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In this study, design and optimization of a concentrated photovoltaic thermal (CPVT) system considering
electrical, mechanical, and economical aspects is investigated. For this purpose, each section of the sys-
tem is simulated in MATLAB, in detail. Triple-junction photovoltaic cells, which are the most recent tech-
nology, are used in this study. They are more efficient in comparison to conventional photovoltaic cells.
Unlike ordinary procedures, in this work active ventilation is used for absorbing the thermal power of
radiation, using heat storage tanks, which not only results in increasing the electrical efficiency of the
system through decreasing the temperature, but also leads to storing and managing produced thermal
energy and increasing the total efficiency of the system up to 85 percent. The operation of the CPVT
system is investigated for total hours of the year, considering the needed thermal load, meteorological
conditions, and hourly radiation of Khuznin, a city in Qazvin province, Iran. Finally, the collector used
for this system is optimized economically, using frog leap algorithm, which resulted in the cost of
13.4 $/m2 for a collector with the optimal distance between tubes of 6.34 cm.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the concentrated photovoltaic thermal (CPVT)
systems have been rapidly developed [1,2]. In these systems, the
radiation is transmitted to cells, using reflectors. With this method,
the incident radiation to the cells increases significantly [3–8]. The
CPV consists of three parts including the absorber, concentrator,
and solar radiation tracker. The absorber consists of the solar cell
part and the thermal ventilation system. The concentrator focuses
the radiation to the absorber. As the CPV works with the beam
radiation, the absorber and concentrator should follow the position
of the sun to maximize the incident beam radiation. In order to
concentrate the radiation, two major technologies of Fresnel lens
[9,10] and parabolic concentrators [11] can be used. Plus, in recent
years, triple-junction solar cells have been widely investigated. In
these systems, when increasing the current, the voltage increases
in logarithmic scale [12]. Also, they are less affected by tempera-
ture variation in comparison with silicon based samples [9]. Based
on the level of concentration, there are three major concentrators
with low, medium, and high rate of concentration. In a study in
2010, a solar system with low rate of concentration is discussed.
The model was used to perform a sensitivity analysis in order to
highlight the relevance of the leading working parameters (such
as irradiance) in system performance [13]. In 2011, instead of
implementation of conventional cells, the usage of cells with effi-
cient operation such as GaAs with a linear concentrator is investi-
gated [14]. In another study in 2011, a case study in Sweden, a low
concentrating CPVT system is performed and a complete method-
ology to characterize, simulate, and evaluate concentrating photo-
voltaic/thermal hybrids is proposed [15]. In 2012, the operation of
single and double-axis solar tracker system installed on the roof of
a building is analyzed [16].

The obtained thermal power can be used for both heating and
cooling purposes which are described in recent studies [17,18]. In
2013, performance analysis of a novel concentrating photovoltaic
combined system is performed. Also, energy and exergy analyses
of the system is evaluated, economical analysis is performed, and
the experimental results are compared to data obtained by the con-
trol system [19]. In 2014, the optical performance of a CPVT system
is evaluated. The theoretical model of the optical performance of
the system under real application condition was established and
the outdoor experiment was carried out to compare the simulation
evaluation [20]. In 2015, parametric performance analysis of a
concentrated photovoltaic co-generation system equipped with a
thermal storage tank is done. The system utilized dual-axis tracker
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and multiple solar energy collector (SEC) modules and a forced
cooling system [21]. In another study in 2015, analysis of U-
shaped solar energy collector of a CPVT system is evaluated, numer-
ically and experimentally [22].

In the previous studies, the optimization of an active ventilation
system of the concentrated solar collectors, considering hourly
operation of the CPVT system for a long term period, has not been
performed. The optimal dimensions of the thermal absorbing
system and its economical aspects are discussed in this work.

So, in this study, with a dual axis tracker and open-loop con-
troller, the operation of a concentrated PVT system is investigated.
The electrical and thermal characteristics of the system are
discussed with the simulation of a detailed model of the system.
Also, meteorological conditions such as wind speed, ambient
temperature, clearness index, and solar radiation are considered
in the operation of the system. For using the heat absorbed by
the collector, active ventilation using a heat storage tank is used.
Also, the economic optimization of the system is performed,
using Frog Leap algorithm. Fig. 1. shows the schematic of the
system.

