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a b s t r a c t

Facade Integrated Photovoltaic Systems (FIPS) is considered the most promising strategy to utilize solar
power in various buildings and enhance its energy efficiency in recent years. The sustainability perfor-
mance of FIPS needs to be evaluated. Hence, this study aims to analyze and compare the life cycle im-
pacts of FIPS using energy analysis, life cycle assessment (LCA), and life cycle costing (LCC), from cradle-
to-grave to identify the most sustainable alternative. Three types of PV facades using cadmium telluride
(CdTe), dye sensitizes (DSS), and Perovskite modules were investigated to determine the best and worst
economic and environmental options. Life cycle impact assessment was performed through cumulative
energy demand (CED), ReCiPe, greenhouse gas (GHG) emission rate, and the energy payback time (EPBT).
The ReCiPe results indicated that Perovskite and CdTe façades created the lowest and highest environ-
mental burdens, regardless of their lifespan. The module fabrication, along with panel manufacturing,
was the major contributor to the environmental impacts. Furthermore, the total CED for the CdTe facade
was 1975.6 MJ per m2, which was significantly higher than that for perovskite (587.1 MJ) and DSS
(1177.4 MJ) facades. Besides, the EPBT of DSS, CdTe, and Perovskite facades was 1.57, 1.21, and 0.6 years,
respectively. Moreover, the economic analysis, including LCC and the Levelized cost of electricity (LCOE)
of the DSS façade was estimated at 204 $ and 0.12 $/kWh, which indicated the lowest quantity among
other facades. Hierarchical adaptive weighting (HAW) was utilized as a multi-criteria decision-making
(MCDM) tool which assists to combine the suggested various criteria in environmental (e.g., GHG
emission rate, ReCiPe, CED), economic (e.g., LCC and LCOE), and energy (EPBT) aspects to a sustainability
index. Therefore, the analysis results indicated that the Perovskite façade was the most sustainable
options for building. However, the integrated LCC-LCA- HAW implies that choosing an option depends on
the policy maker’s approach.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The production of fossil fuel-based electricity has led to envi-
ronmental problems, such as climate change, water and air pollu-
tion, and the degradation of natural resources. Development and
implementation of renewable energy technologies is the appro-
priate solution to overcome environmental problems and meet
future energy needs. Among the available energies, solar energy,
especially photovoltaics (PV), has attracted much interest in the
public and private sectors (Sagani et al., 2017). According to the
International Energy Agency, the amount of electricity generated
from solar systems has reached 720 TW per hour, increasing 23%
over the previous year. However, at the beginning of the twentieth
century, this number was only 1 TWh.

In general, network-connected PV systems are the fastest-
growing part of the energy market (Rüther and Zilles, 2011). Solar
modules and the balance of systems (BOS) are the main compo-
nents of a representative PV system (Hou et al., 2016). PV modules
are made of different materials, which are defined in three gener-
ations: Silicone-based module (first generation), thin-film module
(second generation), and nanomaterials (third-generation) (Liu
et al., 2015; Allouhi et al., 2019). BOS contains inverters, trans-
formers, controllers, junction boxes, cable wires, installation
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systems, etc. (Hou et al., 2016). In recent decades, solar technologies
in the research and development phase, such as color-sensitive
solar cells (DSS), Perovskite solar cells, and cadmium telluride
(CdTe), have grown significantly. Further research is needed on
current and future environmental and energy performance (Ludin
et al., 2018a; Fthenakis and Kim, 2011).

PV systems can be installed on the surfaces of buildings, such as
roofs or facades, which simultaneously generate electricity by
meeting the other functions of building structures. Compared to
large-scale PV power plants, this combination can lead to cost
savings. Especially in expensive facade systems, the cost of cladding
may be equal to the PV modules’ cost. Facade Integrated Photo-
voltaic Systems (FIPS) are glass substrate semi-transparent PV
modules, which are utilized to substitute with conventional glazing
to form the building facades (Peng et al., 2016a). The FIPS presents a
new approach to incorporate the necessity for an energy-saving
window with the requirement for renewable energy production.
Meanwhile, they can simultaneously meet the requirements of
building aesthetics (Cheng et al., 2018). The primary function of the
FIPS is to provide in-situ generation of electricity via photovoltaic
effect and to diminish the air conditioning cooling load through
obstructing passive solar gain (Peng et al., 2016b). The International
Energy Agency (IEA) forecasted that building-integrated PV tech-
nology could be carried out in all kinds of buildings and have the
capacity to develop in the future (Muhammad-Sukki et al., 2014).
Directive 2010/31/European Union (EU) and the Thirteenth Five-
year Plan to develop strategic emerging industries of China
encouraged the extension of building-integrated solar systems
(European, 2009; Li et al., 2020). Building facades show extensive
surface facilities for integrating PV panels and growing to prolif-
eration in the market segment (Sorgato et al., 2018). Due to 40% of
Europe’s generated energy consumption in buildings, the Directive
2010/31/EU aimed to transform all buildings into "near-zero energy
buildings” (Magrassi et al., 2016). Building construction, which its
environmental impact is low, is the building sector ’s crucial
objective (Thormark, 2002). Moreover, in the last few years, envi-
ronmental criteria are evaluated at the same level of aesthetics,
economics, and operational standards in new architectural design
trends (Coma et al., 2017). Therefore, the sustainability and envi-
ronmental performances of FIPS need to be evaluated through
different approaches such as LCA and LCC.

