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Solar chimney is one of the attractive approaches to produce power from a clean source
of renewable energy. In this investigation, a potentiometric study is carried out to find
out a best location for construction of a solar chimney in different climates of Iran, in
the Middle East. With this objective, three locations with different weather climates
were chosen, i.e. Tehran, Semnan, and Bandar Abbas. These locations were chosen due
to their different climatic conditions and solar irradiation. The used weather conditions
are extracted for the middle day of summer, 61" August. The output power of the solar
chimney plant was assessed as a function of various thermo-physical properties such as
ambient pressure, ambient temperature, and local average solar irradiation. Three
different typical geometry size were designed to assess the effect of ambient pressure
on the output power meanwhile ambient temperature and solar irradiation is supposed
to be the same for all cases. It is concluded that the output power is not significantly
changed for different selected cities. In addition, Genetic algorithm (GA) is used to
optimize the geometry size, performance, and economic factors of the solar chimney in
three different cities. It is obtained from GA algorithm that Bandar-Abbas is the best
location to construct a solar chimney. The collector diameter of 1544.82m and chimney
height of 823.35m is calculated as the optimized geometry of the solar chimney for
constructing in Bandar-Abbas city. Moreover, performance and economic
considerations resulted that the solar chimney in Bandar-Abbas is able to produce
167.18 MW output work and the net present value after a 25 years of 6350.3x 10%2$.
Exergy assessment resulted that the solar chimney in Bandar-Abbas is the most
destructive exergy condition since the input ambient temperature and the bigger
geometry size of this solar chimney. After Bandar-Abbas, Semnan and Tehran were
ranked, respectively.

1. INTRODUCTION

Solar energy is a vast available source of renewable energy.
Its utilization is considered one of the cleanest sources since
there is no toxic products or any greenhouse gases (GHGS)
production in the exploitation of solar energy. Currently, this
type of energy can be employed from several approaches such
as photovoltaic (PV), heating applications, thermal electricity
production, and solar architecture. In common solar thermal
systems, an electrical generator is driven by the produced
steam of solar thermal processes. One of the recent
applications of using solar energy is a solar chimney. This
application is established by merging the concepts of
chimneys, solar collectors, and turbines. The solar radiation
transmits through the built transparent cover and heats the soil
and ground under the cover. Thus, the existed air under the
cover is heated and a temperature gradient will be achieved.
Due to the presence of the temperature gradient, a buoyancy
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forces makes the air to circulate and an ascending airflow will
be provided in the tower. This airflow can drive the located
turbines through the center of the lid to move and generate
electricity [1-3]. This idea was firstly established by Schaich
and a sample model was built in the 1980s [2]. The sample
model of a solar chimney was developed and formed the first
real-size solar chimney in Manzanares, Spain (1981-82) [4].
This solar chimney was exploited from 1982 t01989, and in
the last three years, local grid connection was also practical [3].
Haaf et al. reported the detailed operational information and
tests' results of the first sample model [5, 6]. Australians are
investing on a solar chimney plant with the capacity of
200MW [7].

Assessments based on the Manzanares plant demonstrated
that solar chimney power production plant has this capability
to compete mutually with other 200MW conventional power
plants with respect to economic and performance evaluation
[8]. Cost models are provided in order to assess the feasibility
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of new large-scale solar chimney power production plants.
Energy production costs and a comparison among solar
chimney power production plant and coal-based power plants
and combined cycle power plants were investigated by
Schlaich [3]. In another research, Schlaich et al. [9] also
studied the cost values for each component in the solar
chimney power plant and considered fixed economic factors
to obtain levelised electricity costs for different power
production plants. Bernardes [10] studied the impact of size
and capacity on the costs for plants and also performed a
sensitivity analysis on the effect of the levelised electricity
costs on economic factors. In a similar work, a comprehensive
cost model comprising a compatible model with different
power conversion unit and also a comparison of the obtained
results from the literature was presented by Fluri et al. [11].

The solar chimney is an attractive concept and several
investigations have been performed in this field so far. Zhou
et al. [12] reviewed the development flow of the solar
chimneys comprehensively. Both experimental and numerical
studies with respect to physical characterizations and
economic developments were included in this review. In
overall, the authors concluded solar chimney power
production system has this potential to be a significant player
in the world direction toward development.