As it can be seen in Fig. 10, the water is delivered to the tubes of
the collector by the pumps. So, the temperature of the water inside
the tube increases and the water returns back to the tank. This
cycle lasts as long as the radiation is available. The tank contains
an outlet for heat consumption of water, and an inlet for getting
the cold water.

2. CPVT system

2.1. Solar trackers

A solar tracker is a device that changes the position of the solar
module so that that the radiation can be perpendicular to the sur-
face. In the design of the solar tracker, the position of the sun and
the earth in a year period should be evaluated.

Based on the number of their axis, the radiation tracking sys-
tems are known as single or dual axis trackers [23]. Their actuation
systems have two types of actuators: active and passive [24]. These
methods, which are both open-loop or close loop, are different
from each other in several aspects such as accuracy, pace, power
consumption, reflection to the various meteorological conditions,
need for maintenance, and cost [25].
Tank

Home 

Use

Water

Control 

Valve

Fig. 1. The schematic of CPV sys
2.2. Reflectors

The conventional material for reflectors is Anodized Aluminum.
However, one of the disadvantages of this is that when a large
reflector is constructed, the aluminum structure begins to deviate
from its main characteristic which causes a depression in the sur-
face of the reflector. So, undesired reflections are produced which
leads to optical loss and reduction of efficiency. Another issue of
anodized aluminum is that in working conditions with high tem-
peratures, the amount of depression increases drastically.

Recently, Aluminum-Polymer-Laminated Steel is used to avoid
these issues in Aluminum reflectors. The characteristics are dis-
cussed by Borgen [26]. The steel used in this compound makes it
tighter which solves the depression problem occurring in high
temperatures.

2.3. Triple-junction cells

Multi-junction PV cells have been proven to be particularly well
suited for a concentrating system where sunlight can be focused
through lenses or mirrors into a much smaller cell [27]. The V–I
characteristic of the solar cell is described as [28]:

I ¼ �ISAT exp
qðV þ IRsÞ

nkT

� �
� 1

� �
þ IL ð1Þ

where Isat is reverse saturation current, V is cell voltage, Rs is series
resistance, n is ideality factor of a diode, which is a measure of how
closely the diode follows the ideal diode equation, k is Boltzmann
constant, T is cell temperature, and IL is light generated current. Isat
and IL can be described as:

ISAT ¼ JSATAA

IL ¼ JLAA

JL ¼ RWR

ð2Þ

where J is the current density, AA is aperture area, R is the
responsivity described as the ratio between the current from
the illuminated diode and the incident light power, and WR is the
incident solar radiation intensity to the surface.

The direction of current is the opposite of the direction of a
common diode. If Rs be a non-zero quantity, Eq. (1) should be
solved, repetitively. The result of simulation shows that for
Pump

tem with active ventilation.



Table 1
Parameters of the cell.

Symbol Value Unit

JSAT 1.01(10�20) at 25 �C A/cm2

AA 0.27 C m2

n 2.44 –
i 1.6 � 10�19 C

1 eV
K 8.62 � 10�5 eV/K
RS1 0.011 X
RS0 40 X
K 1.75 –
W 0.0901 W/cm2

WR 0.139 A/W
Eg 1.6 eV
C 1 –
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congruity of the data, the series resistance should be dependent of
absorbed power by the cell, shown in the following equation:

RS ¼ RS0=X
K þ RS1 ð3Þ

where Rs0 is the series resistance at low intensity, X is concentra-
tion, Rs1 is the series resistance at high flux, and K is the series resis-
tance intensity coefficient. The Eq. (3) is represented in Fig. 2 [29].
As can be seen the resistance is a function of the number of photons
received at the surface. Also, the dependence of the electrical sys-
tem of photovoltaic cells on the temperature is expressed as [30]:

JSATðTÞ � T3þc=2 exp � Eg

kT

� �
ð4Þ

where Eg is the effective energy gap. With describing the V–I char-
acteristics, the open circuit voltage and short Circuit current can be
obtained as following:

Isc ¼ IL

VOC ¼ kT
q ln IL

ISAT
þ 1

� � ð5Þ

Also, the maximum voltage and current can be derived from
repetitively solving of the following equation which is the deriva-
tive of Eq. (1):

VMP ¼ nkT
q

ln
IL
ISAT

� IMP

ISAT
þ 1

� �
� IMPRS ð6Þ

So, the efficiency and fill factor (FF) is given in the following
equations:

FF ¼ IMPVMP

IscVOC
ð7Þ

g ¼ IMPVMP

WAA
ð8Þ

where W is the incident solar radiation intensity. According to the
mentioned equations, the electrical section of the system is simu-
lated. The parameters needed for simulation are given in Table 1
which is a sample constructed in Spectrolab Inc., a wholly owned
subsidiary of The Boeing Company [29,31].