LCA is an analysis technique to evaluate environmental burdens
connected to all the steps of a commodity or process’s life from the
cradle-to-grave or cradle-to-cradle scope (Muralikrishna et al.,
2017). The environmental consequences of energy technologies
have been assessed through this method, and their results are
progressively utilized for the development of energy policy and
making decisions on the R&D budget (Fthenakis and Kim, 2011).
Recently, two of the most common indicators, including EPBT and
GHG emissions, were increasingly applied to explore the ecological
impact of PV technologies by researchers (Hou et al., 2016;
Baharwani et al., 2014; Mustafa et al., 2019). The quantities of EPBT
and GHG of PV systems were different due to various
manufacturing, installation time/location, and installation type
(e.g., façade, rooftop, or ground-mounted systems (Celik et al.,
2016; Espinosa et al., 2015). Many LCA works have been conduct-
ed on photovoltaic systems. Ludin et al. (2018b) reviewed and
explored LCA studies on five standard photovoltaic technologies
(silicon, thin-film, dye-sensitized, perovskite, and quantum dot-
sensitized). They discussed them regarding CED, EPBT, and GHG
emission rates. It was concluded that themonocrystalline silicon PV
system exhibited the highest energy consumption, longest EPBT,
and excessive GHG emission rates compared with other PV tech-
nologies. Recently, the LCA of façade integrated PV systems using
various modules has attracted attention, and a few studies have
2

been conducted on it (Ng and Mithraratne, 2014; Perez et al., 2012;
Hengevoss et al., 2016). For example, Oliver and Jackson (2001)
investigated the energy and economy of facade-integrated photo-
voltaics in Europe. A quantity of 2.9 MJ/kWh of embodied energy
was required for the muli-silicon modules mounted on the façade.
The findings indicated that the cost of energy and economy reduced
if the expenditure of avoided building materials were considered.
Perez and Fthenakis (2011) evaluated the environmental footprint
of the mono-silicon façade system. They stated that the EPBT and
GHG emissions rate of the systemwas 3.81 years and 60.5 gCO2 eq/
kWh. Ng and Mithraratne (2014) investigated the LCA (CED and
GHG emission rate) and LCC of commercially available crystalline
silicon modules against traditional double-glazed windows in
Singapore. It was concluded that the PV modules manufacturing
utilized the significant primary energy, and the EPBT was ranged
from 0.68 yr to 1.98 yr. Mustafa et al. (2019) examined the LCA of
window integrated PV systems via a dye-sensitized solar cell. Their
findings represented the quantities of CED, EPBT, and GHG emission
rates were 18.75 GJ/kWh, 2.42 years, and 70.52 gCO2-eq/kWh,
respectively. Also, Perez et al. (2012) evaluated the environmental
profiles of façade integrated photovoltaics via the monocrystalline
silicon solar module. The estimated EPBT and global warming po-
tential of this systemwere 0.8 years and 10.2 gCO2/kWh. However,
works as mentioned above, consider the silicon PV integrated fa-
cades regarding global warming potential and energy analysis. To
the best of our knowledge, LCA research investigates and compares
three types of PV technologies (CdTe, DSS, and Perovskite) mounted
on building facades from the environmental, energy, and economic
point of view is lacking. It is also very essential and needing im-
mediate attention to develop a framework based on LCA and LCC to
identify the sustainable alternative.

This research intends to investigate the environmental and
economic performance of the FIPS using LCA, LCC, and energy
analysis approach. Three photovoltaic (PV) façade using CdTe, DSS,
and Perovskite modules were investigated and compared. Besides,
an integrated HAW- LCA- LCC model was established to select a
sustainable PV façade system. Three environmental (CED, GHG
emission rate, and ReCiPe), two energy (EPBT and LCOE), and two
economic (IRR and LCC) indicators were applied to examine the
module fabrication/installation, BOS, and transportation processes.
This work provides decision-makers or stakeholders a clear image
of different solar facades to identify the optimum economic and
ecofriendly option.

2. Methodology

2.1. Goal and scope

The goal of this study was to carry out LCA, LCC, and energy
analyses of three types of FIPS, which are manufactured from CdTe,
DSS, and Perovskite modules. The specifications of the three sys-
tems are summarized in Table 1. The scope was cradle to gate,
starting from the extraction of feedstock or unprocessed material
and continuing through the end of the system operation period.
The functional unit was defined as one m2 of the facade area based
on the PV module area to examine the production, and surface
functions. The electricity generation unit was not chosen to prevent
the inter the external parameters such as irradiation, PV system
performance, and module efficiency, which has no or little link
related to energy consumption during the construction of the
module and other components of the facades (Alsema, 1998).

2.2. System boundary

The system boundary and flowchart of this work was shown in



Table 1
The specifications of three FIPS.

FIPS module Type of installation BOS

Inverter Cable (kg/m2Þ Aluminum (kg/m2Þ Steel (kg/m2Þ
DSS Curtain wall 0.5 kW 0.24 9 0
Perovskite Double skin façade 0.5 kW 0.24 0.277 6
CdTe Double skin facade 0.5 kW 0.24 0.277 7.2
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Fig. 1. It includes producing of raw materials, modules and their
equipment’s processing and manufacturing, and their use in the
building facade.

