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A B S T R A C T   

Recent technological developments make perovskite solar cells (PSCs) particularly suitable for building inte
grated photovoltaic (BIPV) applications on vertical building envelopes, but the relatively short lifespan of PSCs 
requires frequent replacement, thereby generating substantial waste. Careful consideration of circularity cre
dentials of this novel technology is therefore essential prior to the extensive implementation of vertical PSCs in 
building envelopes. This paper provides a circular economy approach for the implementation of PSCs in vertical 
envelopes and assesses its economic feasibility by life cycle cost analysis in Europe. The process of recycling PSC 
is developed. The economic performance of PSC envelopes is provided and compared to that of the conventional 
rigid BIPV system. Uncertainty analysis and sensitivity analysis of economic indicators are then performed to 
identify the influential parameters. The findings indicate that the PSC envelope has a significant potential for 
circular BIPV components and that PSCs applied on vertical envelope are economically viable.   

1. Introduction 

Buildings account for 36% of greenhouse gas (GHG) emissions and 
40% of primary energy use in Europe (REN21, 2019). The solar photo
voltaic industry has produced several innovations in recent years, in 
particular for the development of building integrated photovoltaics 
(BIPV) (Balakumar et al., 2022). The European demand for BIPV is 
anticipated to grow rapidly in response to the goal of the European 
Union (EU) to boost renewable energy production from 10% to 27% and 
the EU Energy Performance of Buildings Directive (Economidou et al., 
2020), which mandates all new buildings to be almost zero-energy 
buildings. Among various photovoltaic technologies, the vertical 
perovskite solar cell (PSC) envelope is a novel and promising form of 
BIPV. 

Efforts to create a more sustainable built environment are also 
boosted by the transition from linear economy into circular economy 
(CE). Building components, and multi-material components such as 
BIPV, are expected to follow this trend (Hartwell et al., 2021; Van Stijn 
et al., 2021). The concept of CE for BIPV seeks to employ a judicious use 
of materials, preserving them at their optimum value for the longest 
possible duration. This is achieved by establishing a continuous cycle of 

utilizing, reusing, repairing, and recycling BIPV components. (Jansen 
et al., 2020). The PSC is an emerging technology which is also promising 
from a CE perspective because it uses only a small amount of materials 
and can be readily recycled (Mathur et al., 2020). The thickness of PSC 
can be 1 mm or less and a self-weight of around 1 kg per square meter. 
Compared to the conventional PV module which is normally 10 mm 
thick and 25 kg per square meter self-weight, PSC therefore provides a 
significant advance in material saving. Moreover, the recycling pro
cesses of PSCs have been initially proved both via layer-by-layer and 
one-step methods. 

Meanwhile, the PSC is also regarded as an ideal next generation 
material for solar cells in vertical BIPV systems within high-density 
urban cities (Giuliano et al., 2021). Thus far, rooftop BIPV systems 
show the highest implementation rate in the existing projects, but ver
tical envelopes are the largest sun-harvesting areas (Chen et al., 2022). 
In fact, solar energy is a significant resource that falls on the envelopes of 
buildings in urban areas when the rooftop area makes up a limited 
portion of the overall building envelope (Verberne et al., 2014). Tall 
buildings have a large envelope-to-roof ratio which makes up for the fact 
that solar radiation intensity is lower on a vertical surface than it is on a 
horizontal one. As a result, annual total energy production on vertical 
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BIPV envelopes is likely to be higher. Most vertical building envelopes 
are currently not used for the 

the production of power. The principal barrier is mainly the nature of 
PV modules. Currently, monocrystalline and polycrystalline silicon, 
which constitute the majority of BIPV modules (Biyik et al., 2017), are 
bulky due to the heavy frame and glass facesheet. The risk of detachment 
of vertical PV panels in windy conditions poses a significant safety 
concern when used in high-rise buildings, representing a critical flaw 
that warrants investigation and further attention (Osorio-Aravena et al., 
2021). Furthermore, the power conversion efficiency (PCE) decreases 
significantly under shadow conditions, resulting in low energy produc
tion (Shukla et al., 2018). These shortcomings hinder the adoption of 
BIPV systems applied on the vertical building envelopes. 

