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Abstract: The analytical hierarchy process (AHP) was utilized to determine the optimal location
on which to install flat-plate solar thermal collectors for residential buildings in a number of cities
in Iran under diverse climatic conditions. The payback period of investment (IPBP) was chosen as
one of the decision criteria, while payback periods of energy and greenhouse gas emissions (EPBP
and GGEPBP), being two recently introduced concepts, were also taken into account to provide
a broader insight from the energy, economic, and environmental (3E) benefits of the system. The
novelty of this work is proposing a method to find places with the greatest potential to install flat-
plate solar collectors. It was performed using AHP as a systematic decision-making tool, and based
on energy, environmental, and economic criteria, which are the key aspects of an energy system.
Codes developed in the MATLAB software were employed to determine the values for different
investigated cities. According to the results, Yazd, located in the center of the country, was found
to be the best place to install the system. This city enjoys EPBP, IPBP, and GGEPBP scores of 2.47,
3.37, and 0.71 years, respectively. The collector area for this city was also found to be 109.8 m2. Yazd
gained a score of 26.5 out of 100. With scores of 24.4, 18.6, 15.9, and 14.6 out of 100, Tehran, Bandar
Abbas, Rasht, and Tabriz were found to be the second, third, fourth, and fifth priorities for utilizing
the system, respectively.

Keywords: analytical hierarchy process (AHP); domestic application; solar thermal collectors;
payback time of energy; payback period of greenhouse emission

1. Introduction

The depletion of natural oil resources and their impact on climate change are an
undeniable facts [1]. Hot–arid climate countries, such as Iran, are consistently improving
their utilization of renewable energy technologies in residential buildings [2]. In this post-
pandemic world, much of the energy demand is based on building air-circulation and
ventilation [3]. As such, the use of solar thermal collectors for hot water and cleaning could
be realized by understanding the optimal performance and determining a suitable location
for higher heat transfer [4]. The harnessing of solar energy for residential buildings has
gained great importance in the supply of heating and cooling energy, as well as electricity,
in both small and large scales [5–7].

One of the most common technologies used to harness solar irradiation and its con-
version into thermal energy is solar thermal collectors for solar heating applications [8].
Due to their low cost, simple design, and the easy installation of flat-panel solar collectors
compared to other forms of solar hot water technologies, their use in buildings (residential
and commercial) is being explored in hot–arid countries such as Iran [9]. It is pertinent to
discuss the various research literature on the simulation and evaluation of the performance

Energies 2022, 15, 3589. https://doi.org/10.3390/en15103589 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15103589
https://doi.org/10.3390/en15103589
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6449-1078
https://orcid.org/0000-0002-4282-074X
https://orcid.org/0000-0001-6297-9603
https://doi.org/10.3390/en15103589
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15103589?type=check_update&version=2


Energies 2022, 15, 3589 2 of 17

of flat-plate solar collectors [10]. A review summary is presented in Table 1, in which each
study is introduced and two research gap questions are investigated.

Table 1. Investigations on various works in the literature identifying the knowledge gap and the
novelty of this work compared to the conducted research in this field.

Study Year

Were Payback Periods of Energy
and Greenhouse Gas Emissions

Calculated and Evaluated
for System?

Was the Best Place for Utilizing
the System among a Number of

Regions Chosen Using a
Systematic Approach?

Shamshirgaran et al. [11] 2018 No No
Kumaresan et al. [12] 2018 No No

Mortazavi and Ameri [13] 2018 No No
García et al. [14] 2018 No No

Amraoui and Aliane [15] 2018 No No
Hashim et al. [16] 2018 No No

Karki et al. [17] 2019 No No
Carmona and Palacio [18] 2019 No No

Garcia et al. [19] 2019 No No
Diez et al. [20] 2019 No No

Toapanta et al. [21] 2020 No No
Hussein et al. [22] 2020 No No
Verma et al. [23] 2021 No No
Stalin et al. [24] 2021 No No
Current study 2022 Yes Yes

Table 1 shows that, in spite of the valuable reported research studies in this field, two
items have not been addressed yet, which could be considered a gap in the research works
in this area, that is:

1. Only the return of investment has been taken into account, and the parameters that
show the return of energy or greenhouse gas emissions have not been considered in
evaluating the system.