The analyses over solar chimneys were mostly focused on
the 1st law of thermodynamics. Most of the recent researches
which evaluated through the 2nd law of thermodynamics were
concentrated on solar drying approaches [13-19]. One of the
few investigations that conducted 2nd law analysis on a solar
chimney power production (SCPP) was performed by Petela
[20]. Petela assessed the total energy performance of the SCPP
through exergy analysis. The study was aimed to find out a
simple practical model to interpret the performance of the
SCPP. However, the presented model was made out of several
assumptions and not based on real experimental outputs.

Bernardes et al. [21] investigated the laminar natural
convection heat transfer inside the chimney under steady state
assumptions. This investigation was followed and enhanced
by Maia et al. [22]. In addition, the authors implemented the
model on unsteady turbulent conditions and the outputs were
validated by others reported experimental data. Chergui et al.
[23] studied a laminar natural convection air flow and
presented a model based on the finite volume method to solve
the Navier— Stokes and energy equations. The mesh geometry
was defined as 1/22(24 24 cells) and validation was
conducted based on the reported results of the benchmark
solution by Vahl Davis [24]. Pastohr et al. [25] employed
Fluent software to simulate the solar chimney. A numerical
solution was implemented in the Reynolds-averaged Navier—
Stokes equations for a typical turbine and heat conduction
equation was also considered to forecast the ground
temperature. Ming et al. [26] presented a solution of the
Navier—Stokes and energy equations for the airflow and also,
transport equations for the variables of the turbulent condition.
Various mathematical models for each of the components (the
collector, the chimney, and the energy storage layer under the
solar chimney) were established to be utilized as boundary
conditions of Navier-Stokes, Energy, and transport equations,
respectively. Numerical modeling was based on the
Manzanares built-prototype. Ming et al. [27] applied the CFD
approach to solar chimney systems to obtain an acceptable
numerical solution. The authors assessed the impact of
pressure drop, solar radiation, heat transfer, output power, and
wasted energy for the modeled solar chimney. The outputs
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demonstrated that for a solar chimney at the selected geometry
(40m for chimney height and 1500m for the collector radius),
a 5-blade simple turbine is able to produce 10MW and the
efficiency of 50% for the selected turbine.

Ming et al. studied an adjusted solar chimney power
production system [28] with this aim to determine an output
power and also for freshwater generation from out of the air.
It is concluded that a direct relationship exists between
freshwater generation and natural rainfall. Guo et al. [29]
reported the optimal ratio of the turbine pressure drop in a solar
chimney power plant by performing a numerical solution. The
investigation output was a prediction model to primarily
evaluate the performance of the system for the ideal pressure
drop ratio of turbines.

Multi objective optimization is a reliable tool for
engineering studies [30-32]. Solving a multi-objective
problem is a complex task as it requires simultaneous
satisfaction of different and periodically contradictory
objective functions. In order to solve this kind of problems,
evolutionary algorithm (EA) has been introduced since 18th
[33]. In a multi objective issue, the intention is to obtain an
assortment of routes so that the objective functions are applied
for each solution at an almost importance procedure [34]. The
outcome is a large group of solutions named Pareto frontier
presenting possible solutions all through the functions zone.
Multi objective optimization method has been generally
utilized throughout the thermodynamics of energy systems in
a great number of studies [35-69].

In this investigation, a potentiometric study is carried out to
find out a best location for construction of a solar chimney in
different climates of Iran, in the Middle East. With this
objective, three locations with different weather climates were
chosen, i.e. Tehran, Semnan, and Bandar Abbas. These
locations were chosen due to their different climatic conditions
and solar irradiation. The used weather conditions are
extracted for the middle day of summer, 6th August. The
output power of the solar chimney plant were assessed as a
function of various thermo-physical properties such as
ambient pressure, ambient temperature, and local average
solar irradiation. Three different typical geometry size were
designed to assess the effect of ambient pressure on the output
power meanwhile ambient temperature and solar irradiation is
supposed to be the same for all cases. It is concluded that the
output power is not significantly changed for different selected
cities. In addition, Genetic algorithm (GA) is used to optimize
the geometry size, performance, and economic factors of the
solar chimney in three different cities.

