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a b s t r a c t 

Recent trends and future objectives in sustainable buildings are to reduce energy consumption, and 

simultaneously try to supply their energy demand within the building employing an environmentally 

friendly energy resource which leads to a nearly zero energy building (nZEB). Building integrated photo- 

voltaics (BIPV), which is one of the fastest growing industries worldwide currently, refers to photovoltaic 

cells that are integrated into the building envelope such as facade or roof to generate clean energy from 

sunshine and is the most remarkable technology to contribute to nZEB purposes. In this paper, an inno- 

vative approach of BIPV economic analysis is presented. The proposed method is to quantify the societal 

and environmental advantages of a BIPV system as much as possible and import these values to the eco- 

nomic analysis in order to see their effects in a lifecycle cost analysis (LCCA). In order to compare the 

results with the current LCCA, four case studies from Brazil, Italy, China, and Bahrain were chosen, be- 

cause they were the most recent BIPV system LCCA, and the suggested method was applied on them. The 

economic analysis showed that with the societal and environmental benefits of the implemented system, 

replacing conventional façades and roof building materials with BIPV modules will become economically 

more feasible. As a result, the presented strategy could not only expectantly guide the end user to decide 

more conscious about the implementation of BIPV systems but also steer governments or decision-makers 

to support the technology by rational subsidies and incentives. 

© 2019 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The energy demand of the world is increasing and the building

ector, which includes residential, commercial and public build-

ngs, is currently responsible for%31 of the world’s energy demand

1] . On the other hand, fossil fuels, which are currently used as

he world’s primary energy source, are encountering serious issues

uch as those of energy shortages, environmental damage, and cli-

ate change [2,3] . Therefore, the need for alternative energy re-

ources, which are renewable and non-polluting, is increasing. 

As the world’s demand and focus on renewable and clean en-

rgy are escalating, zero energy, plus energy, and zero emission

uildings are rapidly drawing attention, because such buildings

onform to the earlier mentioned criteria. To become a zero en-

rgy or zero emission building, it needs to harvest energy from

ts surroundings, where solar energy is one of the obvious choices.

n this regard, Building integrated photovoltaics (BIPV), which refer
∗ Corresponding author. 
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o photovoltaic cells that are integrated into the building envelope

uch as facade or roof, is a technology that generates electrical en-

rgy by exploiting the incident solar radiation to the building skin.

n this technology, solar cells are considered as building envelope

aterials like tiles, foils, modules or windows. The system retains

urrent building skin materials’ specifications like weather protec-

ion, privacy, noise protection, heat insulation, and simultaneously

enerates electrical energy for the building [4] . The BIPV lifetime is

urrently estimated around 30 years [5] , while new studies show it

ould be as long as 50 years [6,7] . BIPV can be employed to either

ew buildings or renovated ones [8] . The size of the BIPV system

an vary from a few kilowatt (kW) for a residential building to sev-

ral megawatt (MW) for a commercial application [9] . 

Based on the location of the installation in the building, it can

e divided into two subgroups of BIPV roof and BIPV façade. Cur-

ently, BIPV rooftops are the most pleasant place for integrating

olar PV modules [10] . Generally, there is less shading at a rooftop

ystem than at a façade system. Rooftops regularly give a signifi-

ant unused surface to BIPV application and the annual solar in-

ident radiation per square meter on the rooftop area is usually

ore than facades. From the market point of view, more than

0% of the BIPV systems are rooftop mounted and the rest belong
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

BAPV Building attached photovoltaic 

BIPV Building integrated photovoltaics 

BIPV np BIPV system nominal power 

CdTe Cadmium Telluride 

CI Bash inflows 

C N Electricity tariff

CO Cash outflows 

C PD Power delivery cost 

CSCCs Country-level contributions to the SCC 

DPP Discounted payback period 

DR Discount rate 

EEMC Eequivalent envelope material cost 

E grid Annual amount of inputting electricity to the grid 

EPBT Energy payback time 

FiT Feed-in tariff

GPBT Greenhouse-gas payback 

GSCC Global societal cost of carbon 

IC Initial cost 

IRC Inverter replacement cost 

kW Kilowatt 

kWh Kilowatt-hour 

kW p Peak power of BIPV system 

LCCA Lifecycle cost analysis 

MW Megawatt 

NC t Net cash flow 

NPV Net present value 

nZEB Nearly zero energy building 

O&M Operation and maintenance 

P The lifespan of PV 

PB Projected benefit 

PIC Project investment cost 

S Initial investment 

SCC Societal cost of carbon 

t Number of the year 

T LL Transmission line loss percentage 

USD US Dollar 

ZEB Zero energy buildings 

to the façade mounted systems [11] . Moreover, most of the BIPV

products for facades are less widespread [12] . Studying the scien-

tific literature, BIPV facades are still a challenging option to employ

in comparison to BIPV roofs because of several issues involved with

this application [11] . Urban obstacles, shading from neighbouring

buildings, openings and other architectural elements, are some of

the issues which can significantly affect the BIPV facade potential

[13] . However, the contribution of BIPV facades in retrofit interven-

tion should not be neglected. 

The possibility to achieve zero energy buildings (ZEB) or even

plus energy building goals [14] , using different facades and orien-

tations of a building to spread the energy production throughout

a day [15] , and the contribution of the system to enhance energy

performance of the envelopes [16] are some advantages of renovat-

ing the façades of an existing building with a multi-functional BIPV

system. Moreover, a recent research study conducted by Sánchez-

Pantoja et al. [17] reveals that photovoltaic integration in build-

ing facades are aesthetically accepted by society. BIPV technology

is also valued more positively than building attached photovoltaic

(BAPV), which are PV systems added on the building without a di-

rect contact with the structure. 

Research conducted by Azadian and Radzi [6] classified the

barriers of using BIPV system in building industries into four

main groups of institutional barriers, public acceptance, economic
arriers and technical barrier. Concerning BIPV technical analy-

is, many studies have been carried out to illustrate the various

ypes of technology as well as their specifications and applications

3,6,11,18–25] . It should be noted that by dealing with the eco-

omic barrier and solving this problem, we can easier tackle pub-

ic acceptance issues. From recent studies and market surveys, it

an be concluded that the high capital cost of the BIPV system is

he most significant barrier to use this technology in the building

ector [9] . Therefore, while photovoltaic integration in building fa-

ades are aesthetically accepted by the society, high capital cost

nd low electrical efficiency of the BIPV system are some of the

arriers that need to be tackled in order to increase the public ac-

eptance. 

When it comes to the BIPV economic analysis, many studies

ave conducted an economic analysis of a BIPV system or the vari-

us policies which affect the analysis, but very few have quantified

r monetised the impact of BIPV systems on the community (so-

iety) and environment. [3,5,9,12,26–28] In other words, there is a

ack of knowledge of lifecycle cost related to BIPV systems to allow

lients and end users to make more informed decisions on the use

f BIPV products. Since this issue has not been addressed in recent

esearch studies, our focus in this paper is on this challenge. 

Lifecycle cost analysis (LCCA) is a technique that allows the as-

essment of BIPV alternatives for final selection, based on the two

actors of initial costs and the monitoring of costs throughout the

ife of a project, to reach the minimum cost as well as highest

rofit. A Comprehensive analysis is an analysis that allows the end

sers to choose the source of energy for their building consider-

ng all consequences of their decision. This type of analysis should

nvestigate various available options such as different BIPV systems

onsidering their societal and environmental advantages, as well as

heir role in building material offset, because of their dual function

s building envelope and power generator. 