2. A systematic decision-making approach has not been employed to answer the question
of, among a number of candidate locations utilizing flat-plate solar collectors, which
one gains the most energy, economic, and environmental (3E) benefits?

Considering the success in employing the decision-making method for finding the
best place to install different energy systems, including solar stills [25], coolers [26], and
nanofluid-based photovoltaic thermal systems [27], the present research study is conducted
to specifically contributes to determining solar thermal collectors’ optimal locations in
residential buildings, addressing the two knowledge gaps as follows:

1. There has been no study in the past in which a systematic approach was employed to
determine the optimal installation of flat-plate solar collectors or building-integrated
photovoltaic thermal (BIPV/T) systems among a number of cities. In other words,
a systematic decision-making approach has never been employed to determine the
best city for the installation of flat-plate solar collectors or BIPV/T systems among a
number of candidate cities.

2. Payback periods of energy and greenhouse gas emissions are considered in addition
to the payback period of investment for the evaluation of the system. This leads to
having one dimensionless characteristic from each 3E aspect to evaluate the potential
of utilizing flat-plate solar collectors.

3. The analytical hierarchy process (AHP) decision-making approach was employed to
determine the best place among a number of candidate cities to utilize flat-plate solar
collectors. Tehran, Tabriz, Rasht, Yazd, and Bandar Abbas, as the larger cities in Iran
with diverse climatic conditions, were chosen as the candidate cities, and a flat-plate
solar collector is assumed to provide a sufficient heating load for them. As shown
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in Figure 1, a flat-plate collector consists of glass and absorbent and insulating parts.
Sunlight passes through the glass and hits the absorber plate, where it converts the
solar energy into heat energy, causing fluid to heat up. The gained thermal energy is
utilized for providing domestic hot water and space heating purposes.

Figure 1. Schematic of the investigated flat-plate solar collector.

2. Methodology
2.1. The Building

In this study, a residential building was considered as the investigated case. It has
a plan which is illustrated in Figure 2. This residential building was introduced in [28],
and for more information about this building, that paper is referred to. The building is the
representative of the most common type of building in the country from both the material
and area viewpoints.

2.2. The Cities

Tehran, Rasht, Yazd, Tabriz, and Bandar Abbas, five of the larger cities in Iran with
diverse climatic conditions, were selected as the investigated cities in this study. The most
important climatic parameters for them are presented in Table 2.

Table 2. The most important climatic parameters of the five investigated cities [28].

City Climate Type
Winter Summer Average Annual

Relative Humidity (%)
Latitude

(◦N)
Longitude

(◦E)Tdb (◦C) Tdb (◦C) Twb (◦C)

Rasht Temperate and
humid −2.2 31.9 25.7 71.3 37.3 50.2

Tabriz Cold and dry −10.8 33.9 18 53.7 37.8 46.3
Yazd Hot and dry −5.3 40 18.3 31.4 31.9 54.4

Tehran Hot Semi desert −4.4 37.8 19.4 40.1 35.7 51.4
Bandar
Abbas Hot and humid 7.5 40.6 31.9 65 27.2 56.4

The profiles for domestic hot water and space heating loads were determined for the
investigated buildings, and the full details are reported elsewhere in [28].
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Figure 2. Schematic diagram of the benchmark residential building [28].

3. Methodology

In this section, an explanation of the methodology utilized to simulate the performance
of the system, as well as details about obtaining payback periods of energy, investment,
and greenhouse gas emissions, are provided.

3.1. Mathematical Modeling of Flat Plate Solar Thermal Collector

The mathematical modeling approach implemented in the system is dependent on
the specification of the collector’s input parameters and required heating load for the case
study cities, based on their local temperatures. The amount of heat transferred to the liquid
in a flat collector is obtained from Equation (1).