The efficiency and fill factor is shown in Fig. 3. As can be seen,
the efficiency is almost constant when the concentration ratio
rises. However, the fill factor decreases, gradually, leading to less
power production.

2.4. Ventilation

Two major procedures of ventilation of solar collectors are
active ventilation and passive ventilation. With passive ventilation,
the heat generated in the surface of the collector is transmitted to
the air by heat sink. With active ventilation, the heat can be used
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Fig. 2. The series resistance of the cell.
for cooling or heating purposes. So, active ventilation converts a
CPV system to a CPVT system. The heat can be produced by convec-
tion or radiation. When the heat balance is confirmed, the follow-
ing equation can be derived for concentrated solar cells [32]:

Ac:S� Ac � S � g� AHS � e � rðT4 � T4
aÞ � AHShcðT � TaÞ ¼ 0 ð9Þ

where Ac is the area of the cell, S is the solar power received to the
surface of cell, g is the electrical efficiency, AHS is the area of heat
storage tank, e emitting coefficient, r is Estefan–Boltzmann con-
stant, hc is the convection coefficient, T is the cell temperature,
and Ta is the ambient temperature.

As shown in Fig. 4, if a heat storage tank is not used, the temper-
ature of the surface of the cells raises drastically. For example, for a
concentration rate of 500, the temperature reaches up to 1000 K.

The effect of the heat storage tank on the temperature of cells is
shown in Fig. 5. As it can be seen, the temperature decreases signif-
icantly due to absorbing of the heat by the fluid inside the tubes.

The energy loss from the collector is obtained from [33]:

Qloss ¼
Tp � Ta

RL
¼ ULAcðTP � TaÞ ð10Þ

where UL is the total heat loss coefficient, and TP is the collector’s
temperature. UL can be expressed as:

UL ¼ Ut þ Ub þ Ue ð11Þ
where Ut, Ub, and Ue are the heat loss coefficients of top, bottom, and
edges of the collector, respectively.

The heat loss from the top of the collector is due to radiation
and convection. Convection and radiation loss coefficients are
described as:

hc ¼ 8:6V0:6

L0:4
ð12Þ

hr ¼ erðT2
P þ T2

aÞðTP þ TaÞ ð13Þ
where V is the wind speed and L is the length of the collector. So,

Ut ¼ hc þ hr ð14Þ
The heat loss coefficients of bottom and edges of the collector

are derived from:

Ub ¼ kb
tb

ð15Þ

Ue ¼ ke
te

ð16Þ

where t and k are thickness of the tube and the conductance coeffi-
cient, respectively. Fig. 6 shows the thermal system representing
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Fig. 3. Efficiency (a) and Fill Factor (b) of cells.
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Fig. 4. The temperature of the concentrated cell without using heat storage tank.
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Fig. 6. The schematic of
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the important dimensions of the collector. For better performance
of the system, these parameters should be determined.

The corrected fin efficiency of the collector is expressed by:

F 0 ¼
1
UL

W 1
ULðDþðW�DÞFÞ

h i
þ 1

Cb
þ 1

pDihfi

ð17Þ

where hfi is the forced convection heat transfer coefficient inside the
cooling passage. Cb is the conductance of the connection point of the
tube and the collector, W is the distance between adjacent tubes, D
is the diameter of outer edge of the tubes, Di is the diameter of the
inner edges of the tubes, and F is the efficiency coefficient of the
finned area. F can be derived from the following equation:

F ¼ tan h mW�D
2

� 	
mW�D

2

� 	 ð18Þ

The coefficient (m) is a term which accounts for the thermal
conductivity of the absorber and PV cell and fin thickness is repre-
sented by the next equation:

m ¼
ffiffiffiffiffiffi
UL

kd

r
ð19Þ

Cb can be obtained using the heat conductance coefficient (kb),
the average of thickness of connection point (yb), and the width
of the connection point (b), as following:

Cb ¼ kbb
yb

ð20Þ

The convection coefficient of the fluid can be derived from [34]:

h ¼ Nuk
D

ð21Þ
collector and tubes.



Table 2
The constants value in Eq. (22) [33].

