optimum temperature for net output power is 400 K.
Also, an increase in turbine inlet temperature, the total
cost of system exergy destruction slightly decreases from
$241088 to $240410 per year.
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CONCLUSION

In the present study, a multigeneration system is designed
that uses a parabolic plate solar collector, wind turbine,
and solar chimney to generate electricity, heating,
cooling, hot water, and steam. Thermodynamic analysis
of the system was performed using energy and exergy
methods. The energy and exergy efficiency and the rate
of exergy destruction of each component and the overall
system were examined. In addition, a parametric study
was performed to determine the effect of different
parameters on the performance of the proposed system.
Some of the outstanding results of this study can be
expressed as follows.

The highest energy and exergy efficiency of the
multigeneration system was 22.12% and 11.4%,
respectively.

The total power generation capacity of the
multigeneration system was calculated to be 2103
kKW.

The highest rate of exergy destruction for the main
components of the system is seen in the solar
collector. The Brayton turbine, compressor, and
Organic Rankine cycle evaporator are other
components with high exergy destruction. Therefore,
to achieve better system efficiency, this amount of
exergy destruction must be minimized.

With increasing solar radiation, energy efficiency
and the total cost of exergy destruction decreases, but
the system exergy efficiency increases.

The Brayton cycle turbine inlet pressure increase
leads to the rise in the system efficiency.

Increasing the evaporator temperature of the
absorption refrigeration cycle increases the energy
performance coefficient and decreases the exergy
performance coefficient of the system.

The higher the average wind turbine speed, the
higher the efficiency and power generation.

Increasing the inlet temperature of the Organic
Rankin cycle turbine creates an optimal state for the
net power produced by the system.
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