2.3. Life cycle inventory

The input material and energy used in LCA of solar panels were
obtained from literature: dye-sensitized solar cell from (Parisi et al.,
2014a; Amarakoon et al., 2018; de Wild-Scholten et al., 2007), the
perovskite solar cell from (Gong et al., 2015), and cadmium telluride
solar cell from (Vellini et al., 2017). Waste solvent recovery equal to
100% was considered as recommended by (Geisler et al., 2004).
Table S1 shows the input data and energy for each production
process. The grid-connected photovoltaic system was considered
for building façade integration. The consumed energy was based on
Iranian energy data. According to the Ecoinvent library and Inter-
national Energy Agency)IEA(electricity sources in Iran consist of
83% natural gas, 8.5% oil, 4.9% hydropower, 2.4 nuclear, and 1.2%
other renewable energy (Treyer and Bauer, 2016; Agency and
Electricity, 1990). Data about the building facade was taken from
the Soorin Company (soorinco et al., 2020), which provides the
technical engineering service about design, production, and
installation of façade in Iran. This study assumed that the
manufacturing of PV modules and inverters are accomplished in
the city of Tehran in Iran. The transportation distance of 200 km by
truck was considered to deliver the PV system equipment and the
remaining raw materials needed for the building façade to the
installation site (the city of Qom).

The data were analyzed using the SimaPro software. SimaPro is
one of the leading software programs used for LCA studies
(Herrmann and Moltesen, 2015). It is provided by Pre Consultants,
in the Netherlands, and utilized by many professionals in industry
and academics (Pre-sustainability and 2012., 2012). It allows us to
examine quickly modeling and analyzing complex life cycles,
Fig. 1. System boundary and a flow diagram fo
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estimating the environmental impact of products through their life
cycle stages, and identifying their hotspots. Besides, flexibility and
ease to use, a large quantity of data included, multiple impact
assessment methods available are its main advantages (Starostka-
Patyk, 2015; Iswara et al., 2020).
2.4. Life cycle assessment

Environmental burdens were assessed using the LCA analysis
based on the technique described by the International Organisation
method for Standardisation (O14040 and Environmental M, 2006).
Four indicators, including CED, EPBT, GHG emission rate, and
ReCIPe, were utilized to examine environmental impacts. To
compare the results obtained in this work with previous studies
(Mustafa et al., 2019; Ng and Mithraratne, 2014; Perez and
Fthenakis, 2011), the above indicators were selected.
2.4.1. ReCiPe
The ReCiPe techniquewas conducted based on themidpoint and

endpoint methods. The principles and procedures of the ReCiPe
method to calculate the life cycle impact category indicators were
described by Goedkoop et al. (2009). Midpoint indicators concen-
trate on single environmental issues, such as freshwater eutro-
phication, terrestrial ecotoxicity, marine ecotoxicity, human non-
carcinogenic toxicity, etc. The endpoint indicators represent the
environmental burdens on three categories: ecosystems, resources,
and effects on human health. They were estimated from multi-
plying of definite damage factors on the midpoint impact
indicators.
2.4.2. GHG emission rate
The GHG emission ratewas estimated by the Eq (1) (Constantino

et al., 2018):
r the manufacturing of PV façade systems.
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GHGemrate ¼
GHGemtotal

ELCAoutput

(1)

Where, GHGemrate is the greenhouse gas emitted from the unit of
electricity produced by the FIPS (g CO2-eq/kWh), GHGemtotal is the
total greenhouse gas emitted during the life cycle FIPS (g CO2-eq),
and ELCAoutput

is the total electricity produced by the FIPS during its
life cycle (kWh).

The ELCAoutput
was calculated by Eq (2) (Amarakoon et al., 2018).

ELCAoutput
¼ SI � PR � E�A �

XLT�1

n¼0

ð1� DRÞn (2)

Where SI is the solar irradiation level (kWh/(m2$year)). PR is the
performance ratio defined as the proportion of the real and theo-
retically feasible energy output (%). A is the area of themodule (m2).
LT is the lifetime (years). The n is the number of years the panel has
been worked, and DR is the yearly degradation rate, which is
decried based on the percentage of the prior year’s energy
production.

2.4.3. CED
The CED is a method that estimates the quantity of the direct

and indirect energy (also called primary energy) used during the
entire life cycle of a FIPS from module manufacturing, PV system
fabrication, transportation, and BOS. It was performed via the CED
(version 1.11) method in Simapro software.

2.5. Energy analysis

2.5.1. EPBT
EPBT is a standard indicator to assess an energy production

system (Mustafa et al., 2019; Parisi et al., 2020). It refers to the time
acquired to generate the energy utilized throughout the life cycle of
a FIPS. EPBT was calculated according to Eq. (3) (Parisi et al., 2020):

EPBT ¼ CED
YEO� C

(3)

Where CED is the cumulative energy demand (MJprimary), C is the
electrical conversion factor (MJelectrical/MJprimary), which represents
the energy efficiency from electricity to primary energy.

YEO is the annual energy production (MJelectrical/Year) that was
calculated based on Eq (4) (Mustafa et al., 2019; Parisi et al., 2014a;
Fthenakis et al., 2008):

YEO¼Area� IRMY � CEFIPS � PR (4)

Where the area is façade area (1 m2), IR is the mean solar radiation,
in Iran (1600 kWh/m2/years) (Solargis and solar resource, 2020), CE
is the conversion efficiency of FIPS, and PR is the performance ratio
Table 2
PV technology properties are assumed for the EPBT calculation.