Sorgato et al. [14] , in 2018 evaluated the feasibility of employing

hin-film Cadmium telluride (CdTe) BIPV system technically and

conomically for the same building in six Brazilian cities. The re-

ults illustrated that it is feasible to meet the net annual energy

onsumption of the studied building with a BIPV system using

uilding rooftops and façades. The research also confirmed that cli-

ate plays an essential role in the net annual energy consumption

f the building, as well as the energy generated by BIPV systems.

owever, the study did not elaborate on the societal and environ-

ental economic effects of the BIPV system. The economic eval-

ation of the system could have been more comprehensive if the

tudy had considered the benefits of the BIPV system as quantifi-

ble as possible. 

Aste et al. [29] evaluated the first Italian BIPV project after 13

ears of continuous operation to elaborate its technical and eco-

omic performances and, through this, predict its lifetime perfor-

ance. They found that during the 13 years of operation, the sys-

em did not show a significant decrease in performance. The per-

ormance decay measured was equal to 0.37% per year, which is

ess than the usually considered degradation in multi-crystalline

ilicon system which is approximately 0.5% per year [30] . More-

ver, Infrared Spectroscopy and visual inspection revealed that no

V module was damaged. This could be because of skillful sys-

em design, rear side ventilation of the modules and also high-

uality components. The results confirmed that BIPV systems can

ork productively during its lifetime, ensuring good energy and

conomic performances. Like the Sorgato et al. [14] , this research

id not take into account the societal and environmental benefits

f the BIPV system in order to carry out the LCCA. 

Wang et al. [31] carried out a study for environmental assess-

ents and economic performance of BIPV system by analysing the

et present values (NPV) and the payback period of the BIPV sys-

em of a building in Shanghai over its lifecycle. The payback time
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f the initial cost considering the feed-in tariff (FiT) of renewable

nergy in the residential sector was obtained in 6.52 years. More-

ver, the energy payback time (EPBT) and the greenhouse-gas pay-

ack time (GPBT) of the BIPV system was calculated to be 3.1 and

.4 years, respectively. However, by considering the societal and

nvironmental benefits of the BIPV system the result might be

ore promising. These factors were not taken into consideration

or this case study. 

Alnaser [32] evaluated the performance of an 8.6 kW BIPV sys-

em with polycrystalline PV cells in Bahrain Petroleum Company at

wali Town, Kingdom of Bahrain. This is a country in an arid zone

ith high annual solar radiation. The results showed that the pay-

ack time of the system reached about 624 years, which is due to

he low cost of the electricity in Bahrain (8 cent for consumption

p to 30 0 0 kWh per month). The electricity tariffs in Bahrain is

ubsidized while it is mainly produced by cheap oil. The research

tates that if the feed-in tariff were set to purchase each one kWh

olar electricity for 1 US dollar, then the payback would be five

ears. By assuming the emission of one kg CO 2 per one kWh of

lectricity, the study concluded that the system decreased the CO 2 

mission by nine tons, annually. However, the study did not quan-

ify this carbon emission cost to see its effect on the payback time.

In this current paper, an innovative approach for LCCA of the

IPV systems is proposed. The suggested method is applied to the

ecent studies, which was economically analysed the system but

ithout taking into consideration of societal and environmental

onsequences of BIPV technology. In other words, the recent case

tudies are re-analysed by the suggested LCCA. Therefore, the tra-

itional LCCA and the suggested LCCA for the same case studies

an be easily compared. 

In section two, the methodology and assumption are discussed

n details. Then, in section three, the societal and environmental

dvantages of BIPV systems are quantified as much as possible in

rder to see their effects on payback time as well as net present

alue. In section four, the results are depicted and discussed and

nally, in section five, the conclusion is presented. 

. Methodology 

.1. Case studies 

Four case studies are selected in order to apply the suggested

ethod and evaluate the effect of societal and environmental fac-

ors on the economic feasibility of a system. The locations are Mi-

an [29] , six cities in Brazil [14] , Shanghai [31] , and Awali [32] . 

.1.1. Milan [29] 

The study evaluated the pilot BIPV plant at the Politecnico di

ilano, which underwent 13 years of continuous operation. The re-

ults obtained indicated that the BIPV plant analysed did not show

 significant decrease in long-term performance. The measured PR

performance ratio) decay is equal to 0.37%/year. In addition, visual

nspection and IR analysis (infrared spectroscopy) showed that no

IPV modules are affected by serious damage. The paper claimed

hat this result was due to the good system design during the pre-

iminary stage, high-quality components and also the rear venti-

ation of the modules, which avoids overheating in the warmer

ays of the year. Finally, an economic analysis was carried out and

howed that the DPP time of the BIPV system is 13 years. 

.1.2. Six cities in Brazil [14] 

The paper evaluated a technical and economic potential of in-

egrating state-of-the-art, frameless, glass thin-film cadmium tel-

uride (CdTe) BIPV modules on a commercial building façade and

oof, and analyzed the economic feasibility of replacing conven-

ional façade materials like aluminum composite and architectural
lass material with BIPV modules in six Brazilian cities. The tech-

ical analysis consisted in assessing the energy performance of a

our-storey office building for each of the six cities. The technical

nalysis indicated that it is possible to fully meet the energy de-

and of the office building with BIPV integration in six evaluated

razilian cities. The study also showed that while the local climate

as a remarkable impact on energy consumption, BIPV energy pro-

uction follows the same trend. Moreover, the economic analysis

ndicated that with the declining costs of BIPV systems, replacing

raditional façade building materials with BIPV modules is not only

n innovative approach but also of economic benefit. The DPP of

he BIPV system for six cities considering different inflation rates

ere calculated which was between six years to up to 16 years. 

.1.3. Shanghai [31] 

This study evaluated two systems in Shanghai. A building at-

ached photovoltaic (BAPV) system of 3 kW p and a building inte-

rated photovoltaic (BIPV) system of 10 kW. The monthly system

fficiencies, output yields and monthly performance ratio (PR) of

he two systems were recorded. In order to analyze the system

enefits, NPV and DPP method were employed. PV SOL software

as used to simulate these two systems. The simulation results

ncluding economic and performance states were illustrated in this

tudy. Moreover, energy payback time (EPBT) and the greenhouse-

as payback time (GPBT) were employed to evaluate environmen-

al impacts. EPBT of the two systems was 4.2 years and 3.1 years.

he results for GPBT were 1.3 years and 0.4 years, respectively. The

PP of the BIPV system considering the government incentive was

1 years, which is because of the significant subsidy that China al-

ocates to the owners of renewable energy systems. 

.1.4. Awali [32] 

The study reported the performance of 1.5 years of 8.64 kW

mart BIPV system integrated into a building at Awali, which is a

own in the kingdom of Bahrain located in the middle of a desert

rea. The BIPV system covers a roof area of 59 m 

2 (36 BIPV pan-

ls). The data showed that the annual produced solar electricity

rom the BIPV system was 8879 kWh while the expected energy

et by the producer (Petra solar) was 11,990 kWh. The calculated

PP for the BIPV system was 624 years, which was because of the

ow electricity tariff for domestic use (in 2015). The electricity tar-

ff for domestic use was only 3 fils (¢ 0.80) for the first 30 0 0 kWh,

 fils (¢2.34) for consumption from 3001 to 50 0 0 kWh and 16 fils

4.16 for consumption from 5001 kWh and more. 