Quse f ul = Ac × FR[Gt(τα)−UL(To − Ti)] (1)

where Quse f ul is the transferred heat to the liquid; heat removal factor and collector area
are shown by Ac and FR, respectively. Gt is the irradiance, UL is the overall loss coefficient,
Ti and To are the symbols used for the outlet and inlet fluid temperatures. (τα) is the
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multiplication of the transmissivity of glass in the absorptivity of the plate. A reasonable
approximation for (τα) is presented in Equation (2):

(τα) = 1.01τα (2)

The coefficient 1.01 on the right-hand side of Equation (2) was suggested by Duffie
and Beckman [29]. This is a practical value for most of the commercialized collectors. It is
for single-cover glass types [30].

FR is also determined by multiplying the flow factor by the collector efficiency factor.
The two latter indicated parameters are indicated by F′ and F′′, respectively:

FR = F′F′′ (3)

Equations (4) and (5) calculate F′ and F′′, respectively.

F′ =
1

UL

W
{

1
πDih f i

+ 1
UL [D+(W−D)F]

} (4)

F′′ =
.

mcp

AcULF′

[
1− exp

[
−ULF′Ac

.
mcp

]]
(5)

In Equations (4) and (5), D and W are the tube outside diameter and spacing, respec-
tively. F is the standard fin efficiency, which is calculated from Equation (6); Di is the tube
inside diameter; the heat transfer coefficient inside the tube is indicated by h f i;

.
m is the

flow rate; and cp is specific heat.

F =
1

m(W−D)
2

× tanh
[

m(W − D)

2

]
(6)

where m is also calculated from Equation (7):

m =

√
1
kδ
×UL (7)

In Equation (7), thermal conductivity and thickness of plate are shown by k and δ.
In order to obtain the UL, the thermal resistance model was used. Based on this

methodology, a flat-plate collector is composed of different layers, as shown in Figure 3
which include glass, a collector plate, and a collector back layer. In addition, there is thermal
resistance between each layer and between the glass and ambient air, as well as the collector
back and ambient air.

Figure 3. Equivalent thermal resistive diagram between the plates of the collector.
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In the employed approach, i.e., the thermal resistance method, the system was investi-
gated under the steady-state condition. The heat transfer from collector plate to glass was
determined by Equation (8):

Qtcollector plate to glass =
Tp − Tg

Rp−g
(8)

where Tp is the collector plate temperature and Tg is the glass temperature. Rp−g is also the
thermal resistance between glass and collector plate, which is obtained from Equation (9).

Rp−g =
1

Ac
(
hr,p−g + hc,p−g

) (9)

In Equation (9), hc,p−g and hr,p−g are the convection and radiation heat transfer coeffi-
cients between the collector plate and glass, which are found using Equations (10) and (13),
respectively [31].

hc,p−g =
Nu× k

L
(10)

Nu = 1 + 1.446
[

1− 1708
Ra× cos(θ)

]
+

{
1− 1708[sin(1.8θ)]1.6

Ra× cos(θ)

}
+

{[
Ra× cos(θ)

5830

]0.333
− 1

}
(11)

Ra =
gβ′Pr

ν2

(
Tp − Tg

)
L3 (12)

In Equations (11) and (12), Nu is the Nusselt number, θ is the collector slope, Ra is
the Rayleigh number, g is the Gravitational constant, β′ is the volumetric coefficient of
expansion, Pr is the Prandtl number, ν is the Kinetic viscosity, and L is the absorber-to-glass
cover distance. Moreover, in Equation (13), σ is the Stefan–Boltzmann coefficient, which is
5.67× 10−8W.m−2.K−4, and ε represents the emissivity.

hr,p−g =
σ(Tp + Tg)(Tp

2 + Tg
2)(

1
εp

)
+
(

1
εg

)
− 1

(13)

Similar to Equation (8), the heat transfer coefficient from glass to ambient is computed
from Equation (14):

Qt glass to ambient air =
Tg − Ta

Rg−a
(14)

In Equation (14), Rg−a denotes thermal resistance between glass and ambient air(
Rg−a

)
, which is obtained from Equation (15):

Rg−a =
1

Ac
(
hc,g−a + hr,g−a

) (15)

In which:
hr,g−a = εgσ(Tg + Ta)(Tg

2 + Ta
2) (16)

hc,g−a =
8.6×V0.6

L0.4 (17)