2. THERMODYNAMIC MODEL

The utilized balance equations set were extracted shown by
Celma and Cuadros [15], and Hepbasli [70]. Parameters
including work and heat interactions, the exergy rates, the
exergy losses, and the exergy efficiency were obtained by
applying balance equations set. The mass conservation
equation can be generally stated as follows:

Mo = Myg; (1)
here, m ‘represents the mass flow rate and subscripts ai and ao
indicate the inlet and the outlet airflow, respectively. The mass
conservation equation is changed to the following form for the
drying air and moisture:



mmp + m,,; = my, 2
where, subscripts wi, wo, and mp indicate the inlet humidity
mass flow, the outlet humidity mass flow, and the moisture
mass flow from the ground, respectively. The moisture mass
conservation equation can be modified by considering the
inflow and outflow specific humidities of w,; and wg,, as
follows:
My + MgiWa = MgoWao 3)
The overall energy balance equation, Eq. (4), states that the
total input energy flows are equal to the total energy outputs:

Z Ein = Z Eout

. V2 vV
Q =mg, (hao + %) — My (hai + %)

Eq. (5) is employed to specify the total heat rate of Q. It is
supposed that there is no energy usage in the system due to the
absence of turbine in the system. The air inlet and outlet
velocity to the selected system is indicated by V. and Ve,
respectively. £ is the specific enthalpy and subscripts @i and ao
indicate the inlet and outlet of the system. EES (Engineering
Equation Solver) software were used to obtain these values by
applying the available correlations.

The exergy balance equation can be commonly expressed
as follows:

Z Exin - Z Exout = z Exlost

In Eq. 6, Ex is the exergy flow rate and subscripts in, out,
and lost indicate the inflow, outflow, and wasted flow,
respectively, then, Eq. (6) can be rewritten as follows [71]:

“4)

©)

(6)

Exheat - Exwork + Exmass,in - Exmass,out

(7

= EXjo5t

The exergy flow rate associated with the heat transfer
expressed as:

p _ To. .
Xheat = (1 - T_k)Q (8)

where, Q and T indicate the heat transfer rate through the
system boundary and temperature at a specific location of k
(here k is considered as ground), respectively. The selected
reference temperature is stated as 7). The terms of EX,, ok
which is associated to the direct work interactions to the
system is neglected.

E Xmass,in TEPresents the amount of exergy which is created
because of the entering airflow to the system. Similarly,
E Xmass,out 15 the amount of exergy that is associated to the exit
airflow and also to the water removed from the ground (Ex,,).

)

Exmass,in = MgiPa;

(10)

EXmassour = MaoWao + Exyv
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Exw = mmplpwo (11)
Hence, the exergy outflow is expressed as:
Exmass,out = maolpao + mmplpwo (12)

Y is defined as the specific exergy flow and can be simply
calculated as follows:

Y = (h—hg) —To(s — 50) (13)

In Eq. (13), h and s are the specific enthalpy (kJ/kg) and
specific entropy (kJ/kgK), respectively. Exergy flow at the
inlet and outlet of the studied system can be calculated as [72]:

wai T r
ai ai
= (Cp.ai + waiCp,v)To (T_o —1-In T—O)
P
+(1+ 1.6078wai)RaTolnP—a(: i
1+ 1.6078w,
R,T,((1 + 1.6078w,,) 1 (—)
FRaTo (U Ve M\ T3 60780y,
Wqi
+ 1.6078wg;in—)
wWo
Tao Tao
Yao = (Cpao + WaoCp)To (T—0 —1-In T—O) +
1+ 1.6078wa0)RaToln’jj—0° + R,T,((1+ (15)

1+1.6078wq
1+1.6078wq0

1.6078w,,) In ( ) + 1.6078uwg,ln 22

In Eqns. (14) and (15), R, and Py are the ideal air constant
and the dead state pressure, respectively. T, C,,, and w,
indicate the air temperature, the specific heat of the water
vapor, and the specific humidity of the flow in the reference
state, respectively.

Here, water is assumed as an incompressible matter. Thus,
the specific exergy flow at the outlet is calculated as follows
[71]:

T,

Yo =C (Tao Ty

It is supposed that the exit temperature, Ta, is equal for both
air and water. In the Equation (16), C represents the specific
heat of water. Hence, the exergy loss is obtained as follows
[71]:

: To, . . . .
Exjose = (1 — T_k)Q + MeiYai — MaoWao

- mmplpwo

(17

In other words, the amount of exergy loss is equal to the
irreversibility rate, /:

Exppse =1 (18)
In this study, the exergy efficiency, ¢, is defined as:
— Exout —1_ Exlost (19)

E"xin Exin



3. ECONOMIC ANALYSIS
3.1 Benefit analysis

Utilizing solar chimneys for power production have two
main advantages, i.e. generated electricity can be sold to the
network grid and in addition, the amount of carbon credit due
to the decrease in production of GHGs emissions.