Pr a b m n

0.7 0.00398 0.0114 1.66 1.12
10 0.00236 0.00857 1.66 1.13
1 0.00172 0.00281 1.66 1.29

NoYes

Hourly solar and
climate data

Simula�on
liza�onini�a

Heat storage
calcula�on

Output value for one
hour

Calcula�on for CPV and
collector

Radia�on
exists?

Fig. 7. Flowchart of calculation process.
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where D, k, and Nu are the radius of the tube, the heat conductance
coefficient, and Nusselt number, respectively. Nu can be derived
from:

Nu ¼ Nu1 þ awm

1þbwn

w ¼ RePrD
L

ð22Þ

where Re, Pr, and L are Reynolds number, Prandtl number, and
length of collector, respectively. Re is expressed by:

Re ¼ 4 _m
pDl

ð23Þ

where _m and l are density and viscosity of the fluid, respectively.
The values of a, b, m, n and, Nu1 are given in Table 2.

The heat removal efficiency factor is given in the following
equation:

FR ¼ _mCP

AcUL
1� exp �AcULF

0

_mCp

� �� �
ð24Þ

This coefficient is the ration of obtained energy in a practical sit-
uation to the obtained energy when the temperature of the cell is
equal to the temperature of the fluid. Cp is the specific heat of the
collector cooling medium. So, the absorbed heat by the fluid can be
derived from the following equation:

Qu ¼ AcFRðS� ULðTi � TaÞÞ ð25Þ
where Ti is the cooling medium inlet temperature. The thermal effi-
ciency is given by

gth ¼
Qu

S
ð26Þ

The temperature of the surface of the collector is given by the
following equation

Tp ¼ Ti þ Qu

AcFRUL
ð1� FRÞ ð27Þ

Also, fin thickness, which is an important factor in the designing
of the system, is given by [35]

d ¼

joðW�bW1=4�tÞ2
W�bW1=4�t
1

UL
1

F0ULW
�p

h i�bW1=4�t
�1

k
ð28Þ

where

jo ¼ UL
12

p ¼ 1
phfiDi

ð29Þ
3. Simulation of the system

With active ventilation, the CPV system is converted to a com-
bined heat and power (CHP) system. Fig. 7, represents the flow-
chart of calculations process of the system.

If the radiation is available, the temperature rises drastically,
and with using temperature sensor the pumps start to work and
the whole system calculations are performed. Otherwise, just the
heat storage tank’s calculations are done. The tank is insulated
and the heat capacity of it is 16 (KW/K m2) [36]. Before the calcu-
lation process, the different kinds of energy stored in the tank can
be mentioned as following:

� Etank,i: the stored energy in the tank and it is equal to:

Etan k ¼ mtan kcpðTtan k � TaÞ ð30Þ
where mtank is the mass of water inside the tank, and Ttank is the
temperature of it.
� Ein: the inlet energy to the tank from the ventilation system,
which is equal to:

Ein ¼ Qu ð31Þ
� Ecitywater: the inlet energy to the tank from the inlet water,
described as following:

Ecitywater ¼ mincpðTa � T0Þ ð32Þ

where min is the mass of inlet water and T0 is the reference
temperature.
� Euse: the consumed energy due to outflow of the warm water
from the tank for heating purposes, which is expressed as:

Euse ¼ musecpðTtan k � T0Þ ð33Þ

Where muse is the mass of outlet water.
� Eloss: the loss energy from the walls of the tank, which is
described as the following equation:

Eloss ¼ Atan kRtan kðTtan k � TairÞ ð34Þ

where Rtank is the heat capacity of the tank. Also, Atank is the area of
walls of the heat storage tank.

For the calculation of the energy of the tank, there should be
energy balance between the mentioned energies, as following:

Etan k;i ¼ Etan k;i�1 þ Ein;i þ Ecitywater;i � Euse;i � Eloss;i ð35Þ

where i index represents each hour of the system’s operation. Ttank
can be derived from the following equation:

Ttan k ¼ ðEtan k=ðmtan k � cpÞÞ þ T0 ð36Þ
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Table 3
Input parameters of the thermal system.