In Equation (17), V represents the wind velocity.
In order to obtain the top thermal resistance, which is another parameter in the

modeling and indicated by Rtop, the calculated thermal resistance between the collector
plate and glass

(
Rp,g

)
and the thermal resistance between the glass and ambient air

(
Rg,a

)
were added together as shown in Equation (18):

Rtop = Rp,g + Rg,a (18)
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Finally, as shown in (19), to obtain the overall heat loss coefficient (UL), three parame-
ters were added together, which are the coefficients for:

1. Bottom heat loss (Ubottom),
2. Top heat loss

(
Utop

)
,

3. Edge loss
(

Uedge

)
.

UL = Utop + Ubottom + Uedge (19)

Utop =
1

Rtop Ac
(20)

Ubottom =
k
L

(21)

Uedge =
(UA)edge

Ac
(22)

UL should be found based on a trial-and-error process for Tg and Tp. In that process,
for the determination of UL, in the first step, Tg and Tp are guessed, and with these assumed
values, UL is obtained according to the given governing equations until the outcome of
Equations (8) and (14) are close enough to each other. More details about modeling the flat-
plate solar collector are also found in [32], and that reference is introduced for that purpose.

3.2. Calculation Method of Payback Periods

The payback periods of energy, greenhouse gas emissions, and investment are dimen-
sionless, meaningful decision criteria to judge the installation of flat-plate solar collectors
in major cities in Iran. In addition, these three criteria are employed to find the optimal
location to install flat-plate thermal collectors.

In Iran, the government has a plan to install renewable energy systems, such as flat-
plate solar collectors for households, as a way, in part, to utilize more renewable energy
technologies. They will install the system for a building for free, and the investment is then
returned by the obtained profit via fuel saving. The payback period is taken into account
as the most important factor for policymakers in the Iranian government. For that reason,
the payback period is considered in this investigation. The payback period methods have
also been extensively employed for different renewable energy systems, which shows the
great popularity of them. The references [33,34] are provided as examples of a research and
review studies with regard to this topic, respectively.

3.2.1. Payback Period of Energy

Based on the definition, payback period of energy (EPBP) is defined as the energy
footprint of solar collectors divided by the yearly energy savings caused by the solar
collectors, as shown in Equation (23) [10]:

EPBP =
Eextraction_to_consumer

ENG
(23)

3.2.2. Payback Period of Investment

The number of years it takes to return an investment is called the payback period of
investment, briefly, IPBP. An investment is made for buying flat-plate solar collectors with
an area of AC. In this study, the employed flat-plate solar collector is simulated using the
model introduced in [2]. Therefore, and by following the methodology presented in [35]
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and the information in [2], the initial purchase price of a collector can be determined using
Equation (24) as a function of its area:

IPPf lat_plate_collector = 172.93
(

AC
3.00

)0.6
= 89.45A0.6

C (24)

In this study, the present value (worth) (PW) method is employed, which expresses
that the value of an amount of money that is paid or gained is different from its time
of origin due to inflation (i) and discount (d) rates. IPPf lat_plate_collector is paid at the
beginning of interval. Therefore, the PW of that is equal to the amount of payment, i.e.,
IPPf lat_plate_collector. This means:

PWIPP = IPPf lat_plate_collector (25)

In addition, another imposed cost to the system is the operating and maintenance
cost (CO&M). CO&M is assumed to be 2% of IPPf lat_plate_collector, which increases by the
inflation rate of iO&M in subsequent years. Consequently, the present value of payments for
operating and maintenance after N years is:

PWO&M =
N

∑
k=1

CO&M × (iO&M)k−1

(1 + d)k =
N

∑
k=1

0.05IPPf lat_plate_collector × (iO&M)k−1

(1 + d)k (26)

The expenses for the initial purchase price of the collector and the operating and
maintenance cost will be made up by the income from saving natural gas. Following
the same fashion as the operating and maintenance cost, the present value of the income
gained by saving natural gas, whose value in the first year is CNG, is obtained through
Equation (27):

PWNG =
N

∑
k=1

CNG × (iNG)
k−1

(1 + d)k (27)