.2. Economic analysis tools 

In order to compare the economic feasibility of the case studies

fter considering the societal and environmental factors, two finan-

ial tools which were used by the examined case studies have been

mployed, which are the Net present value (NPV) and discounted

ayback period (DPP). The NPV is a tool to show the net difference

etween the profits and costs of the system in present or annual

alues. It is calculated by the difference between the present value

f profits and the present value of costs [33] . The DPP period is the

inimum time it takes to recoup investment costs [33] . 

.3. Input parameters 

Several parameters and factors need to be taken into consider-

tion in order to develop the economic analyses. The most impor-

ant of them are;façade and roof material costs, PV system invest-

ent costs, electricity tariff, BIPV system lifecycle, BIPV electricity

roduction during its lifetime, solar incident radiation of the loca-

ion, operation and maintenance (O&M) costs, PV degradation rate,
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Table 1 

some of input data from the case studies. 

City Belem Brasília Curitiba Florianopolis Rio de Janeiro Sao Paulo Milan Awali Shanghai 

Roof area (m2) 600 600 600 600 600 600 106 60 66 

Façade area (m2) 607.6 607.6 607.6 607.6 607.6 607.6 0 0 0 

BIPV np (kWp) 180 180 180 180 180 180 10.95 8.64 10 

E grid (MWh) 197.2 223.5 201.2 190.3 197.6 170.1 9.7 8.9 9.9 

C N ($) 0.22 0.17 0.19 0.19 0.24 0.17 0.22 0.06 0.082 

Investment ($) 231,152 25,000 43,000 19,474 

Application Roof / Facade Roof 

Technology Thin-film CdTe Poly Crystalline Si Mono Crystalline Si 

Table 2 

Discount rate of each case study. 

Country DR (%) 

Brazil 5.5 [14] 

China 3 [31] 

Italy 3 [29] 

Bahrain 4 [36] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 

The inflation rate of electricity tariff for each 

case study. 

Country Electricity tariff

Inflation Rate 

Brazil [14] 3 

China [31] 2 

Italy [29] 6 

Bahrain [38] 3 
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i

inverter replacement cost over BIPV system lifetime and BIPV sys-

tem type based on its connection to the system (on-grid, off-grid

or hybrid). The electricity costs depend on each analysed country

and city according to the energy tariff charged by the local power

distribution company. 

From the case studies, it can be found that the system type in

all of them is the on-grid type which means they are directly con-

nected to the network using a grid-connected inverter and the sys-

tem is without any storage system. 

The costs due to the replacement of inverters represent 17% of

the whole BIPV system’s initial cost [14] . Moreover, Grid-connected

inverters usually have a ten to fifteen years warranty. Therefore,

the replacement of the inverter was assumed to be required every

ten years [34] . 

A study led by Jordan and Kurtz [30] gathered nearly 20 0 0

degradation rates, measured on individual modules or entire sys-

tems from the literature and found that the median degradation

rate is 0.5% per year. Therefore, this ratio of energy losses per an-

num has been adopted in this study. 

Annual operation and maintenance (O&M) costs of a BIPV sys-

tem is assumed to be 1% of the initial cost of BIPV system per year

[35] . 

Table 1 represents a brief overview of the case studies and their

properties. 

In order to be able to calculate NPV and DPP, the discount rate

(DR.) corresponding to each case study has to be defined. The dis-

count rate is the rate of interest which a bank charges on its loans.

The rate is a part of the calculation of NPV when doing a dis-

counted cash flow analysis. This rate is different for each country.

Table 2 shows the discount rate for each case study for 2018. 
Table 3 

Average daily incident radiation of roof and different fa

Country City Roof South Facade 

Brazil Belem 5.51 1.97 

Brasilia 5.35 2.06 

Curitiba 4.22 2.59 

Florianopolis 4.25 2.78 

Rio de Janeiro 4.81 2.77 

Sao Paulo 5.27 2.89 

China Shanghai 3.72 2.44 

Italy Milan 3.93 3.18 

Bahrain Awali 6.16 3.61 
It is worth mentioning that the feed-in tariff for residential

IPV in China is 0.1498 US dollar [31] , but the electricity tariff sup-

lied by the network is 0.082 USD. In this paper, for electricity

rice, we always use the electricity price of the network without

ny subsidy or incentive in order to evaluate the real payback time

f the BIPV systems. Moreover, the electricity tariff in Bahrain is

xtremely low, which results in unreasonable longer payback time

f we do not consider any subsidy or incentive. 

The BIPV system lifecycle is considered 30 years; however re-

ent studies showed that their life could reach to 50 years [6,7] . 

The solar incident radiation of the case studies can be extracted

rom PVGIS-SARAH. The Satellite Application Facility on Climate

onitoring (CM SAF) and the Photovoltaic Geographical Informa-

ion System (PVGIS) team with a spatial resolution of 31 km has

alculated this data set [37] . Table 3 shows the average daily in-

ident radiation of roof and different facades for the case studies

rom 2005 to 2016. It is worth mentioning that all six Brazilian

ities in this study are located on the southern hemisphere and

he rest of case studies are located on the northern hemisphere. 

The electricity tariff inflation rate is different from country to

ountry. These values have been extracted based on historical data

f case studies and presented in Table 4 . 

The electricity inflation rate for Bahrain was not mentioned in

heir study. Up until recently, electricity tariffs in Bahrain were

ubsidized. Since 2016, new electricity tariffs have been applied to

lectricity consumers. The electricity tariffs will be gradually in-

reased to meet the cost of power generation of 29 fils/kWh (0.08

SD) by 2019. For years after 2019, we consider the price increas-

ng rate is the same as the inflation rate which is 3% [38] . 
cades of each case study. 

East Façade West Façade North facade 

2.96 2.33 2.13 

2.65 2.46 2.69 

2.13 2.11 2.62 

2.13 2.06 2.70 

2.41 2.34 2.79 

2.69 2.56 3.10 

1.79 1.98 1.03 

2.16 2.36 0.82 

3.16 3.20 1.19 
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Table 5 

C TL , T LL and C N value of the case studies. 

Country City C N (USD/kWh) T LL (%) [53] C TL (USD/kWh) 

Brazil [14] Belem 0.22 15.8 0.035 

Brasilia 0.17 15.8 0.027 

Curitiba 0.19 15.8 0.030 

Florianopolis 0.19 15.8 0.030 

Rio de Janeiro 0.24 15.8 0.038 

Sao Paulo 0.17 15.8 0.027 

China [31] Shanghai 0.082 5.5 0.005 

Italy [29] Milan 0.22 7 0.015 

Bahrain [32] Awali 0.06 4 0.001 
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Table 6 

CSCCs of each case study [61] . 