Parameter Value Unit

m 400 kg
R 16 kW/K m2

Cp 4200 J/kg K
Atank 2.5052 m2

Kcopper 385 w/m K
Kwater 0.596 w/m K
L 1 m
e 0.03
r 5.67e�8 J/s m2 K4

l 1e�3 Pa s
T0 298.15 K
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3.1. Radiation and meteorological data

The meteorological data of the location in which the system is
simulated and analyzed is based on Khuznin, a city in Qazvin pro-
vince, Iran. This city has a longitude of 35.861� and a latitude of
49.758� with clean and mild climatic conditions [36]. The hourly
radiation for a year depends on various factors such as the number
of bright hours of the day, the clearness index, the ambient tem-
perature, the latitude of the region, and the view factor of the
sky to ground. The radiation calculation process is described in
our previous study [36]. The equation of total hourly radiation is
expressed as:

IT ¼ IbRb þ Id;isoFc�s þ Id;csRb þ Id;HzFc�Hz þ IgFc�g ð37Þ

where Ib is the incident beam radiation, Rb is the geometric factor
defined as the ratio of the beam radiation on tilted surface to that
on horizontal surface at any time, id is the diffused incident
radiation, Ig is the reflected radiation, and F is the view factor of
the surface to sky and ground.

Fig. 8a shows the total and beam hourly radiation for a dual axis
solar tracker. The ratio of total and beam radiation for a collector
with a dual axis tracker to a fixed collector with optimal surface
angle of 38� is 1.34 and 1.65, respectively. Fig. 8b, shows the inci-
dent radiation fractions to the surface of a dual axis collector for
the first day of the year. The total energy received at the surface
is 15.95 MJ/m2 with 70.52, 19.84, and 9.64 percent for beam, dif-
fused, and reflected radiation, respectively. Also, the hourly wind
speed data for the region is shown in Fig. 9. The average wind
speed is 4.87 m/s.

3.2. Optimization of the system using frog leap algorithm

The frog leap is an algorithm taken from nature. In this algo-
rithm, a group of frogs (a set of answers), is divided into several
sub branches, where each frog has its own behavior and can obtain
the behavior of the other frogs through their evolution [37,38].
Based on this method, in the following, the optimization of the sys-
tem is discussed. The cost per square meter of a collector is
expressed in the following equation [39]:

C ¼ Mdþ RMðt2 þ 2DitÞ
4W

ð38Þ

where M is the cost of fin material per unit material volume, R is
ratio of cost per unit volume of tube material to cost per unit vol-
ume of fin material. With the combination of the cost function
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Fig. 8. (a)Total and Beam hourly radiation and (b) fr
and the equations, described in the previous section, the cost func-
tion can be described as:

C ¼ M
k

joðW � bW1=4 � tÞ2
W�bW1=4�t
1

UL
1

F0ULW
�p

h i�bW1=4�t
� 1

0
BBBBBB@

1
CCCCCCA

þ pt2RM
4W

þ 2ptbRM
4W3=4 ð39Þ

As can be seen, the cost of the system is the function of different
parameters and variables. So, the optimization is essential. Also,
the parameters of the thermal system are given in Table 3.

4. Results and discussion

For evaluation of the system, firstly, the system is simulated
with the conventional dimensions from Table 4. Then, the system
(b)
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actions of radiation to a dual axis solar tracker.



Table 4
Frog Leap parameters for the optimization of system.

Population
size

Chromosome
size

Number of
memeplex

Number of frogs in
each memeplex

Iteration

48 1 4 12 100
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is optimized considering the efficiency of the system to be fixed
with the minimum cost of the system. So, the thermal characteris-
tics of the system remain the same. The optimization parameters
are given in Table 4. In the optimization process the number of
selected frogs for each step is equal to 4. The lower amounts reduce
the speed of local communication and the higher amounts cause
the data not to be properly transferred between memeplexes.
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Fig. 10. The convergence of optimization.

Table 5
Optimization results.

Parameter Optimization result Conventional dimensions

W 0.06341 m 0.1 m
Di 0.0045 m 0.0135 m
Do 0.006 m 0.015 m
d 5.91e�5 m 5e�4 m
Number of tubes 15 10
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Also, the convergence of the Frog Leap is shown in Fig. 10. As it
can be seen, the convergence point of the optimization is in the
41st iteration. Also, the particle swarm optimization (PSO) is
implemented to the system, which gives the same result in the
84th iteration. The optimization results are shown in Table 5.
The optimal calculated cost is 13.44 $/m2. It should be mentioned,
in the optimization procedure, that PV cost is not taken into con-
sideration as PV material will not be optimized due to the fact that
the PV is treated as a ready manufactured product on which no
changes or modifications whatsoever can be done.