The PSC largely addresses these issues and its desirable properties 
make it attractive for future use of vertical BIPV envelope (Bing et al., 
2022). Firstly, PSC panels are lightweight, thereby making it easier to 
mount by boding them directly to the envelope without the need for 
additional substructure. In addition, PSC panels regulate color, thereby 
offering a wide variety of aesthetic options (Chen et al., 2021). Addi
tionally, PSCs perform better at power conversion under diffuse and 
low-intensity light than they do under the normal air mass 1.5 global 
spectrum (Zhu and Li, 2020). They are also preferred to silicon solar cells 
for vertical envelopes in densely populated cities since they outperform 
the silicon counterparts in low light and diffuse light conditions (Zhu 
et al., 2019, 2020). However, to investigate PSC’s potential for the 
vertical BIPV envelope, it is first essential to investigate the economic 
feasibility. 

Lifecycle cost analysis (LCCA) represents a comprehensive approach 
in evaluating the anticipated total incremental cost associated with the 
creation, manufacturing, utilization, and eventual retirement of a 
particular item over its lifecycle (Fuller, 2010). With the development of 
recycling technology, calculation methods were provided to calculate 
LCCA from CE perspective (Jansen et al., 2020). Gholami, Hassan et al. 
(2020) analyzed the economic viability of silicon PV panels on vertical 
BIPV envelopes in Norway using case studies of commercial buildings. 
Weerasinghe et al. (2021) evaluated the financial benefit of 45 BIPV 
systems in different countries. The research highlighted the BIPVs’ 
building envelope functions. A BIPV system is an inherent part of the 
building’s exterior materials that transforms solar energy to electricity. 
BIPV is applied to change building envelope materials. The initial cost 
was compensated by a reduction of building material cost and labor cost 
while replacing the BIPV systems. Aste et al. (2016) undertook an 
assessment on a university BIPV project, which has been in operation 
over 13 years, and showed that there was no substantial performance 
reduction with time. It is therefore necessary to evaluate the economic 
sustainability of the vertical PSC envelope taking into consideration CE 
in order to guide decision-makers. 

While numerous device architectures have been proposed for PSCs, 
with some demonstrating impressive PCEs in laboratory settings, there 
remains a critical gap in the literature regarding the feasibility of scaling 
these technologies for industrial-level production. As such, this study 
has chosen to focus on the most prevalent PSC architecture approaching 
commercialization. In particular this paper aims at establishing the 
economic viability of vertical PSC envelope from the perspective of CE 
by LCCA methodology. The results are compared to the economic per
formance of current silicon BIPV systems. The paper consists of an 
investigation of the circularity of perovskite solar cell, in Section 2; 
followed by, we provide a description of a vertical BIPV project with 
conventional silicon PV panels as a benchmark case study in this study, 
in Section 3, which introduces the current BIPV system and the design of 
PSC envelope; Section 4 presents the LCCA methodology with the input 
parameters and economic indicators as well as detailed recycling pro
cess of PSC with the benefits and costs. Economic results with uncer
tainty and sensitivity analysis are shown in Section 5; Ending with the 
implications and limitations in Section 6. 

2. Circular vertical perovskite solar cell envelope 

The application of PSCs in BIPV projects has attracted a great deal of 
research and development over the past decade due to their lightweight, 
colorful appearance, and advantageous power conversion efficiency 
(PCE) under low-intensity conditions, shown in Fig. 1. 

2.1. Architecture of perovskite solar cell 

The PSC architecture is ETFE/PET/ITO/Perovskite/Spiro-OMeTAD/ 
silver/ETFE, shown in Fig. 2 (Chang et al., 2020). Notably, other PSC 
technologies could be considered, but given the study target of evalu
ating a reliable circularity strategy, this study focuses on this cell 
structure which is able to be recycled by existing technology. 

2.2. Advantage of perovskite solar cell for vertical envelope 

PSC panels weigh approximately 500 g/m2, which is over 40 times 
lighter than silicon panels. PSC panels can be attached to the existing 
building envelopes and structures that would otherwise be oversized to 
bear the self-weight of conventional silicon solar panels. PSCs are also 
significantly thinner than silicon solar cells, resulting in material savings 
that are beneficial to the environment. 

Colorful PSCs, which are regarded as an attractive energy-efficient 
technology, are being implemented in BIPV. By adjusting the thick
ness, porosity, and composition of perovskite layer, it is possible to 
adjust the color of PSCs, and hence the bandgap. Due to their aesthetic 
value-adding potential, this trait is particularly desirable for BIPVs. 