Parameter Unit DSS

Conversion efficiency (CE) Percent 8 (Parisi et al., 2014b)
Active area (AA) 0.75 (Parisi et al., 2014b
Performance ratio (PR) e 0.75 (Hengevoss et al.,
Lifetime Years 20 (Parisi et al., 2014b)
Degradation rate percent 1 (Parisi et al., 2014b)
Irradiation kWh/m2/year 1241-1972 (https://sola
Vertical effect e 0.9 (Hengevoss et al., 2
Total electricity generation kWh 64.41
total energy output for lifetime 1177.64

4

(%). Table 2 summarized all constants utilized for analysis.

2.6. Economic analysis

2.6.1. LCOE
The cost of the PV systemwas determined by the cost per unit of

electricity produced by the system (cost/kW h), expressed by the
Levelized cost of electricity (LCOE). LCOE measured the price of
electricity-generating from various sources over a while. Besides,
because residential consumers

̕

electricity bills are usually reported
at the cost per kilowatt-hour, this approach is easily understood by
them and is used in this study. The necessary steps in determining
the cost of unit energy using the LCOE method are: (1) calculation
of total energy produced by the PV system during its economic life,
(2) estimation of investment costs (e.g., operations and mainte-
nance costs), and (3) divides the cost of the life cycle by the energy
produced by the system (Adaramola, 2015). The LCOE was esti-
mated according to the following Eq (5) (Allouhi et al., 2016):

LCOE¼
PLP

t¼0
Ct

ð1þrÞt
PLP

t¼0
Et

ð1þrÞt
(5)

Where Ct is the total cost ($) of the project for awhole lifetime, LP is
its lifetime (year), r is the discount rate (%), t is the year of operation,
and Et is the energy created by the system (kWh). The Ct and Et can
be estimated by Eqs (6) and (7).

Ct ¼ It þ Ot þMt (6)

Et ¼ Stð1� dÞt (7)

Where It is the initial investment cost ($), Ot is the operation cost
for time t ($), Mt is the maintenance cost for time t ($), St is the
annual rated energy output (kWh), and d is the degradation rate of
PV panel (%). The initial investment included the cost of raw ma-
terials, constructing modules, BOS equipment, structural systems,
and the cost of installing and operating the system and trans-
portation. In this study, the annual maintenance costs of wiping the
PV surface and substituting the order components were considered
1% of the initial investment (Evola andMargani, 2016). The possible
increment in performance and maintenance costs because of sys-
tem aging were not considered (Adaramola, 2015). A country-
specific discount rate must be estimated to attain a realistic
conclusion for financing the systems connected to the PV network
in Iran. For Iran, the discount rate was assumed at 5.6% (Allouhi
et al., 2019; Evans and Sezer, 2002). Besides, the cost of electricity
consumed was taken from the SATBA organization in Iran (2019).
The energy created from the three systemswas calculated for thirty
years. According to the lifespan of themodule, no displacementwas
assumed for the CdTe system. The DSS and Perovskite systems were
designed to replace modules one and six times during the thirty
Perovskite CdTe

11 (Gong et al., 2015) 9.8 (Vellini et al., 2017)
) 0.70 (Gong et al., 2015)
2016)

5 (Celik et al., 2016) 30 (Vellini et al., 2017)
2 (Qian et al., 2019) 0.6 (https://www.nrel.gov/docs, 1664)

rgis.com/maps)
016)

81.82 106.27
400.79 2910.73
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years. Table S1 summarized the economic parameters utilized for
the LCC analysis.

2.6.2. IRR
Two parameters, including Net Percent Value (NPV) and Internal

Return Rate (IRR), were evaluated for cost-effectiveness analysis of
PV based energy. A project will be lucrative when the corre-
sponding NPV is positive. The NPV is calculated according to the
following equation;

NPV ¼ � Sþ CF1
ð1þ rÞ1

þ CF2
ð1þ rÞ2

þ…þ CFn
ð1þ rÞn ¼

� S
Xn

j�1

CFJ
ð1þ rÞj

(8)

Where n is the project life, CF is the net cash flow of the investment
project in n year, r is the discount rate, and S is the primary in-
vestment in the project.

The IRR of an investment is the rate of return, which sets NPV of
all cash flows equal to zero. It can be estimated by (9). The inflation
rate is assumed 2% annually. Moreover, the sale price of electricity
in Iran is calculated to be 0.07 USD per kilowatt-hour, with an
increment of 2% of the price during the project (a.O. (A) and Inv,
2020).

NPV ¼ � Sþ
Xn

j�1

CFJ
ð1þ IRRÞj

¼ 0 (9)

2.6.3. LCC
LCC considers the sum of all the real-life costs, including

acquiring, operating, maintaining, and disposing of a system, in
present value. In other words, it can be expressed as the aggrega-
tion of initial costs, maintenance and repair costs, and replacement
costs. Initial costs are defined as the sum of costs incurred in the
system technologies (e.g., solar modules, retaining structures, ca-
bles, inverters, etc.). To determine the initial investment cost, the
amount of raw material and energy required to construct one m2

solar system, including cells, frames, structures, wires, and in-
verters, was assumed (Table S2). The shipping cost has beenwaived
due to its small quantity. The maintenance and repair costs are
described as the expenses incurred in the operational phase, esti-
mated from supplier quotes and published estimating guides. This
cost was explained previously in the 2.5.1 section. Replacement
costs are specified as the expenditure incurred during the
replacement of components. The life of the FIPS system was
determined by the number and timing replacements of its com-
ponents. In this study, the lifetime of PV modules and inverter, as
illustrated in Table 1. The replacement costs were calculated using
Eqs (6) and (7).