Country CSCCs (USD/ton) 

Brazil 41.217 

China 50.019 

Italy 4.751 

Bahrain 85.667 
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.4. Societal and environmental factors 

While there are many research studies attempting to illustrate

he societal and environmental effect of the renewable energies

enerally [2,39–44] and BIPV system specifically [3,5,9,31,45–49] ,

ew research studies focused on quantifying these benefits and

here was no study that applied the monetised value of these ben-

fits to the economic analysis of the BIPV system. As a result, the

resented strategy could not only expectantly guide the end user

o decide more conscious about the implementation of BIPV sys-

em but also steer governments or decision-makers to support the

echnology by rational subsidies and incentives. The most impor-

ant societal and environmental factors which will be affected by

sing BIPV system are listed below. 

.4.1. Transmission line lost power 

Power plants, which are typically located a long distance from

he cities because of the security and environmental considera-

ions, supply energy to urban areas. Such a configuration needs

ransmission and distribution lines to deliver the energy to the end

sers, which results in electricity loss in the power grid. For in-

tance, this value for Norway was around 6% in 2014 [50] . Based

n the electricity tariff of $0.18/kWh [51] and considering the to-

al electricity production of 142TWh in 2014 for Norway [52] , the

alue of the lost energy is 1.54 billion US dollar. The value is com-

aratively higher for countries such as the USA and Brazil, which

ave longer and larger power transmission lines compared to Nor-

ay. BIPV is a suitable solution to this problem because it removes

he distance between the location of the electricity consumption

nd generation. The transmission and distribution lines loss value

er each kWh for each country can be directly calculated as fol-

ows: 

 TL = T LL × C N (1) 

hich C TL , TLL, and C N represent the cost of transmission line loss,

ransmission line loss percentage, and electricity tariff, respectively.

able 5 depicts these values for the studied cases. 

.4.2. Power delivery cost 

BIPV is also a great asset to reduce or even omit the capital ex-

enditure required to expand the network infrastructure or main-

enance. On the contrary of the BIPV systems, some other forms

f renewable energies like solar farms or wind farms might lead

o the need of expanding the network infrastructure or even some

light changes in the climate of the exploited land. According to

he International Energy Agency (IEA), World electricity demand

ncreased by 4% in 2018 which is significantly higher than the to-

al increase in energy demand [54] . There are two possible solu-

ions to manage this demand growth; upgrading the transmission

nd distribution lines throughout the world or producing electrical

nergy nearer the end users. BIPV technology is an excellent re-

ponse to remove this distance and omit or at least postpone the

onsiderable investments required to extend the transmission and
istribution lines. Moreover, according to the USA Energy Infor-

ation Administration (EIA) report of September 2017, electricity

rices reflect rising delivery costs while the electricity generation

ost is declining [55] . In terms of USA, delivery costs are responsi-

le for 36% of the total price of electricity for the end user. Many

actors involved in the delivery cost such as transmission costs, ex-

enses for distribution equipment which deals with lower voltages,

harges for installing, operating, and maintaining meters and sen-

ors [55] . Considering a depreciated estimate, generated electricity

y a BIPV system can decrease the delivery cost of around 20% of

he electricity t [56] . 

.4.3. The societal cost of carbon (SCC) 

The societal cost of carbon (SCC) consists of the damage caused

y carbon emission [57] . It is around $33 per ton for global effect

nd $2 per ton for domestic effect as per the US Department of

ransport estimation [57] . However, the value calculated for SCC by

rganisations have a non-ignorable discrepancy, and most agencies

ecline to state a number as a line item on the cost-benefit bal-

nce sheet and leave it as “non-monetized” benefits in the final

alculation. The average SCC value for the electricity generation is

round $0.048–0.097 per kWh [58] which is a noticeable amount. 

Some countries like Australia has started to enact national car-

on emission charge ($25.4 per ton) to increase the cost of electric-

ty generation with conventional methods and simultaneously give

p subsidies for electrical energy produced by renewable sources,

hich are carbon-free [59,60] . However, a recent study led by

icke et al. [61] , found that the global societal cost of carbon

GSCC) is dramatically higher than previous estimates. In terms of

SA as an example, it is probably between 177 USD and 805 USD

er ton, most likely 418 USD. Table 6 shows the country-level con-

ributions to the SCC (CSCCs) cost for the studied countries [61] . It

hould be noted again that since the global societal cost of car-

on, which is the sum of all country-level societal costs of car-

on, is around 418 USD per ton, effort s to reduce carbon emissions

hrough the clean energy resources need to be accelerated. 

.4.4. Material cost 

The conclusion of the previous research on this issue is not

ligned. Some of them determined that the BIPV system imposes

ore cost on the building. For example, the research conducted by

ammond et al. [5] , revealed that the initial cost of BIPV roof tile

ould be 2% more than regular concrete roof tiles. However, some

ther studies claim that the additional cost of BIPV is equivalent



6 H. Gholami, H.N. Røstvik and D. Müller-Eie / Energy & Buildings 203 (2019) 109461 

Table 7 

The cost of a general facade and roof of each case study per square 

meter. 

Country Location Cost (USD/m 

2 ) 

Brazil Roof [64] 45 

Facade [14] 21 

China Roof [65] 35 

Italy Roof [66] 45 

Bahrain Roof [67] 40 
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to or even lower than traditional materials. Research conducted by

Koinegg et al. [62] contended that the cost of BIPV glazing sys-

tem could even be 20% less than polished stone facades and lead

to saving in installation cost due to the issue involved with the

weight of the stones as well. It should be noted that these val-

ues are for the initial cost of the BIPV systems and its secondary

function as an energy producer was not taken into consideration.

In other words, the capital cost of a BIPV system should be split

between its functions as a building envelope as well as electric-

ity producer [63] which is what we took in consideration for this

study. 

In order to evaluate the BIPV system economically, for each case

study depending on the location of the BIPV system which could

be roof or façade, we considered the additional cost that the BIPV

system resulted in because of its function as a power generator. 

The average cost of an ordinary façade and roof for each case

study is shown in Table 7 . 

It is worth mentioning that BIPV also results in a societal bene-

fit through the reduction in land use required for the production of

the electricity. This is because BIPV systems require no additional

land in contrast with the traditional methods of electricity genera-

tion [27] . 

2.5. Lifecycle cost analysis (LCCA) 

2.5.1. Methodology 

The common framework of LCCA was established in 1997 under

the guidelines set by the International Organization for Standard-

ization [68,69] . 

LCCA is a process to determine the aggregate of all the costs

associated with an asset, including acquisition, operation, installa-

tion, refurbishment, maintenance, and disposal. Accordingly, it is a

key component of any asset management structure. 

The four key components of life cycle costing are as follow: 

- costs of owning and operating an asset 

- the lifespan of the asset 

- the discount and inflation rate 

- the benefits (quantitative and qualitative) of the asset during its

lifespan. 

Decision making based on LCCA often involves a combination of

both quantitative and qualitative assessments. The quantitative re-

sults provide a baseline, but many other factors relevant to a deci-

sion may not be quantifiable in terms of costs. These qualitative as-

sessments support the results of the quantitative analysis and will

be addressed in the development of a business. The focus of this

study is to quantify all the advantages of using such a BIPV system

as much as possible to see their effects in economic assessment. 

The developed LCCA model for BIPV generation system dis-

tributed into two cost categories, which are cost and saving: 

The cost category includes cost for purchasing BIPV Panels and

electrical apparatus, mounting structure and civil works, spare

parts, operation and maintenance, and disposal cost. 