Benefit of electricity sale

The price of solar-assisted electricity (Ps) and the total
annual electricity output (Eg) are the two major factor that
affect the amount of benefit from selling the generated
electricity to the grid. Local government usually provide
economic incentives by regulating some offer to buy the solar
electricity higher than other conventional power plants to
support and assist solar industry to develop. This settled price
is facing an annual fixed augmentation proportional to the
inflation rate (8). The produced electricity usually consumed
in situ in the plant, or sold and delivered to the utility. Since
the in situ consumption of the electricity in the plant is too low
in comparison to the amount of sold power to the utility, here
we assumed that all the generated electricity is delivered and
sold to the utility. Hence, the following equation, Eq. (20) is
used to calculated the amount of benefit from the electricity
sale in the k™ year (BX) [71]:

B = EsPg(1 4+ 6)k 1 (20)

n indicates the life span of the plant and £ is the numerator
(=1, ..., n).

3.1.1 Benefit of carbon credits

Solar power plants produce zero amount of GHGs.
Therefore, this specific feature make them predominant over
other conventional coal-fired or natural gas-fired power plants.
It is assumed that the price of carbon credits ( P;) is
proportional to the inflation rate of 6 and it is annually
increasing. Thus, decreasing the amount of carbon dioxide
emission in the k™ year (B¥) resulted in the benefit (B¥):

B = 0.9EsP-(1 + )+t (1)

3.1.2 Total benefits

Summing up the two values of carbon credits benefit and
electricity sale benefit resulted the total benefits of a solar
power plant (B¥ ) in the k™ year:

B* = B + B¢ (22)

3.2 Cost analysis

Items including the principal and interest of loans,
repayment period, the operation and maintenance cost, and the
tax cost have effect on the total costs of a solar chimney power
plant.

3.2.1 Initial investment

In this investigation, the initial investment cost during the
construction period is indicated by C. It is assumed that Banks
provided all the required investment cost and loans are going
to be repaid in m" year. In overall, two methods are available
for repaying the loans, i.e. matching interest repayment law
and equal principal repayment approach. In matching interest
repayment law borrowers are allowed to repay the same
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amount of loans every period. On the other hand, in the equal
principle repayment approach an option is provided for the
borrowers to repay equal principal and different amount of
interest every period. In the latter method, a constant principal
is repaid every period. Thus, the interest cost is decreased in
each period. Therefore, the calculated total interest cost of
matching interest repayment law is higher than that of equal
repayment approach. Zhou et al. [73] conducted matching
interest repayment law to assess the solar power plants' cost.
Here, with this aim to decrease the interest cost, equal
principal repayment approach is employed. Thus, the principal
repaid in the i year (C}) is calculated as follows:

(23)

Here, the debt (C}) after repayment of the principal and
interest in the i year is:

Ch=C,—(i—1)CE (24)

th

The amount of interest in the i year (C}) is given by [71]:

(25)

In Eq. (25) i is the numerator (i = 1, ... , m) and » indicates
the interest rate of loans.

3.2.2 Operation and maintenance (O & M) cost

In order to achieve a nearly constant performance during the
total service period from a solar power plant some expenses
are required to maintenance and repair the collector, chimney
and PCU. In overall, these expenses are classified as the
operation and maintenance cost. The required operation and
maintenance cost in the first operation year is indicated by C3
and assumed that the cost augmented with the constant
inflation rate of 6. Finally, the operation and maintenance cost
in the k™ year is calculated as [71]:

Ck=cl(1+0)+1 (26)

where, k=1, ..., n.