2.7. MCDM

MCDM is a substantial scientific procedure utilized by specialists
to explicitly evaluate the multiple alternatives to select the best
option, classify alternatives, or rank alternatives based upon re-
strictions, preferences, and precedences of decision-makers
(Mardani et al., 2015; Guitouni and Martel, 1998). This method in-
volves organizing and dealing with decision problems with various
criteria and indicators. In recent decades, MCDM has been applied
in many disciplines such as engineering, planning, and manage-
ment due to its flexibility in evaluating different subjects (Nadkarni
and Puthuvayi, 2020; Moffett and Sarkar, 2006). Hwang and Yoon
5

(Hwang and Yoon, 1981) conducted a review of the method and
application of MCDM. The number of methods, including Simple
Additive Weighting (SAW) (MacCrimmon, 1968), Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS)(Hwang
and Yoon, 1981), Analytic Hierarchy Process (AHP) (TL, 1980), and
HAW (Nedher AL-Safwani, 2014; Nik et al., 2009; Vinogradova,
2019), etc. have been found in the literature for conduction
MCDM. Recently, the MCDM techniques were used as tools that can
be integrated with LCA to investigate the products ’s sustainability
(Jeswani et al., 2010; Campos-Guzm�an et al., 2019). In this work,
HAW was used to examine all feasible situation and their linked
choices for choosing the best options based on their environmental
aspects (GHG emissions rate, CED, and ReCiPe endpoints), eco-
nomic issues (LCC and IRR), and energy parameters (LCOE and
EPBT). The HAW was formed from the following steps:

1. Specify the goal, criteria, and alternative
2. Create a decision-making matrix.
3. Normalizing the decision-making matrix (Eqs (10) and (11))(Nik

et al., 2009; J, 2004).

Cj ¼
1
rijPm
i¼1

1
rij

; J ¼ 1; 2;3 (10)

Cj ¼
1
rijPm
i¼1rij

; J ¼ 4 (11)
4. Estimate the relative weights of criteria using an entropy tech-
nique (Eq. 12e14) (Nik et al., 2009; J, 2004). Pij is a probability
distribution function, m is the number of alternatives, n is the
number of criteria, rij is the number of jth criteria for an ith
alternative, dj is the uncertainty or degree of deviation, and w is
the weight of sub-criteria.

Pij ¼
rijPm
i¼1rij

;cij (12)

dj ¼1þ 1
lnðmÞ

Xm

i¼1

�
Pij:ln

�
Pij

��
(13)

W2 ¼Wj ¼
djPn
i¼1dj

;cj (14)
5. Aggregate weights of normalized alternative and multiply them
in the scores of criteria weight.

6. Specify the ranks of the alternatives.

To implement the HAW model in this study, the following steps
were performed. First, the goal (selecting the most sustainable PV
facades) was defined. Second, seven sub-criteria (LCC, IRR, LCOE,
EPBT, CED, GHG emission rate, ReCiPe) were characterized ac-
cording to environmental, energy, and economic attributes. The
values related to these criteria were obtained from sections 2.4, 2.5,
and 2.6. Third, three alternatives including Cd Te, DSS, and Perov-
skite FIPS were considered. Forth, a decision-making matrix based
on alternatives and sub-criteria was developed and normalized by
Eqs (10) and (11). Besides, the relative weights of sub-criteria were
calculated using Eq. 12e14. Fifth, to achieve the final alternative
score, the summation of weights of normalized alternative was
multiplied by the weight of sub-criteria. Finally, the ranks of the
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alternatives were identified according to the final alternative score.
Fig. 2 presents three levels of the suggested hierarchical model
based on the HAM method. Data analysis was performed using the
Criterium Decision Plus software (version 4.0, InfoHarvest Inc.,
USA).
3. Results

3.1. ReCiPe

This research examined the environmental profile of 1 m2

various types of façade-integrated photovoltaic using the Recipe
Midpoint (H) method. Although this method examined eighteen
midpoint impact categories, the results of six indicators (e.g.,
freshwater eutrophication, terrestrial ecotoxicity, freshwater eco-
toxicity, marine ecotoxicity, human carcinogenic toxicity, and hu-
man non-carcinogenic toxicity) were exhibited due to having
relatively larger quantities. Fig. 3 presents the normalized envi-
ronmental impacts of three types of façade-integrated photovoltaic
systems (CdTe, perovskite, and DSS). In all systems, marine eco-
toxicity had the most significant impact on quantities. The module
fabrication, along with panel manufacturing, was the most signif-
icant contributor to marine ecotoxicity for CdTe (51.55%), perov-
skite (56.8%), and DSS (53.68%) facades. The balance of the system
also indicated a significant influence on marine ecotoxicity with
values from 51.78% (DSS), 43.11% (perovskite), to 42.07% (CdTe). The
second most important group was the freshwater ecotoxicity, in
which module fabrication, along with panel manufacturing, was
the primary causal factor in the occurrence of CdTe (29.73%) and
perovskite (27.82%) facades. Moreover, As can be seen in Fig. 3, the
Perovskite PV façade illustrated lower significant quantities of
environmental impact while the highest ones were observed in the
Cd Te façade. In other words, Perovskite FIPS was the more envi-
ronmentally friendly façade among the three FIPS.