PSCs generate higher PCE in low-intensity light environment as an 
attractive option for vertical envelopes. Vertical BIPV envelopes, 
although not inherently aligned with the sun, but rather installed 
vertically, benefit from PSCs exhibiting minimal angle dependence. The 
advantageous feature includes the ability to operate effectively in low- 
intensity light environments. 

2.3. Circularity of perovskite solar cell 

Applying CE principles to building components can make the built 
environment more circular. The PSC panels directly bonded to the ver
tical envelope promotes recycling because the substructure material 
required for silicon PV cells is no longer required, thereby reducing the 
different types of materials used in the multi-material composite. A low 
cost and environmentally friendly recycling process is provided by 
material group of TU Delft (TUD, 2023) consists of the following steps. 

Step 1 

The ETFE foil is peeled off mechanically. 

Step 2 

The silver front electrode is delaminated by ethyl acetate, then the 
silver can be separated through filtration. The substrate is extracted 
from the solution and dried under a stream of nitrogen. 

Step 3 

Perovskite material is reconverted into PbI2 and MAI by a short 
immersion in double-distilled water, and the MAI is subsequently 
removed from the water. Then, the materials are dried under a nitrogen 
stream thereafter. The substrate is placed on a 100 ◦C hotplate for 10 
min to evaporate any remaining water. PbI2 is isolated from the sub
strate by briefly immersing the sample in DMF. 

Step 4 

Q. Li et al.                                                                                                                                                                                                                                        
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The samples are treated with 1.5 M potassium hydroxide (KOH) 
solution, and then deionized water washes recycled ITO-coated PET. 

3. Case study description 

Solsmaragden Office is a seven-story office building situated in the 
pier district of the Norwegian city of Drammen (59.74◦ N, 10.19◦ E). The 
BIPV system was integrated into the building envelope as a result of 
enterprise and contractor collaboration. Collaboration between the 
owner, the design company and the PV supplier resulted in the module 
design and mounting mechanism. Enova, a government corporation 
tasked with promoting renewable energy generation, will provide a 
subsidy of 1,553,236 NOK for this BIPV system. 

The current vertical BIPV system were custom-made. For the ma
jority of the building envelopes in this project, they have been combined 
with glass cladding. The envelope modules are composed of three 
distinct layers. The first layer consists of 4 mm glass face sheet. The 
subsequent layer consists of conventional 6-inch monocrystalline silicon 
solar cells. The rear layer is a 4 mm thick glass sheet. The layers are 
bonded together with EVA in the lamination process. The choice of 
material and installation method conforms to safety criteria for glazing 
envelopes, ensuring that PV systems will not fall out. The BIPV envelope 

weight is 20.5 kg/m2 and has a total surface area of 1146 m2. 
The BIPV modules have an efficiency of 16.6%. The entire (1146 m2) 

BIPV envelope is comprised of 1011 panels with a maximum power 
output of 127.5 kWp. The BIPV modules required various shapes and 
sizes of PV panels ranging from 55 Wp to 170 Wp of varying wattages. 
Ten SMA inverters are connected by BIPV strings. The cost details of the 
BIPV project are shown in Table 1. 

This study considers an alternative scenario where a vertical perov
skite solar cell envelope is used instead of the current vertical envelope 
with rigid silicon PV system (Fig. 3). In laboratory-scale manufacturing, 
the PCE of flexible PSCs achieved a maximum of 25.7% (Kumar and 

Fig. 1. Renderings of the PSC envelope.  

Fig. 2. Recycling process of perovskite solar cell.  

Table 1 
Current BIPV envelope and PSC envelope estimated cost breakdown.   