3.3 Cost-benefit analysis

In Economic analysis, it is vital for all of the solar power
production plants to discount the net cash flow in each year of
the total service period. Profitability of a plant is moderately
dependent on the selection of the discount rate. Zhou et al. [73]
applied the typical discount approach considering the inflation
rate. This method is deficient since the risk of the project is not
considered. Because the service periods of RCSCPPs
surpassed 100 years, in this investigation the risk adjusted
discount rate method (RADRM) is utilized. The standard
discount rate is regulated in term of the risk degree by
RADRM model where the net present value approach is
combined with the capital asset pricing method. p is the risk
free discount rate. b denotes the risk return rate. Q indicates
the risk degree. Therefore, the risk-regulated discount rate (p)
is stated as follows:

p=p+bQ (27)

In Eq. (27) b is obtained by calculating the difference



between the investment return rate demanded by the project
and the minimum return rate dividing the coefficient of
medium risk. Calculating the standard deviation of present
value dividing total present value of benefits in the service
period resulted the parameter of Q.

Therefore, the net present value (NPV) in the k% year
calculated as follows:

K _ pk_ck
NPVE = === (28)
Accordingly, total NPV (TNPV) becomes:
n
TNPV = Z NPVF (29)

k=1

4. RESULTS AND DISCUSSION

In this investigation, August 6th of 2017, which had
appropriate radiation and temperature condition, was
considered as the reference for calculations. Average values of
these parameters were used through the day. Moreover,
various climate conditions were considered for the case study.

4.1 Selecting powerplant location

Data on the solar radiation intensity were extracted from the
Solargies corporate website in order to select locations with

Global Horizontal Irradiation (GHI)
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different climate conditions. Figure 1 shows the average
annual solar radiation intensity in Iran. By considering the
amount of radiation in different parts of the country, cities of
Tehran, Semnan, and Bandar Abbas were selected as the case
study.

Temperature, pressure, and solar radiation are the climate
data required for modeling. Ambient temperature and pressure
on August 6% were extracted from Meteorological
organization. The data are represented in Table 1.

Table 1. Average values of temperature, pressure and
radiation intensity on August 6%

Average
Average Average -

. radiation

City Date temperature | Pressure . -
(T) (kPa) intensity

(W/m?)
Tehran 6/8/2017 30.26 8948.33 577.636
Semnan 6/8/2017 31.25 8931.51 610.229

Bandar
Abbas 6/8/2017 55.05 10123.62 | 618.583

Obtained data for solar radiation intensity, ambient
temperature and ambient pressure in three selected cities from
July 23" until August 22" are shown in Figures 2, 3 and 4.

As illustrated in Figures 2, 3 and 4, Bandar Abbas has the
most appropriate conditions for solar chimney power plant,
since it has the highest radiation intensity among the
considered cities. In addition, its ambient temperature has the
highest value among these three cities.

Iran
S

solargis .

http://solargis.info

0 100 200 km

GHI Solar Map © 2015 GeoModel Solar

Figure 1. Annual average solar radiation map of Iran [74]



in Figures 5, 6 and 7 in order to get better insight into ambient
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Figure 5. Average radiation intensity during daylight from
July 23" until August 22"
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4.2 The effect of ambient pressure Day
In order to determine the most appropriate city for solar Tehran Semnan Bandar abbas
chimney power plant, the effect of pressure should be
considered by other results. Tehran and Semnan had similar
ambient pressure; while the ambient pressure in Bandar Abbas Figure 7. Average ambient pressure during daylight from
was significantly higher than the two other cities. July 23" until August 22t
Average values of the three parameters during daylight
hours, which is the operation time of a power plant, are shown A similar trend for average ambient temperature during
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daylight was observed based on the data. Generally, the
highest value of this parameter belonged to Bandar Abbas and
Semnan and the minimum belonged to Tehran. Due to the
dependency of the ambient temperature on the radiation
intensity, this trend is quite reasonable. Only the value of this
parameter on august 7" was higher for Semnan compared with
Bandar Abbas and on August 17" and 21" was higher for
Tehran compared with Semnan.

As shown in Figure 7, the maximum and minimum average
ambient pressure during daylight belonged to Bandar Abbas
and Tehran, respectively. The difference in the value of this
parameter was slight for Tehran and Semnan. The approximate
value of the ambient pressure is 10130 kPa for Bandar Abbas,
8960 kPa for Semnan and 8920 kPa for Tehran during the
period of experiment.

Using the input data, solar chimney power plant was
modeled by the equations utilized in previous section. The
modeling was conducted for the data obtained on 6™ August
which is in the middle of summer. Initially, three different
designs were considered and the performance of solar chimney
plant was compared in all three cities and designs.