The payback period of investment for the investigated system (IPBP) is the period
where the summation of PWIPP and PWO&M is covered by PWNG. Consequently, IPBP is
determined by solving Equation (28):

PWNG − PWO&M − PWIPP =
IPBP
∑

k=1

CNG×(iNG)
k−1

(1+d)k −
IPBP
∑

k=1

0.05IPPf lat_plate_collector×(iO&M)k−1

(1+d)k − IPPf lat_plate_collector = 0
(28)

It is worth mentioning that, as completely discussed in [6], Iran is a country with a
special economic condition. In Iran, the price of buying components is on the international
scale because they are imported from other countries. However, due to the very low dollar
exchange rate and the imposition of strong subsidies by the government, the price of
electricity and natural gas is too far from the international tariffs. Therefore, if the values
for the country were utilized, they would be quite different from the international values.
For this reason, and similar to the previous studies of the research team, reported in [6], for
the sake of providing a better insight compared to international levels, the value for the
United States, i.e., 0.3362 USD.m−3 is utilized as the natural gas tariff. iO&M, iNG and d are
also considered to be 2.00, 2.00, and 1.50%, respectively.

3.2.3. Greenhouse Gas Emissions Payback Period

In the absence of a flat-plate solar collector system, the heat required to meet the
heating demand is supplied by a fossil fuel system (such as a hot water coil). As a result, the
system usage prevents the release of some carbon dioxide emissions into the environment.
The environmental benefit of such an installation can be evaluated using a parameter
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called the payback period of greenhouse gas emission (GGEPBP). It is obtained from
Equation (29):

GGEPBP =
CDEextraction_to_consumer

AHC× cdeNG
(29)

In Equation (29), CDEextraction_to_enduser denotes the amount of carbon dioxide emis-
sions released between the material extraction stage and the consumer delivery stage. AHC
also represents the annual heat covered by the flat-plate solar collector system. cdeNG is
also the amount of carbon dioxide emissions (CDE) from the combustion of natural gas,
which is considered 0.185 kg.(kWh)−1 [36].

3.3. Decision-Making Approach

The analytical hierarchy process (AHP) is a method for ranking a number of alterna-
tives. Initially in AHP, the alternatives, that is, the criteria that are involved in decision-
making and the sub-criteria for each criterion (if any), are defined. Then, using the pairwise
comparison made by experts—first the alternatives, then the sub-criteria—the criteria are
evaluated, and the results for different cases in the matrix form. Each matrix is called a
matrix of pairwise comparisons. Comparisons are made by taking advantage of the scale
suggested by Saaty [37]. In the suggested scale, equal importance is shown by providing
the number 1 to the made pairwise comparison. If the alternative “X” is superior to the
alternative “Y”, a number greater than 1 is assigned to the made pairwise comparison. The
number could be between 1 and 9, which is of extremely high importance. The importance
of “Y” to “X” is the inverse value of the assigned number to the importance of “X” to “Y”.

There are a variety of decision-making approaches, such as the TOPSIS and LINMAP
methods. AHP has some great advantages compared to these. For example, it considers
the relative importance of different decision criteria. In addition, it has the capability of
defining sub-criteria in addition to the criteria. The ability to work with criteria that are not
numbers is another big advantage of AHP in comparison to other methods, such as TIPSIS
and LINMAP [38].

As it was indicated in the introduction, in this study, a decision-making approach
was employed to find the optimal location to install systems among the five cities. For
this purpose, AHP, as one of the more popular and widely used decision-making tools,
was chosen, while EPBP, IPBP, and GGEPBP, were selected as the decision criteria. Table 3
shows the values of the made comparisons of the decision criteria with respect to the goal
of decision making, which ranks the representative cities with regard to the installation
of flat-plate solar collectors. Based on the experts’ judgment, and as indicated in Table 3,
IPBP is the most important decision criterion, while, after that, GGEPBP is in second place.
EPBP is in the third rank, whose importance is close to that of GGEPBP. The full details of
the AHP process are detailed by the present study team in [37].

Table 3. Matrix showing the pairwise comparison of decision criteria.