The saving category contains the saving in the transmission line

loss, power delivery cost, societal cost of Carbon, and equivalent
nvelope material cost as well as the income from the electric-

ty generation. Such a compehensive LCCA which quantify all these

dvantages has not been carried out as mentioned earlier. 

.5.2. Formulation 

As mentioned earlier, an LCCA research that considers the

ulti-functional performance of BIPV system, as well as the so-

ietal and environmental factors (against traditional LCCA analysis)

s lacking. Therefore, the following assessment is presented. 

The basis of the suggested economic assessment model is NPV,

hich is used for financial appraisal [70] , and can be expressed as

ollows [31] : 

PV = 

p ∑ 

t=0 

( CI − CO ) ( 1 + DR ) 
−t (2)

Where CI is cash inflows, CO is cash outflows, DR is the discount

ate, p is the lifespan of PV (years) and t is the number of the year.

The initial investment S for PV systems is calculated by (3) : 

 = PIC − EEMC (3)

Which PIC and EEMC stand for project investment cost and

quivalent envelope material cost, respectively. 

The cash inflows of the connected grid system in year t can be

hown as (4) : 

I = C N × E grid + P B (4)

Which C N , E grid and PB represent electricity tariff of the case

tudy, the annual amount of inputting electricity to the grid and

he projected benefit, respectively. The projected benefit can be

alculated as follows: 

B = C T L + C PD + SCC (5)

Where C TL , C PD , and SCC are the cost of transmission line loss,

ower delivery cost, and societal cost of Carbon. 

The cash outflows of the connected grid system in year t can be

hown as (6) : 

O = O & M + IRC ( i f t = 10 , 20 ) (6)

Which O&M and IRC stand for operation and maintenance and

nverter replacement cost. It should be noted that as mentioned

arlier, the replacement of the inverter is scheduled for once per

en years considering the manufacturers’ warranty. 

The net cash flow NC t in year t can be expressed as the follow-

ng: 

 C t = CI − CO (7)

Finally,the NPV of the BIPV system can be expressed as the fol-

owing formula: 

PV = −S + 

N C 1 

( 1 + DR ) 
+ 

N C 2 

( 1 + DR ) 
2 

+ . . . + 

N C n 

( 1 + DR ) 
n 

= −S + 

p ∑ 

t=1 

N C t 

( 1 + DR ) 
t 

(8)

And the discounted payback period (DPP) can be calculated as

ollows: 

S + 

p ∑ 

t=1 

N C t 

( 1 + DR ) 
t 

= 0 (9)

.5.3. Limitations 

Since there was not any data regarding the cost of the carbon

missions during the manufacturing/transportation/disposal of the

IPV panels in referenced studies, these parameters were not taken

nto consideration. However, the BIPV modules and components

ontain glass, aluminum and semiconductor materials that can be
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Fig. 1. NPV calculation considering the traditional method and suggested method. 

Fig. 2. DPP considering the traditional method and suggested method. 
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uccessfully recovered and reused, either in new modules or other

roducts. There have been recent suggestions on methods for end-

f-life recovery of these materials. However, there is still a lack

f reliable scientific or empirical data and established recycling

trategies [70] . Moreover, it worth mentioning that the BIPV panels

as mentioned earlier- are a substitute of traditional building enve-

ope materials which their manufacturing/transportation/disposal

rocess also leads to the Carbon emissions and what is not im-

orted to the suggested LCCA is the additional Carbon emission

ue to the use of BIPV system instead of traditional building en-

elope materials (if any). 

. Results and discussion 

The analysis was done in Excel software and the data together

ith the formulation and method is publicly available in Mendeley

atabase. Figs. 1 and 2 illustrate the simulation results for the cu-
ulative net present value (NPV) and discounted payback period

DPP) of the case studies. As can be seen from the pictures, the

uggested method improves the economic feasibility of the BIPV

ystem. For instance, the DPP for Belem, has been decreased from

even years to four years. Concerning the Awali case study, the

ystem is still unfeasible considering a 30 year life cycle of the

IPV system, even when applying the suggested method. There are

any reasons why the BIPV system in Bahrain is still unfeasible af-

er applying societal and environmental aspects. Fig. 3 depicts the

IPV price per watt peak, electricity tariff, CSCCs, transmission line

oss of the case studies. As can be seen from Fig. 3 , Bahrain has

he highest initial investment cost (more than twice of other case

tudies) as well as the lowest electricity tariff which, leads to the

ystem being unfeasible or a DPP longer that its life cycle. 

For the Brazilian cities, the payback time with the traditional

ethod is above six years for all cities except Sao Paulo, while with

he suggested method, the payback time comes to less than five
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Fig. 3. (A) BIPV price, (B) Electricity tariff, (C) CSCCs, and (D) Transmission line loss of the different countries. 

Fig. 4. Cumulative NPV of (A) CSCCs, (B) Equivalent building envelope cost (C) Transmission line cost (D) Transmission line loss of the case studies per watt peak. 
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years for the mentioned case studies. Regarding Sao Paulo, because

of low electricity tariff, the payback time by the traditional and

suggested method is thirteen and six years, respectively. 

Regarding Italy, because of the low transmission line loss as

well as SCC, the payback time of the traditional and suggested

method is thirteen and six years, respectively. Among the studied

countries, Italy with CSCCs of four USD/tons is the most environ-

mentally friendly country and Bahrain with CSCCs of 85 USD/tons

is the worst country. 

The effect of the suggested method on the economic feasibil-

ity of the BIPV system in China is impressive. While the system is

unfeasible considering the traditional method, the system is eco-

nomically feasible by employing the suggested calculation, and its

DPP would be 20 years. 

Fig. 4 depicts the cumulative net present value of four societal

and environmental factors per watt peak. Because of low carbon

emission per kWh of Italy and Brazil [71] , the NPV of SCC of these
ountries are much less than the two other countries. Moreover,

ecause of high electricity tariff in Italy, the NPV value of saving in

ransmission line cost using BIPV system in this country is consid-

rably higher than other case studies. Also, the NPV value of saving

n transmission line cost using BIPV system in China and Bahrain

s notably less than the other countries which is because of low

lectricity tariff in these countries. 

The NPV of saving in transmission line loss by BIPV systems for

taly and Brazil is much higher than two other countries which are

ecause of their higher electricity tariff as well as higher transmis-

ion line loss rate. 

Fig. 5 illustrates the NPV value of the societal and environmen-

al advantages of the BIPV system in different countries. The high-

st NPV value belongs to Italy with 2.711 USD per watt peak which

s because of its high electricity tariff as well as suitable solar inci-

ent radiation. While Bahrain is number two after Italy with NPV

alue of 1.739 USD per watt peak, and as the results revealed, the
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Fig. 5. The NPV of societal and environmental advantages of BIPV system in different countries. 

Fig. 6. Initial cost (PIC) and NPV of societal and environmental advantages of the BIPV system. 
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IPV system is still unfeasible there despite the highest solar radia-

ion potential among case studies. The reason is, as mentioned ear-

ier, low electricity tariff as well as the irrational initial cost for the

mplemented BIPV system. While the electricity tariff is quite low

n China, because of high CSCCs as well as high carbon emission

er kWh, the NPV of the societal and environmental advantages of

IPV system in China is 1.570 USD per watt peak. Moreover, Brazil

ith the NPV of 1.403 USD per watt peak is the last country which

s because of its better situation in carbon emission in electricity

eneration and CSCCs rate. 