The ambient temperature and radiation intensity were
considered to be the same for all three designs in order to
determine the effect of ambient pressure on the power plant.
Power output was considered as output parameter to compare
the performance of the power plants. Design parameters,
including collector diameter and solar chimney length, and the
ambient parameters, including average temperature and
radiation intensity, are shown in Table 2. It should be
mentioned that the defined dimensions were taken from the
actual size of the power plants.

Table 2. Determined designs in order to comparison on
power plant performance

Collector | Chimney Average Average
. g radiation
Design | diameter length temperature . -
intensity
(m) (m) (T) (W/m?)
First 1250 550 365 530.69
mode
Second 1800 750 365 530.69
mode
Third 2000 1000 365 530.69
mode

Comparison between the power plant performances in
different modes has been shown in Table 3.

Table 3. Generated power for the three cities and designs

the value of exergy destruction; therefore, amount of exergy
destruction as a one of the most important parameters of
system performance was considered as shown in Table 4.

Based on the data, the dependency of exergy destruction on
ambient pressure was higher compared with power output. In
addition, by increasing the pressure, the rate of exergy
destruction increased. Generally, the effect of ambient
pressure on solar chimney power plant was low.

Table 4. Exergy destruction for the three cities and designs

Power of Power of Power of
Design Tehran power Semnan Bandar
plant power plant Abbas power
(MW) (MW) plant (MW)
First mode 365.859 365.859 367.706
Second mode 753.554 753.554 754.930
Third mode 779.403 779.403 780.491

Design Power of Power of Power of
Tehran power Semnan Bandar
plant power plant Abbas power
(MW) (MW) plant (MW)
First mode 9.170 9.170 9.172
Second mode 28.802 28.803 28.806
Third mode 160.151 160.152 160.155

4.3 Optimization of the powerplant

After analyzing the ambient pressure, optimum design of
solar chimney power plant for the three cities of Tehran,
Semnan and Bandar Abbas were determined using proposed
model by the means of genetic algorithm. For this purpose,
genetic algorithm tool in MATLAB was used. Pareto front
chart and distribution of points, which studied in genetic
algorithm in order to find optimum design in Tehran, are
shown in Figure 8.

Average Distance Between Individuals

o 20 10 60 80 100 12( 140 160 180 200
Generation
x10” Pareto front
* ok
*
*k,
* gk
4,
‘ W
el
Foky ox
*R ey *
*

Exergy loss (W)

*
e
g

4 -1 0

NPV (USD) after 25 years x10'"

Figure 8. Pareto Front chart and distribution of responses for
Tehran

The dimension of the optimal power plant, the target
function mentioned in previous section and generated power

of power plant for Tehran are reported in Table 5.

Table 5. Optimum design of Tehran power plant

Parameter (unit) Value
Collector diameter (meter) 1070.740
Chimney length (meter) 733.232

On this scale (the pressure between 8900 and 10100 kPa),
the pressure of ambient did not have significant effect on the
performance of the system. The maximum difference in
generated power was 4 KW. This phenomenon is due to the
approximately equal pressure on input and output of the power
plant and the ineffectiveness of pressure force on the
performance. On the other hand, this parameter is effective on

Value of net present value
after 25 years (dollar)

985.413 x 1012

The value of exergy
destruction (MW)

201.790

Output power (MW)

98.198

Based on the obtained results, an optimal solar chimney
power plant with mentioned dimension in Tehran could have
98.198 MW power output. Figure 9 shows the beam directions



and distribution of responses obtained by genetic algorithm in
order to find the optimal structure of solar chimney power
plant in Semnan. The optimum mode determined by this
method is shown in Table 6. For Semnan, the power output of
optimum mode was 160.672 MW.
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Figure 9. Pareto Front chart and distribution of responses for
Semnan

Table 6. Optimum design of Semnan power plant

Parameter (unit) Value
Collector diameter (meter) 1281.196
Chimney length (meter) 807.343

Value of net present value
after 25 years (dollar)
The value of exergy
destruction (MW)
Output power (MW)

2727.709 x 1012

256.986
160.672

Pareto front charts and distribution of responses for Bandar
Abbas are illustrated in Figure 10. Optimum structural
parameters and its results are reported in Table 7.
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Figure 10. Pareto front chart and distribution of responses
for Bandar Abbas

Based on the obtained results, optimum mode of Bandar
Abbas power plant has the power output of 167.183 MW. By
comparing optimum modes for solar chimney power plant in
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all the three considered cities, highest value of generated
power belonged to Bandar Abbas and Semnan; while the
minimum value belonged to Tehran. In addition, Net Present
Value (NPV) had the same trend. After 25 years useful
operation life of power plant, NPV of Bandar Abbas was more
than twice of Semnan. This value for Semnan was more than
three times higher than Tehran. Thus, in both terms of
generated power and NPV, Bandar Abbas had the maximum
and Tehran had the minimum values.