EPBP IPBP GGEPBP

EPBP 1 1/4 1/2
IPBP 4 1 2

GGEPBP 2 1/2 1

4. Results and Discussion

A structure consisting of five parts was chosen to present the results of this study.
First, in Sections 4.1–4.4, the values of AC, EPBP, IPBP, and GGEPBP are provided for the
investigated cities and compared with one other, respectively. Then, in Section 4.5, an
optimal location analysis for the installation of the system is conducted using the AHP
method among the five cities.
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4.1. Model Validation

The model used for the simulation of system performance is very well known, and it
has been validated several times before in several research works. However, it is validated
again here to ensure there was no mistake incurred by the authors.

Validation was performed using the experimental data reported in the study of Al-
varez et al. [39]. Figure 4a,b demonstrate the comparisons for the mean plate and fluid
temperatures. There were only 1.55% and 1.59% errors between simulation and experi-
ment results in the average for the mean plate and fluid temperatures. Consequently, the
employed simulation has been verified.

Figure 4. Comparison of the simulation results with the experimental data reported in the study of
Alvarez et al. [39] for mean temperature of (a) plate and (b) fluid.
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4.2. The Area of Solar Thermal Collectors

As observed in Figure 5, with a value of 85.8 m2, Bandar Abbas has the lowest area
among the cities due to a minimum heating load. After that, Yazd and Tehran are in the next
places, in that order. For these two cities, the values of the collector areas are significantly
close. The required collector area for Yazd is 109.8 m2, while for Tehran, it is only 4.3 m2

higher, i.e., 114.1 m2. In Rasht, the installed area of the solar collectors was found to be
130.1 m2. The highest value found for a collector area among the five investigated cities
was in Tabriz: It is 174.2 m2, which is almost two times (exactly 2.03 times) larger than
Bandar Abbas.

Figure 5. The area of solar collectors in different cities.

4.3. Payback Period of Energy

The values of EPBP for the five cities are presented in Figure 6. According to Figure 6,
it is demonstrated that the EPBP for all the cities is within an acceptable range of two to
four years. Based on the obtained results, the best conditions for EPBP were observed to
be in Tehran. In this city, the EPBP is 2.42 years. As with the collector areas, the EPBPs for
Tehran and Yazd are close together, such that the value in Yazd is only 0.05 years longer,
i.e., 2.47 years. Bandar Abbas is in the third rank from this viewpoint, where its EPBP is
2.81 years. The EPBP for Tabriz is also 0.22 years longer, i.e., 3.03 years. Finally, with a value
of 3.29 years, Rasht was found to be the worst place among the five investigated cities from
an EPBP aspect.

4.4. Payback Period of Investment

As indicated in Figure 7, investment in the system is returned in a range of around
2.80 to 4.20 years, which shows that the plan is economically justifiable. In this case, the
trend is dependent on the collector area; Bandar Abbas, which is the city with the minimum
collector area, has the lowest IPBP. After that, Yazd and Tehran have IPBP values of 3.37
and 3.49 years, respectively. The IPBP for Rasht is 3.66 years, and Tabriz has the worst IPBP
among the cities with 4.20 years.
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Figure 6. The values of EPBP in different cities.

Figure 7. The values of IPBP in different cities.

4.5. Payback Period of Greenhouse Gas Emissions

In this case, as found in Figure 8, all the cities benefited from GGEPBP values below one
year, which reveals the high efficiency of installation in the system from an environmental
point of view. The ranks are similar to the EPBP case. However, the differences are closer.
For instance, the difference between Yazd and Tabriz, the cities in the second and third
ranks, is 0.56 years for EBPB, which is reduced to almost one-third here (0.16 years). With
0.69 and 0.94 years, Tehran and Rasht have the best and worst GGEPBP values among the
five investigated cities, respectively.
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Figure 8. The values of GGEPBP in different cities.

4.6. Optimal Location Analysis to Install the Solar Thermal Collector System

In AHP, each alternative gains a score out of 100, and each one that has the highest
score among the others is selected as the foremost item. The scores of the alternatives are
introduced in Figure 9, where Yazd is found to be the best location to install the system.
This city gains a score of 26.5 out of 100. For this city, despite none of the decision criteria
having the best value, all of them are at a good level. For example, the EPBP is 2.47 years,
which is the second-best rank among the cities. In addition, the IPBP for Yazd is 3.37 years,
which is the second most favorable value observed among the alternatives. Not only are
EPBP and IPBP in the second rank for Yazd, with a value of 0.71 years, the GGEPBP of this
city also has the second-best value among the cases.