Fig. 6 compares the initial cost of BIPV system per watt peak

ith the NPV of the societal and environmental benefits of the sys-

em during its 30-year life cycle. The calculation showed that in

taly, the NPV of the societal and environmental advantages of the

ystem could completely cover the required initial cost of the BIPV

ystem installation. It means that after installation of the system

nd taking the societal and environmental advantages of the sys-

em into account, the BIPV owner has a generator on his/her build-

ng envelope which produces electrical power without any initial

ost. For China and Brazil, it covers a significant part of the capital

xpenditure, and for Bahrain, it covers 34% of the initial cost. 
. Conclusions 

In this paper, an innovative approach is presented in order to

alculate the NPV and DPP of BIPV systems in recent case stud-

es considering the environmental and societal consequences of the

ystem. The considered factors in this study are the societal cost

f carbon, the transmission line loss, the transmission line cost,

nd the equivalent material cost. The simulation showed that the

PV value of environmental and societal advantages for the stud-

ed countries could vary from 1.403 USD per watt peak to even

.710 USD per watt peak depending on the values of the examined

actors for each case study. This method can be applied to other

ountries in order to calculate the real NPV and DPP of the BIPV

ystem. The suggested method showed the economic feasibility of

ll the case studies, but, the DPP of BIPV system in Bahrain was

gain more than its life cycle because of the low electricity tariff

nd the high initial cost of BIPV system per watt peak. Moreover,

he suggested method brought the DPP of BIPV system in China to

0 years while it was more than the life cycle of the system by the

raditional method. The NPV of societal and environmental advan-

ages of the BIPV system has its highest value for Italy according
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to the simulation, which was because of the high electricity tariff

in Italy. 

All in all, the presented strategy could not only expectantly

guide the end user to decide more conscious about the conse-

quences of BIPV system implementation but also steer govern-

ments or decision-makers to support the technology by rational

subsidies and incentives. In this manner, the paper accomplishes

a detailed study of the societal and environmental consequences

of BIPV systems in an urban area. 

Declaration of Competing Interest 

We wish to confirm that there are no know conflict of interest

associated with this publication and there has been no significant

financial support for this work that could have influenced its out-

come. 

Acknowledgment 

The work reported in this paper was supported by the Depart-

ment of Safety, Economics, and Planning (ISØP) of the University of

Stavanger (Project name: Building Integrated Photovoltaic BIPV) in

dense urban areas, Project number: IN-12011). The authors would

like to offer their gratitude to prof. Petter Osmundsen from the De-

partment of Safety, Economics, and Planning (ISØP) of the Univer-

sity of Stavanger for his valuable suggestions related to this work. 

References 

[1] International Energy Agency, Key World Energy Trends. Excerpt from: World
Energy Balances, International Energy Agency, Paris, France, 2016 . 

[2] H. Gholami , A. Khalilnejad , G. Gharehpetian , Electrothermal performance and
environmental effects of optimal photovoltaic–thermal system, Energy Con-

vers. Manag. 95 (2015) 326–333 . 

[3] T. Zhang , M. Wang , H. Yang , A review of the energy performance and life-cycle
assessment of building-integrated photovoltaic (BIPV) systems, Energies 11 (11)

(2018) 3157 . 
[4] B.P. Jelle , C. Breivik , H.D. Røkenes , Building integrated photovoltaic products: a

state-of-the-art review and future research opportunities, Solar Energy Mater.
Solar Cells 100 (2012) 69–96 . 

[5] G.P. Hammond , H.A. Harajli , C.I. Jones , A.B. Winnett , Whole systems appraisal

of a UK building integrated photovoltaic (BIPV) system: energy, environmental,
and economic evaluations, Energy Policy 40 (2012) 219–230 . 

[6] F. Azadian , M. Radzi , A general approach toward building integrated photo-
voltaic systems and its implementation barriers: a review, Renew. Sustain. En-

ergy Rev. 22 (2013) 527–538 . 
[7] I. Cerón , E. Caamaño-Martín , F.J. Neila , State-of-the-art of building integrated

photovoltaic products, Renew. Energy 58 (2013) 127–133 . 

[8] C. Peng , Y. Huang , Z. Wu , Building-integrated photovoltaics (BIPV) in architec-
tural design in China, Energy Build. 43 (12) (2011) 3592–3598 . 

[9] P.X.W. Zou , R.J. Yang , Building integrated photovoltaics (BIPV): costs, benefits,
risks, barriers and improvement strategy, Int. J. Constr. Manag. 16 (1) (2015)

39–53 . 
[10] R. Wilson , A. Young , The embodied energy payback period of photovoltaic

installations applied to buildings in the UK, Build. Environ. 31 (4) (1996)

299–305 . 
[11] A.K. Shukla , K. Sudhakar , P. Baredar , Recent advancement in BIPV product tech-

nologies: a review, Energy Build. 140 (2017) 188–195 . 
[12] E. Saretta , P. Caputo , F. Frontini , A review study about energy renovation of

building facades with BIPV in urban environment, Sustain. Cities Soc. 44 (2018)
343–355 . 

[13] A. Vulkan , I. Kloog , M. Dorman , E. Erell , Modeling the potential for PV instal-

lation in residential buildings in dense urban areas, Energy Build. 169 (2018)
97–109 . 

[14] M. Sorgato , K. Schneider , R. Rüther , Technical and economic evaluation of
thin-film CDTE building-integrated photovoltaics (BIPV) replacing façade and

rooftop materials in office buildings in a warm and sunny climate, Renew. En-
ergy 118 (2018) 84–98 . 

[15] M. Brito , P. Redweik , C. Catita , Photovoltaics and zero energy buildings: the
role of building facades, présenté à Twenty-Eighth European Photovoltaic Solar

Energy Conference and Exhibition, 2013 . 

[16] M. Chiu , S. Hou , C. Tzeng , C. Lai , Experimental investigations on the thermal
performance of the ventilated BIPV wall, J. Appl. Sci. 15 (3) (2015) 613–618 . 

[17] N. Sánchez-Pantoja , R. Vidal , M.C. Pastor, and society , Aesthetic perception of
photovoltaic integration within new proposals for ecological architecture, Sus-

tain. Cities 39 (2018) 203–214 . 
[18] T. Hong , C. Koo , J. Oh , K. Jeong , Nonlinearity analysis of the shading effect on
the technical–economic performance of the building-integrated photovoltaic

blind, Appl. Energy 194 (2017) 467–480 . 
[19] N. Jakica , State-of-the-art review of solar design tools and methods for assess-

ing daylighting and solar potential for building-integrated photovoltaics, Re-
new. Sustain. Energy Rev. 81 (2018) 1296–1328 . 

[20] D. Attoye , K. Tabet Aoul , A. Hassan , A review on building integrated photo-
voltaic façade customization potentials, Sustainability 9 (12) (2017) 2287 . 

[21] M. Tripathy , P. Sadhu , S. Panda , A critical review on building integrated photo-

voltaic products and their applications, Renew. Sustain. Energy Rev. 61 (2016)
451–465 . 

[22] A.K. Shukla , K. Sudhakar , P. Baredar , A comprehensive review on design of
building integrated photovoltaic system, Energy Build. 128 (2016) 99–110 . 