Table 7. Optimum design of Bandar Abbas power plant

Parameter (unit) Value
Collector diameter (meter) 1544.823
Chimney length (meter) 823.353
Value of net present value after 25 years 6350.361
(dollar) x 1012
The value of exergy destruction (MW) 272.309
Output power (MW) 167.183

Exergy destruction had such this rate, though it was
considered as undesirable parameter. The difference in exergy
destruction among the three cities was not significantly. The
value of exergy destruction is related to power plant dimension.
It is reasonable according to the relations of entropy and
exergy.

In order to get better comparison on optimum designs of
power plants, parameters of flow exergy, thermal exergy, work
exergy on input and output of the power plant, value of net
exergy destruction and NPV were investigated. Figure 11
shows the difference in thermal exergy between inlet and
outlet of the power plants.
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Figure 11. Exergy difference between inlet and outlet of
power plants

As shown in Figure 11, for the three cities, the outlet flow
exergy was more than inlet. This performance was mainly due
to increase of temperature inside the power plant which its
source was input thermal energy received from the sun. This
temperature difference for each of the studied city is shown in
Table 8.

Table 8. Inlet and outlet temperature of optimum power
plants in the three cities

City Inlet temperature of | Outlet temperature
power plant (C) of power plant (<C)
Tehran 36.51 896.91
Semnan 38.47 857.32
Bandar Abbas 39.61 712.65




As represented in Table 8, the minimum increase in
temperature in the outlet of power plant and minimum
temperature difference in the inlet and outlet of the designed
power plant belonged to Bandar Abbas. According to Figure
11 and Table 8, maximum difference in flow exergy belonged
to Tehran. It means that flow had more exergy in the outlet of
power plant and exergy was not used properly. In addition,

minimum difference in flow exergy belonged to Bandar Abbas.

It means that flow exergy changed to work exergy with higher
efficiency. Figure 12 shows the values of input thermal exergy
to the power plants.

.. 800000000
S 700000000
S 600000000
f_Eﬁ 500000000
& < 400000000
£
= < 300000000
$ 200000000
£ 100000000
=
[$) 0
Tehran Semnan Bandar
Abbas

Figure 12. Input thermal exergy to the power plants

As shown in Figure 12, the maximum and minimum thermal
exergy input belonged to Bandar Abbas and Tehran,
respectively. This observation is attributed to higher
dimension of power plant and appropriate ambient conditions,
such as higher ambient temperature and more radiation
intensity, in Bandar Abbas.

Figure 13 shows output exergy from power plants. This
parameter is equal to the power output of the power plant.
Bandar Abbas was ranked first and Semnan was ranked second
in this parameter. For Bandar Abbas power plant, there was
maximum receiving thermal exergy and minimum thermal
exergy was converted into flow exergy. Therefore; it led to
generate maximum output exergy. Second rank in thermal,
flow and output exergy belonged to Semnan. Tehran was
ranked third in thermal and output exergy and was ranked first
in flow and exergy.
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Figure 13. Output exergy from the power plants

The small difference between output exergy of Bandar
Abbas and Semnan was attributed to the value of exergy
destruction. Figure 14 shows the value of exergy destruction

for the three cities.

As shown in Figure 14, maximum exergy destruction
belonged to Bandar Abbas. It was significantly higher than
values of the two other cities. Much difference in exergy
distribution of Bandar Abbas compared with the two other
cities was mainly attributed to two separate parameters. Firstly
it was due to the high difference in the ambient pressure of
Bandar Abbas compared with the two other cities .The value
of exergy destruction of the power plant placed in this city was
more. Secondly, the size of power plant is an important reason
for increasing exergy destruction, since elements such as
surface friction affect this subject.
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Figure 14. Exergy destruction for the power plants of the
three cities

Economic issues were investigated after considering the
physical operation of the power plant. In order to economical
evaluation of the power plants, NPV was considered. The
value of this parameter during 25 years useful working of
power plant in Tehran is shown in Figure 15.