Since a most portion of the environmental burdens in the life
cycle of FIPS were originated from the production of modules, their
materials contribution to five impact categories were evaluated.
Fig. 4, 5, and 6 depicted the results of LCA analysis of three types of
module fabrication (perovskite, DSSC, and CdTe) using Recipe mid-
point.
Fig. 2. The hierarchy for the level of factors involve
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In Fig. 4 for the perovskite FIPS, the cathode deposition process
was the most considerable contributor of environmental indicators
(e.g., freshwater eutrophication (77.62%), terrestrial ecotoxicity
(36.81%), freshwater ecotoxicity (88.80%), marine ecotoxicity
(90.94%), human carcinogenic toxicity (54.18%), and human non-
carcinogenic toxicity (87.15%)). Silver had the largest share
(75e97%) to create the above-mentioned environmental burdens,
except freshwater ecotoxicity.

As presented in Fig. 5 for the DSS, the FTO glass most significant
influential contributor. It was responsible for 37.46% in freshwater
eutrophication, 74.82% in terrestrial ecotoxicity, 37.19% in fresh-
water ecotoxicity, 32.84% in marine ecotoxicity, 76.13% in human
carcinogenic toxicity, and 35.59% in human non-carcinogenic
toxicity. In the FTO glass process, transportation had the most
significant influence on creating the above-mentioned environ-
mental consequences except human carcinogenic toxicity.
Aluminum oxide (43.82%), along with transportation (30.33%), was
the most considerable contributor to cause human carcinogenic
toxicity.

In Fig. 6, the Cd Te PVmodule system had a significant role in the
environmental impacts of panel manufacturing. It was responsible
for 85.80% in freshwater eutrophication, 85.23% in terrestrial eco-
toxicity, 83.48% in freshwater ecotoxicity, 84.33% in marine eco-
toxicity, 73.58% in human carcinogenic toxicity, and 84.91% in
human non-carcinogenic toxicity. Copper was the most critical
factor (share more than 57%) in creating the impact categories lis-
ted above.

The results of three façade-integrated photovoltaic (Cd Te, DSS,
and perovskite) were compared using Recipe Endpoint in Fig. 7. As
shown in the graph, all façades caused the most incredible damage
to human health than the ecosystem and resources. Perovskite and
Cd Te façades achieved the lowest and largest scores in all damage
categories) human health, ecosystem, and resources). It illustrates
the environmental benefit of the perovskite façade. The con-
tributional analysis depicted that the significant causal factor in the
PV integrated facades originated from the quantity and type of raw
materials (Fig. 7).
d in selecting the most sustainable PV facades.



Fig. 3. Normalized environmental impacts of 1 m2 of three types of façade-integrated photovoltaic systems (CdTe, perovskite, and DSS).

Fig. 4. The impact contributions of the relevant steps of the perovskite module and panel manufacturing, calculated with Recipe midpoint H characterization impact assessment
method.
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Fig. 5. The impact contributions of the DSS module ’s relevant steps and panel manufacturing, calculated with Recipe midpoint H characterization impact assessment method.

Fig. 6. the impact contributions of the relevant steps of the Cd Te module and panel manufacturing, calculated with Recipe midpoint H characterization impact assessment method.
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3.2. CED

The total CED for the Cd Te facade was 1975.6 MJ per m2, which
was significantly higher than that for perovskite (587.1 MJ) and DSS
(1177.4 MJ) facades. In Table S2, the material contribution of three
FIPS in CED was displayed. As can be seen in this graph, most of the
CED of all FIPS resulted from electricity and BOS, respectively. The
previous studies reported that the cumulative energy demand for
8

first-generation silicon modules ranged from 2699 to 5253 MJ/m2

and for amorphous silicon varied between 862 and 1731 MJ/m2

(Peng et al., 2013). For exploitation opportunities of the façade
photovoltaic system integrated into architectural elements, even at
vertical levels that are essentially subjected to the outside, there is a
need for a new concept of framing, cabling, and connection engi-
neering still under improvement (Parisi et al., 2014a).



Fig. 7. Recipe endpoint impacts of façade-integrated photovoltaic systems (Cd Te, DSS, and perovskite) and their process contributions to the environmental consequences (pie
charts).
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3.3. EPBT

Fig. 8 presented the EPBT comparison between three FIPS. As
shown in the diagram, the EPBT of the whole system estimated for
the perovskite is 0.6 years, which was considerably lower than
those of Cd Te (1.21) and DSSC (1.57). Module fabrication allocated
more than 65% of the calculated EPBT in all FIPS. Besides, in Fig. 8,
the EPBT values of various rooftop PV system were illustrated. The
second (Cd Te) and third (perovskite and DSSC) generation tech-
nologies of solar panel façade had relatively lower EPBT compared
to the first (mono silicon) and second (multi silicon) generation of
roof systems. In general, the perovskite indicated the shortest value
of EPBT than other technologies.

3.4. GHG emission rate

Fig. 9 presented the GHG emission ratio of three FIPS and its
comparisonwith roof types. Clearly can be seen in this diagram; the
maximum value of greenhouse gases emitted by all technologies
was the responsibility of themodule. The GHG emissions rate for Cd
Te is 33.63 g CO2-eq/kWh, which was significantly lower than
perovskite (98.62 g CO2-eq/kWh) and DSSC (64.57 g CO2-eq/kWh).
For rooftop technologies, the range of GHG emission rates was
21e36.9 g CO2-eq/kWh, which substantially lower than perovskite
and DSSC facades, as displayed in Fig. 9. Generally, the GHG emis-
sion of Cd Te was 38 and 51% less than the perovskite and DSSC
systems, while almost equal to the second-generation roof systems
(CIS and Amorphous).