The electrical characteristics of cells of the system are shown in
Fig. 11. The maximum voltage and current point are illustrated in
the figure. These points give the average efficiency of 37 percent.
Also the average fill factor is 0.86.

The average household daily water consumption with 6 con-
sumers is considered 400 liters [40]. The usual consumption time
is from 7 a.m. to 12 midnight. So, in the 17 h, the consumption is
23.5 liters per hour. Also, the volume of the tank is considered
300 liters and the amount of pumping of water is 72 liters per hour.
The tank is a cylindrical shape with the radius of 0.4 m and the
height of 0.596 m.

The results are based on hourly simulation of the system during
the year. The absorbed power which produces the electrical and
thermal power is shown in Fig. 12a. As can be seen, the fluctuation
of power is almost 8 percent, during the year. The average
absorbed power is 1200W which produces average electrical and
thermal powers of 450 W, and 575.8 W, respectively. Also, the effi-
ciency of the system is shown in Fig. 12b. Although the radiation
and temperature fluctuate during the year, the efficiency of the
system remains almost constant at 85 percent with more share
of thermal efficiency at an average amount of 47.68 percent. The
calculated efficiencies are for the light hours when radiation exists
to generate power.

The energy balance of the fluid in the heat storage tank is shown
in Fig. 13. As can be seen, the power loss increases with the amount
of energy in the tank. The energy loss during the year is 14 MJ
which is 0.15 percent of Ein. Also, the used energy during the year
is 15.5 GJ. As is seen in Fig. 13c. after sunset, when there is not
absorbed energy, the energy in the storage tank can satisfy the
consumption.

The fluid temperature, shown in Fig. 14, is derived from the
energy balance equation and follows the pattern of the collector’s
temperature. The daily fluctuation of the temperature is caused
by the variation of radiation. The lack of radiation and the decrease
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Table 6
Comparison of working condition of Carlo Renno’s CPVT with the system proposed in
this study.

This research Carlo Renno’s research

Cell type Triple-junction Triple-junction
Manufacturer BOEING Unknown
Application Domestic Domestic
Configuration Concentrated dish Concentrated dish
Absorber configure Header-riser structure Single tube structure
Concentration factor 600–800 900
Max. electrical efficiency

at work condition
38% 22%

Max. thermal efficiency
at work condition

48% 70%

Max. total efficiency
at work condition

85% 88%
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of the temperature during night hours cause the decrease of the
temperature of the fluid.

The result of the proposed system can be evaluated in compar-
ison with a similar study [41] which is given in Table 6. Both CPVT
systems have triple junction cells and concentrated dishes. How-
ever, the purpose of that study is to supply the temperature for
heating and cooling with changing the number of cells and struc-
ture of the system. For this purpose, absorption heat pump (AHP)
is used as the cooling system which although it has lower efficacy,
water is useless due to demand for high temperature. Although it
has a slightly better overall efficiency, it is not desirable because
the cost of the PV cell is high and the electrical efficiency is low.
In this study, CPVT system is designed in a way that beside the
maximum electrical efficiency and minimum cost, the thermal sys-
tem be utilized with high overall efficiency. It is possible to
increase the overall efficiency by lowering the electrical efficacy
and raising thermal efficiency, however, it is not the general pur-
pose of a PVT system.
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5. Conclusion

In this study, operation of multi junctional concentrated photo-
voltaic thermal systems has been simulated and evaluated using
the hourly radiation for Qazvin province for a one year period. By
designing an active ventilation for the CPVT system, it is concluded
that not only the electrical efficiency of the system is increased, but
also, the total efficiency is increased to about 85 percent, due to use
of generated thermal power. The thermal section of the system is
optimized with Frog Leap algorithm to minimize the cost of the
system without changing its efficiency, resulting in 13.4 ($/m2)
as the cost of a collector. Also, the simulations show that the tem-
perature of the collector decreases, significantly, with using the
heating storage tank. So, active ventilation, besides providing an
economic optimization of the system, can improve the issues of
the system with regard to passive ventilation and low efficiency.

Finally, it is suggested that in future studies, the optimization of
the system be performed with consideration of the grid and the
cost of heat generated by fossil fuels. Also, the optimization can
be performed prioritizing consumer demand, so that the minimum
temperature needed for the consumer is considered as the basis of
heat power generation, during a year-long period of operation.
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