As represented in Figure 15, during first 10 years, the value
of NPV would not grow significantly due to the high initial
capital required for constructing a solar chimney power plant
with this size. After this period, the rate of this parameter
grows dramatically. On the other hand, the useful life of power
plant is 25 years, it would not have proper performance after
this period.

Figure 16 shows the NPV during 25 years for Semnan solar
chimney power plant.
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Figure 15. NPV vs year for Tehran power plant

As shown in Figure 16, the NPV begins to progressive
growth after 13 years. While this trend begins at a later time
compared with Tehran, its rate of increasing is more in
comparison with Tehran. Therefore; NPV of Semnan power



plant is more compared with Tehran power plant. It is due to
the larger dimension of the Semnan power plant requiring
more cost, also generates more electricity.

NPV for Bandar Abbas during 25 years useful life of solar
chimney power plant is shown in Figure 17.
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Figure 16. NPV vs year for Semnan power plant

Tf‘mm

L L |
o 5 10 15 20 25
Year

Figure 17. NPV vs year for Bandar Abbas power plant

Similar to Semnan power plant, due to the larger dimension
and initial capital requirement, Bandar Abbas solar chimney
power plant begins its upward trend after a long time. In
addition, there is more increase in NPV for Bandar Abbas
power plant due to the larger dimension and more initial
capital requirement.

Generally, Bandar Abbas is the most appropriate site for
building a solar chimney power plant. Exergy destruction of
the Bandar Abbas power plant in optimum mode is more
compared with the two other cities and the performance of the
power plant is significantly better in the value of generated
power and profitably.

5. CONCLUSION

In this investigation, three different locations in Iran with
different climatic conditions were studied to determine the
most appropriate place to build a solar chimney for power
production purpose. The selected cities are Tehran, Semnan,
and Bandar-Abbas which are belong to three different weather
conditions. Thermo-physical and economic analysis were
made to evaluate the selected cases. With this regard, all the
parameters are considered as a function of collector diameter
and solar chimney length. The calculations were made based
on the weather condition on 6th August. The reason for
choosing this day is having the most radiation intensity and
ambient temperature that creates favorable conditions for a
solar power plant. It was determined that in terms of ambient
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conditions, Bandar Abbas has the better conditions compared
with the two other cities. In addition, thermodynamic analysis
demonstrated that increase in ambient pressure doesn’t affect
power output of the system. It is due to the increase in the
pressure of inlet and outlet of the power plant. On the other
hand, it was determined that increase in pressure leads to
increase in exergy destruction. It is considered as a negative
point in Bandar Abbas.

Besides thermodynamic evaluation, genetic algorithm (GA)
were used to obtain the optimum designs of solar chimney
power plant was determined for each of the three city. In the
GA algorithm work exergy of solar chimney power plant, as
power output of the power plant, and initial, repairing and
maintaining costs were determined as goal functions. The
ultimate goal of this functions is to find an optimum design
that simultaneously has the highest output and the lowest cost.
Optimization results for each case is calculated as follows:

The Optimum design of each case is obtained as follows:

- For Tehran: collector diameter 1070.740 meter and
chimney length 733.242 meter.

- For Semnan: collector diameter 1281.196 meter and
chimney length 807.343 meter.

- For Bandar Abbas: collector diameter 1544.823 meter and
chimney length 823.353 meter.

Exergy analysis for the optimum design of each case
illustrated that to Bandar-Abbas has the maximum of input
exergy and output work and Tehran has the minimum input
thermal exergy and output work among the three studied cities,
since it has less radiation intensity, less ambient temperature
and smaller dimension of power plant. On the other hand,
Maximum exergy destruction belonged to optimum design of
Bandar Abbas. It is due to the higher dimension of its power
plant and more ambient pressure compared with the other two
cities. Economic analysis shows that maximum NPV after 25
years useful life of power plant is related to optimum design
of Bandar Abbas. Finally, this investigation demonstrates that
after Bandar-Abbas, Semnan is ranked second in terms of
power plant performance and economic issues and Tehran is
the last case in this ranking.
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