3.5. Economic analysis

Table 3 shows the estimated costs of the life cycle and the LCOE
9

of various façade-integrated photovoltaic. The PV module, BOS,
initial investment, and O&M were the components that made up
the cost. The PV modules were the most significant contributor of
the three systems, which represent 63.9% (for Cd Te), 44.8% (for
DSS), and 51.5% (for perovskite) of total expenditures. As shown in
the table, the Perovskite system had the highest LCC, while DSS was
the lowest. Moreover, the LCOE of the DSS system estimated 0.12
$/kWh, which indicated the lowest quantity among other systems.

Fig. 10 represents the relationship between IRR and the selling
price of the electricity. As can be seen in this graph, with an
increment of the selling price, the IRR of the three facades increased
significantly. The slope of increasing the IRR for the perovskite
facade is greater than the other two systems. In other words,
although the perovskite system has a lower setting up cost than the
other two systems, it can enhance the IRR more quickly. The CdTe
and DSS systems improved their IRR with the same and gentle
slope as the selling price of electricity raised. In general, with the
current electricity prices in Iran, none of the systems has economic
returns.
3.6. Decision-making analysis

Table 4 illustrates the values of sub-criteria, including LCC, IRR,
LCOE, EPBT, CED, GHG emission rate, ReCiPe as decision-making
matrix, and their weight. As shown in this Table; the estimated
weights based on the entropy method, were very close. Hence, the
criteria have a relatively identical influence on the decision-making
process. Fig. 11 shows the overall score and rank of alternatives
within the decision model. Considering this figure, Perovskite FIPS
attained the highest score. It means that in MCDM using the HAM,
it was selected as the overall best alternative from environmental,
economic, and energy aspects. It worthmentioning that it is not the



Fig. 8. The total CED (a) and EPBT (b) of façade-integrated photovoltaic systems (Cd Te, DSS, and perovskite).
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Fig. 9. GHG emissions rate of façade-integrated photovoltaic systems (Cd Te, DSS, and perovskite).

Table 3
Life cycle cost and LCOE of various façade-integrated photovoltaic.

System Total PV module cost ($) Displacement time of PV (No) BOS cost ($) Initial cost ($) O&M cost ($) LCC ($) LCOE ($/kWh)

CdTe 195 0 15 25 70 305 0.18
DSS 91.5 1 36 30 47 204 0.12
Perovskite 282 6 14 125 126 547 0.15
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best option in all decision sub-criteria. For example, Perovskite FIPS
was ranked third in LCC and GHG emission rates.
4. Discussion

Facade integrated photovoltaic systems have received
increasing attention from some architects and urban planners who
want to implement attractive and innovative projects that are both
cost-effective and more efficient electricity generators. To meet
their needs, BIPV plants developedmany technologies, especially in
the module sector (Freitas and Brito, 2019). However, various types
of modules (e.g., cadmium tellurium, dye sensitizes, and amor-
phous silicon) used in the construction industry have some ad-
vantages and disadvantages, including the use of toxic materials or
scarce raw material, or substantial manufacturing costs, or short
lifetime guarantees (Freitas and Brito, 2019). Thus, the evaluation of
the sustainability performances of FIPS using LCA and LCC are
required for the success of future solar facades in the cities.

This study first investigated the performance of three types of
PV facades (CdTe, DSS, and Perovskite) via various criteria,
including environmental, economic, and energy aspects. Second, a
multi-criteria decision-making analysis using the HAW tool was
utilized to integrate the criteria as mentioned earlier and select the
best sustainable options. From an environmental perspective, the
lowest and highest environmental damages) human health,
11
ecosystem, and resources) were achieved for Perovskite and Cd Te
FIPS. Since most portion of the environmental burdens in the life
cycle of FIPS was originated from the production of modules, the
hazardous substance such as copper utilized in Cd Te module
fabrication was a fundamental reason for the high toxicity. The
importance of the stage of module fabrication and release of its
toxic materials creating environmental impacts was proven in prior
works (Perez et al., 2012; Park et al., 2019; Fthenakis, 2004).
Consequently, a more environmentally façade can be made based
on the perovskite module, which switches to decreasing the con-
sumption of raw materials for module production and energy uti-
lization for transportation.

From the perspective of global warming, the GHG emission of Cd
Te was significantly less than the perovskite and DSSC systems. One
of the most important factors influencing the GWP emissions is the
longevity of the systems, thereby with decreasing the lifespan, the
quantity of this indicator increases (Ludin et al., 2018b). Besides,
module efficiency is another influential factor, which its reduction
leads to GHG increment (Zhang and Huang, 2017). Although the
second and third-generation modules consume less energy and
emit fewer pollutants, they have a higher GWP due to their shorter
lifespan and lower efficiency (Ludin et al., 2018b; Peng et al., 2013).
For example, the lifespan and efficiency of the perovskite FIPS are
16 and 78% of the mono-silicon façade. In this case, its GWP was
2.67 times that of mono silicon. Eventually, the Cd Te FIPS produced



Fig. 10. The relationship between IRR and the selling price of electricity.