Figure 9. The final scores of different cities for installation of the system.

Tehran, which is the nearest city to Yazd from with regard to all three mentioned
aspects, is found to be in the second rank of decision-making. Tehran has a score of 24.4
out of 100, which is 2.1 points below Yazd. Bandar Abbas is in the third rank with a score
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of 18.6. The main advantage of Bandar Abbas compared to Rasht and Tabriz is a much
lower heating demand, which leads it to having a better IPBP compared to them. For the
same reason, i.e., a lower IPBP compared to Tabriz, Rasht was chosen as the next priority,
and Tabriz, which has the highest heating demand and IPBP among the alternatives,
was selected as the last item in the list of cities. Furthermore, as observed, the proposed
approach is general, and it could be applied for any other set of the cities in Iran, or in other
countries of the world.

5. Conclusions

The current research work was conducted to answer the question, “Among the rep-
resentative cities of the diverse climatic conditions of Iran, which one is the best place to
install a flat-plate solar collector on a residential building?” Payback periods of energy,
investment, and greenhouse gas emissions (EPBP, IPBP, and GGEPBP) were selected as the
decision criteria, and, by taking advantage of the analytical hierarchy process (AHP) as a
systematic decision-making tool, the optimal location/city was chosen among representa-
tive cities of five different climatic conditions of Iran, namely, Tehran, Tabriz, Rasht, Bandar
Abbas, and Yazd. Proposing a method to determine the place with the highest potential to
utilize flat-plate solar collectors was taken into account as the innovation of this work. It
was performed using AHP as a systematic decision-making tool and based on the energy,
environmental, and economic criteria, which are the key aspects of an energy system. The
results demonstrated that, by gaining a score of 26.5 out of 100, Yazd is the best place for
utilizing this system. The values of EPBP, IPBP, and GGEPBP for this city are 2.47, 3.37, and
0.71 years, respectively. Tehran, Bandar Abbas, Rasht, and Tabriz were in the second, third,
fourth, and fifth ranks, respectively. They gained scores of 24.4, 18.6, 15.9, and 14.6 out of
100, respectively.
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Nomenclature

List of symbols
Ac Area of the collector (m2)
AHC Annual heat Covered by the flat plate solar collector (KWh)
C Cost
CDE Carbon Dioxide Emission
D Tube outside diameter
d Discount rate (%)
E Energy (J)
EPBP Energy Pay Back Period
F′ The factor for efficiency of the collector
F Standard efficiency of the fin
FR Heat removal factor
F′′ Flow factor
g Gravitational constant
Gt Irradiance (W.m−2)
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GGEPBP Payback period of greenhouse gas emissions
h The coefficient for heat transfer (W.K−1.m−2)
i Inflation rate (%)
IPBP Payback period of investment (Years)
IPP Initial purchase price ($)
k Thermal conductivity (W.m−1.K−1)
L Absorber to glass cover distance
Nu Nusselt number
.

m Mass flow rate (kg.s−1)
Pr Prandtl number
PW Present value (worth)
Q Heat flow (W)
R Resistance (m2.K.W−1)
Ra Rayleigh number
V Wind velocity (m.s−1)
T Temperature (K)
UL Overall thermal transmittance (W.m−2.K−1)
W Tube spacing (m)
Greek symbol
α Absorptivity
β′ Volumetric coefficient of expansion
θ Collector slope
δ Plate)
ε Emissivity
ν Kinetic viscosity
σ Stefan Boltzmann coefficient (W.m−2.K−4)
τ Transmissivity
Subscripts
a Ambient
bottom Bottom
c Convection
edge Edge of the glass
g Glass
i Inlet
NG Natural gas
o Outlet
O&M Operating and Maintenance
p Plate
r Radiation
top Top
Abbreviations
AHP Analytical Hierarchy Process
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