[23] C. Zomer , R. Rüther , Simplified method for shading-loss analysis in BIPV sys-
tems–part 1: theoretical study, Energy Build. 141 (2017) 69–82 . 

[24] C. Zomer , R. Rüther , Simplified method for shading-loss analysis in BIPV sys-

tems. Part 2: application in case studies, Energy Build. 141 (2017) 83–95 . 
[25] C. Zomer , A. Nobre , T. Reindl , R. Rüther , Shading analysis for rooftop BIPV

embedded in a high-density environment: a case study in Singapore, Energy
Build. 121 (2016) 159–164 . 

[26] A. Sivanandan , BIPV hotspots in the EU, Renew. Energy Focus 10 (2) (2009)
54–55 . 

[27] L. Byrnes , C. Brown , J. Foster , L.D. Wagner , Australian renewable energy policy:

barriers and challenges, Renew. Energy 60 (2013) 711–721 . 
[28] F.J. Osseweijer , L.B. Van Den Hurk , E.J. Teunissen , W.G. van Sark , A comparative

review of building integrated photovoltaics ecosystems in selected European
countries, Renew. Sustain. Energy Rev. 90 (2018) 1027–1040 . 

[29] N. Aste , C. Del Pero , F. Leonforte , The first Italian BIPV project case study and
long-term performance analysis, Solar Energy 134 (2016) 340–352 . 

[30] D.C. Jordan , S.R. Kurtz , Photovoltaic degradation rates—an analytical review,

Prog. Photovolt. Res. Appl. 21 (1) (2013) 12–29 . 
[31] W. Wang , et al. , Environmental assessments and economic performance of

BAPV and BIPV systems in shanghai, Energy Build. 130 (2016) 98–106 . 
[32] N.W. Alnaser , First smart 8.64kW BIPV in a building in Awali town at Kingdom

of Bahrain, Renew. Sustain. Energy Rev. 82 (2018) 205–214 . 
[33] P. Eiffert , Guidelines for the Economic Evaluation of Building-Integrated Photo-

voltaic Power Systems, National Renewable Energy Lab., Golden, CO.(US), 2003 .

[34] A .F. Antoniolli , A . Montenegro , C.D. Zomer , R. Rüther , Avaliação técnica e
econômica entre sistemas fotovoltaicos aplicados a edificações (BAPV) e sis-

temas idealmente instalados para máxima geração anual, in: Proceedings of
the CONGRESSO BRASILEIRO DE ENERGIA SOLAR, 6, 2016, p. 2016 . 

[35] R. d. S. Benedito , Caracterização da geração distribuída de eletricidade por
meio de sistemas fotovoltaicos conectados á rede, no Brasil, sob os aspectos

técnico, econômico e regulatorio, Universidade de São Paulo, 2009 . 

[36] T. Economics, Bahrain Interest Rate March, 2019 [Online]. Available: https://
tradingeconomics.com/bahrain/interest-rate . 

[37] P.G.I.S. PVGIS, Overview of PVGIS Data Sources and Calculation Methods, 2017
[Online]. Available: http://re.jrc.ec.europa.eu/pvg _ static/methods.html . 

[38] Sustainable Energy Unit – Kingdom of Bahrain, The Kingdom of Bahrain na-
tional energy efficiency action plan (NEEAP)," 2017, [Online]. Available: http:

//www.seu.gov.bh/wp-content/uploads/2018/04/02 _ NEEAP _ full-report.pdf . 
[39] N.J. Sheikh , D.F. Kocaoglu , L. Lutzenhiser , Social and political impacts of re-

newable energy: literature review, Technol. Forecast. Soc. Change 108 (2016)

102–110 . 
[40] J. West , I. Bailey , M. Winter , Renewable energy policy and public perceptions

of renewable energy: a cultural theory approach, Energy Policy 38 (10) (2010)
5739–5748 . 

[41] B. Hinkle, D. Kenny, Energy efficiency paying the way: new financing strategies
remove first-cost hurdles, CalCEF Innov. White Pap (2010). http://2030districts.

org/sites/default/files/atoms/files/Removing%20First-Cost%20Hurdles%20for% 

20Energy%20Efficiency _ CalCEF.pdf . 
[42] H. Gholami , A. Sarwat , H. Hosseinian , A. Khalilnejad , Evaluation of optimal

dual axis concentrated photovoltaic thermal system with active ventilation us-
ing frog leap algorithm, Energy Convers. Manag. 105 (2015) 782–790 . 

[43] S. Akar , D.A. Akdo ̆gan , Environmental and economic impacts of wave energy:
some public policy recommendations for implementation in Turkey, in: Sus-

tainable Development: Concepts, Methodologies, Tools, and Applications, IGI

Global, 2018, pp. 1187–1211 . 
44] S. Jenniches , Assessing the regional economic impacts of renewable energy

sources–a literature review, Renew. Sustain. Energy Rev. 93 (2018) 35–51 . 
[45] H. Sozer , M. Elnimeiri , Critical factors in reducing the cost of building inte-

grated photovoltaic (BIPV) systems, Archit. Sci. Rev. 50 (2) (2007) 115–121 . 
[46] L. Lu , H. Yang , Environmental payback time analysis of a roof-mounted build-

ing-integrated photovoltaic (BIPV) system in Hong Kong, Appl. Energy 87 (12)

(2010) 3625–3631 . 
[47] G.A. Keoleian , G.M. Lewis , Modeling the life cycle energy and environmental

performance of amorphous silicon BIPV roofing in the US, Renew. Energy 28
(2) (2003) 271–293 . 

[48] G. Evola , G. Margani , Renovation of apartment blocks with BIPV: energy and
economic evaluation in temperate climate, Energy Build. 130 (2016) 794–810 . 

[49] E. Esmailian , H. Gholami , H.N. Røstvik , M.B. Menhaj , A novel method for

optimal performance of ships by simultaneous optimisation of hull-propul-
sion-BIPV systems, Energy Convers. Manag. 197 (2019) 111879 . 

[50] The World Bank Group, Electric Power Transmission and Distribution Losses
(% of output) March 2019, 2019 [Online]. Available: https://data.worldbank.org/

indicator/EG.ELC.LOSS.ZS?locations=BR . 

http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0001
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0002
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0002
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0002
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0002
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0003
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0003
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0003
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0003
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0004
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0004
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0004
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0004
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0005
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0005
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0005
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0005
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0005
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0006
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0006
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0006
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0008
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0008
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0008
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0008
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0009
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0009
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0009
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0010
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0010
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0010
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0011
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0011
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0011
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0011
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0013
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0013
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0013
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0013
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0013
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0014
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0014
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0014
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0014
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0017
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0017
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0017
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0017
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0018
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0018
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0018
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0018
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0018
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0019
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0019
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0020
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0020
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0020
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0020
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0021
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0021
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0021
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0021
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0022
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0022
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0022
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0022
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0023
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0023
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0023
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0024
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0024
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0024
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0025
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0025
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0025
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0025
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0025
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0026
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0026
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0027
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0027
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0027
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0027
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0027
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0028
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0028
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0028
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0028
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0028
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0029
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0029
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0029
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0029
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0030
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0030
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0030
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0032
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0032
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0033
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0033
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0035
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0035
https://tradingeconomics.com/bahrain/interest-rate
http://re.jrc.ec.europa.eu/pvg_static/methods.html
http://www.seu.gov.bh/wp-content/uploads/2018/04/02_NEEAP_full-report.pdf
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0038
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0038
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0038
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0038
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0039
http://2030districts.org/sites/default/files/atoms/files/Removing%20First-Cost%20Hurdles%20for%20Energy%20Efficiency_CalCEF.pdf
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0042
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0042
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0042
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0043
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0043
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0044
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0044
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0044
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0045
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0045
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0045
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0046
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0046
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0046
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0047
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0047
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0047
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0071
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0071
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0071
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0071
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0071
https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?locations=BR