Table 4
Decision-making matrix and related weight for selecting the most sustainable PV facades.

Alternative Criteria

LCOE ($/kWh) IRR (%) LCC (($) EPBT (year) GHG emissions rate (g CO2 eq/kWh) CED (MJ) ReCiPe endpoint (percent equivalent)

DSS FIPS 0.12 12 204 1.57 64.57 1177.4 0.014
CdTe FIPS 0.18 10 305 1.21 33.63 1975.6 0.018
Perovskite 0.15 4 547 0.6 98.62 587.1 0.007

Weight 0.13 0.15 0.14 0.14 0.14 0.15 0.14

Fig. 11. The rank of different alternatives for selecting the most sustainable PV facades.
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more energy, due to its higher efficiency and longer lifespan, and
consequently be able to compensate for the amount of GHG
released during its manufacture. So far, the most critical limiting
factors for industrial development and marketing of third-
12
generation systems was low efficiency and short lifespan
(Espinosa et al., 2015; Parisi et al., 2014a). The critical issue for the
development of DSS and perovskite in the future has been two
interconnected factors: (1) improving efficiency and (2) increasing
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life expectancy. The relatively low active area (about 70%) for a
module is the main reason for such a drop in performance. This
amount of functional space is much less competitive than thin-film
technologies such as CdTe, usually described by a quantity of 100%
of the active area (Espinosa et al., 2015; Parisi et al., 2014a).

From the energy aspect, the perovskite indicated the shortest
value of EPBT than other technologies. It implies that the devel-
opment of the level of technology led to a decline of near 60% in the
quantity of EPBT for the third generation of FIPS. The Perovskite
system had the highest LCC, while DSS was the lowest one.
Meanwhile, the economic benefits of DSS resulted from the lower
module manufacturing cost and relatively high lifespan. Besides,
the high LCC of Perovskite was mainly because of more displace-
ment of the PV module due to a lower lifespan within the façade
system.

Fig. 11 provides the ranking of various alternatives for selecting
the most sustainable PV facades. The sustainability order of the
alternatives under the HAW model was Perovskite FIPS > DSS
FIPS > Cd Te FIPS, respectively. It worthmentioning that it is not the
best option in all decision sub-criteria. For example, Perovskite FIPS
was ranked third in LCC and GHG emission rates. In other words,
the best alternative for LCC and GHG emission rate was DSS and Cd
Te FIPS. Besides, in terms of cost per unit of electricity produced by
the system (LCOE), DSS FIPS was the best façade. To compare the
present with literature, there are no similar studies that combined
various criteria in environmental, economic, and energy aspects to
a sustainability index.

This study provides useful information for engineers or archi-
tects to use solar modules in the design of integrated facade sys-
tems for building, whether as a double skin facade or curtain wall.
While the final alternative (Perovskite FIPS) would be beneficial for
them, it should be noted that selecting a choice is complicated
work. They should consider the options from the economic, energy,
and environmental aspects. DSS FIPS is a more economical choice,
although it is a less environmentally friendly alternative than the
Perovskite façade. The Cd Te facade is recommended if the decision-
makers’s goal to implement carbon reduction programs in linewith
the obligations of international treaties such as the Paris Agree-
ment. In terms of energy, the Cd Te facade system is a more suitable
option because it reduces the building’s need for a local electricity
generation network by producing more energy. Generally, our
findings have proven that the integration of LCC and LCA are reli-
able for decision-makers.

5. Conclusion

In this research, integration of life cycle economic and envi-
ronmental assessment was performed for PV façade systems to
assist decision-makers in selecting the sustainable option. Three
types of PV façade systems were explored: the CdTe, the DSS, and
the Perovskite. Four environmental (CED, ReCIPe, EPBT, and GHG
emissions rate), two economic (LCC and IRR), and two energy (EPBT
and LCOE) indicators, were utilized as sub-criteria at different hi-
erarchical levels with the alternatives to assess the sustainability of
PV facades. The significant results were derived as follows:

1. The marine ecotoxicity impact category was the most remark-
able environmental burden of FIPS.

2. The module and panel fabrication was recognized as the largest
energy consumer and emitter of greenhouse gases.

3. The Perovskite façade showed the lowest EPBT and total CED
values than other facades, due to less energy required for the
module fabrication and higher efficiency.

4. Based on the results of HAW methods, the most sustainable
façade was Perovskite one. In other words, the new and
13
emerging technologies exhibited the lowest environmental
impacts than conventional silicon systems.

5. The DSS facade had the lowest quantity of LCC and LCOE among
other systems, which was considered as the most cost-effective
option for generating electricity in buildings through facade
structures.

The overall results of this work provide implications for finan-
ciers, managers, and researchers. The investor and administrator
should consider the life cycle of the PV facades. Choosing an option
is not simple and straightforward work. It depends on assessing the
economic, energy, and environmental aspects of the product, and
these findings can help them. This work is a small but significant
step towards achieving the United Nations Sustainable Develop-
ment Goals. Further studies are needed to evaluate the life cycle
cost and environmental analyses of other types of building-
integrated photovoltaics products, including flat roofs, pitched
roofs, and photovoltaic windows. Moreover, using other weighting
methods such as pairwise comparisons, Simple Multi-attribute
Rating Technique (SMART) for the MCDM technique, which has a
remarkable effect on the result of the decision-making process, is
recommended.
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