H. Gholami, H.N. Røstvik and D. Müller-Eie / Energy & Buildings 203 (2019) 109461 11 

 

 

[  

[  

 

[  

[  

[  

 

 

 

[  

 

[  

 

[  

 

[  

 

 

[  

[  

[  

[  

 

[

[

 

 

 

 

[51] T.S. Portal, Electricity Prices For Households in Norway from 2010 to 2016,
Semi-Annually March 2019, 2019 [Online]. Available: https://www.statista.com/

statistics/643369/electricity- prices- for- households- in- norway/ . 
52] S. Norway, Electricity Balance (MWh) by production, Contents and Month

March 2019, 2019 [Online]. Available: https://www.ssb.no/en/statbank/table/ 
08583/tableViewLayout1/ . 

53] The World Bank Group, Electric Power Transmission and Distribution
Losses (% of output) of Bahrain, Italy, China and Brazil March 2019,

2019 [Online]. Available: https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS? 

locations=BH- CN- IT- BR . 
54] International Energy Agency, Global Energy & CO2 Status Report February,

2018 [Online]. Available: https://www.iea.org/geco/electricity/ . 
55] L. Aniti, Today in Energy, 2017, February [Online]. Available: https://www.eia.

gov/todayinenergy/detail.php?id=32812 . 
56] Energy Institute, The Full Cost of Electricity (FCe-) Executive Summary: The

Full Cost of Electricity, The University of Texas at Austin, 2018 [Online]. Avail-

able: https://energy.utexas.edu/sites/default/files/UTAustin _ FCe _ Exe _ Summary _ 
2018.pdf . 

[57] D. Lazos , A. Bruce , The value of commercial BIPV systems in the urban en-
vironment, in: Proceedings of the Australian Solar Council (AuSES) Academic

Conference, Melbourne, 2012 . 
58] B. Metz , O.R. Davidson , P.R. Bosch , R. Dave , L.A. Meyer , Contribution of Working

Group III to the Fourth Assessment Report of the Intergovernmental Panel On

Climate Change, Cambridge University Press, Cambridge, UK, 2007 2007 . 
59] F. Cucchiella , I. D’adamo , M. Gastaldi , S.L. Koh , Renewable energy options for

buildings: performance evaluations of integrated photovoltaic systems, Energy
Build. 55 (2012) 208–217 . 

60] L. Caripis , J. Peel , L. Godden , R.J. Keenan , Australia’s carbon pricing mechanism,
Clim. Law 2 (2011) 583 . 
[61] K. Ricke , L. Drouet , K. Caldeira , M. Tavoni , Country-level social cost of carbon,
Nat. Clim. Change 8 (10) (2018) 895 . 

62] J. Koinegg , T. Brudermann , A. Posch , M. Mrotzek , Society, “It would be a
shame if we did not take advantage of the spirit of the times...” an analysis

of prospects and barriers of building integrated photovoltaics, GAIA-Ecol. Per-
spect. Sci. 22 (1) (2013) 39–45 . 

63] M. Oliver , T. Jackson , The evolution of economic and environmental cost for
crystalline silicon photovoltaics, Energy Policy 28 (20 0 0) 1011–1021 . 

64] A.L.B. Lemos , L. Kauškale , Factors influencing green roof development in Recife,

Brazil, Baltic J. Real Estate Econ. Constr. Manag. 5 (1) (2017) 146–159 . 
65] Alibaba, Building Roof Construction Cost in China March 2019, 2019 [On-

line]. Available: https://www.alibaba.com/trade/search?fsb=y&IndexArea= 
product _ en&CatId=&SearchText=building+roof+construction+cost&viewtype= . 

66] Roofy. (2019, March 2019). The Roofy® catalog / price list [Online]. Available:
http://www.roofy.it/en/index.php . 

[67] Alibaba, Building Roof Construction Cost in Bahrain March 2019), 2019 [On-

line]. Available: https://www.alibaba.com/showroom/bahrain-manufacturer- 
sandwich- panel- roof- wall.html . 

68] International Organization for Standardization, Environmental Management: 
Life Cycle Assessment; Principles and Framework, ISO, 2006 . 

69] International Organization for Standardization, Environmental Management: 
Life Cycle Assessment: Requirements and Regulations, ISO, 2006 . 

[70] U. Eicker , E. Demir , D. Gürlich , Strategies for cost efficient refurbishment and

solar energy integration in European case study buildings, Energy Build. 102
(2015) 237–249 . 

[71] Organization for Economic Co-operation and Development, CO2 from Electric-
ity Generation (g/kWh) of Countries March 2019, 2019 [Online]. Available: http:

//www.compareyourcountry.org/climate-policies?cr=oecd&lg=en&page=2 . 

https://www.statista.com/statistics/643369/electricity-prices-for-households-in-norway/
https://www.ssb.no/en/statbank/table/08583/tableViewLayout1/
https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?locations=BH-CN-IT-BR
https://www.iea.org/geco/electricity/
https://www.eia.gov/todayinenergy/detail.php?id=32812
https://energy.utexas.edu/sites/default/files/UTAustin_FCe_Exe_Summary_2018.pdf
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0055
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0055
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0055
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0057
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0057
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0057
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0057
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0057
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0058
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0058
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0058
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0058
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0058
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0059
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0059
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0059
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0059
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0059
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0060
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0060
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0060
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0060
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0060
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0061
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0061
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0061
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0062
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0062
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0062
https://www.alibaba.com/trade/search?fsb=y&IndexArea=product_en&CatId=&SearchText=building+roof+construction+cost&viewtype=
http://www.roofy.it/en/index.php
https://www.alibaba.com/showroom/bahrain-manufacturer-sandwich-panel-roof-wall.html
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0065
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0066
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0067
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0067
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0067
http://refhub.elsevier.com/S0378-7788(19)31590-7/sbref0067
http://www.compareyourcountry.org/climate-policies?cr=oecd&lg=en&page=2

	Holistic economic analysis of building integrated photovoltaics (BIPV) system: Case studies evaluation
	1 Introduction
	2 Methodology
	2.1 Case studies
	2.1.1 Milan [29]
	2.1.2 Six cities in Brazil [14]
	2.1.3 Shanghai [31]
	2.1.4 Awali [32]

	2.2 Economic analysis tools
	2.3 Input parameters
	2.4 Societal and environmental factors
	2.4.1 Transmission line lost power
	2.4.2 Power delivery cost
	2.4.3 The societal cost of carbon (SCC)
	2.4.4 Material cost

	2.5 Lifecycle cost analysis (LCCA)
	2.5.1 Methodology
	2.5.2 Formulation
	2.5.3 Limitations


	3 Results and discussion
	4 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