Current monocrystalline silicon BIPV 
envelope (NOK) 

PSC envelope 
(NOK) 

BIPV envelope 2767590 1275164 
Mounting system 435480 0 
Mounting labor 665826 133165 
Elect. job and 

equipment 
461838 461838 

Lift 184506 36901 
Other costs 110554 110554  
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Naidu, 2021). In this study, the PCE of PSCs is set 15%. And the effective 
area of the solar cell is 0.7. Additionally, the lifespan is uncertain 
because the product has not yet been tested in real-world scenarios. So, 
the lifespan is set to 5 years, 10 years, and 15 years to establish the in
fluence of lifespan on the economic feasibility. Since there are currently 
no commercial PSC panels on the market, the cost of PSCs is based on the 
selling price forecast from literature (NREL, 2022). Existing research 
(Mathews et al., 2020) shows that a small-scale factory (1–10 MW/year) 
is required to maintain a minimum Average Selling Price of 1.5–3 dollars 
per watt ($/W) for their products. Larger factories are mandated to sell 
at a minimum rate of 1 $/W, and the most substantial model (1 
GW/year) is expected to sell for no less than 0.72 $/W. Therefore, for the 
purposes of this study, the PSC is assumed to be produced in large-scale 
factory locally and purchasing price is set as 1 $/W (10.6 NOK, the ex
change rate is 1 dollar equal to 10.6 NOK). Through its integrated 
backside adhesive, the PSC films can easily be glued to vertical envelope 
surfaces. This study assumes that a suitable adhesive could be poten
tially found through adequate testing including accelerated ageing tests. 
Therefore, the mounting system cost can be saved. Also, Heliatek com
pany reported that the labor-hour for mounting solar films by adhesive is 
only one fifth of that for traditional rigid PV panels (Heliatek). So, the 

labor cost is set as one fifth of the current silicon BIPV project. Moreover, 
the lift cost of two projects has a big difference. The PSCs are really 
lightweight, which is able to greatly reduce a workload of lift. For the 
electricity job and equipment and other costs, it is assumed that the two 
projects have the same spence. The estimated cost is collected and 
shown in Table 1. 

4. Methodology 

This section describes the LCCA methodology used in this study. The 
assessment is performed considering 30-year lifespan of the BIPV sys
tem. The LCCA indicators includes net present value (NPV), Levelized 
Cost of Energy (LCOE), discounted payback period (DPP), and internal 
rate of return (IRR). The methodology is depicted in Fig. 4 for clarity. 

4.1. Input parameters 

This input parameters involved in this LCCA study, are described 
below. 

Fig. 3. Solsmaragden building skin with the PSC envelope.  

Fig. 4. The methodology for LCCA of the PSC envelope.  
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4.1.1. Initial investment 
Initial investments consist of the costs of the BIPV project. The cost of 

PV panels and inverters are considered. The installation, labor, admin
istrative, transportation, and purchasing expenses are also considered. 

4.1.2. Operation and maintenance (O&M) costs 
O&M expenses are incurred during the operational phase of a pro

ject’s lifecycle. The expected annual O&M expense is 0.5% of the initial 
investment (D’Adamo et al., 2020). 

4.1.3. Inverter replacement cost 
Throughout the course of a project, replacing inverter is a substantial 

spence. The study set 10% of the initial cost for replacing inverters. 
Furthermore it is assumed that that the cost of the inverters remained 
constant for successive replacements, and inverters were replaced every 
15 years (Han et al., 2022; Jean et al., 2019). Therefore throughout the 
lifecycle, a single inverter was replaced. 

4.1.4. Solar cell replacement cost 
The lifespan of PSCs cannot cover the whole period of the BIPV 

project. This study considers different lifespans (5 years, 10 years, and 
15 years) (Jean et al., 2019). So, the PSC panels need to be replaced 5 
times, twice, and once, respectively. 

4.1.5. Solar cell degradation 
Regardless of the specific external environmental conditions solar 

cells naturally degrade over time. The PV degradation rate varies ac
cording to the materials used in the solar cell: 0.5% per year is used for 
the silicon solar cells (Lindroos et al., 2016); 1.0% per year is used for 
the PSCs (Dunfield et al., 2020). 

PCEm =PCE ∗ (1 − α)m− 1 (1)  

where α stands for the degradation rate of the solar cell. m stands for the 
number of years the solar cell has been in use. 

4.1.6. PCE improvement 
The PCE of PSC technology rapidly improved from 3.8% to 25.7% in 

the recent ten years. In this study it is assumed that the year-on-year 
improvements will continue at a rate of 1.5% per year. Therefore with 
a starting PCE of 15% assumed in this study, the PCE is expected to 
increase to 23.4% after 30 years. 

4.1.7. Building envelope material cost 
In this study, the BIPV system is an alternative for an envelope with 

an average price of 1855 NOK (181.9 €) (1 € equal to 10.2 NOK in 04/ 
11/2022) per square meter (Gholami, H. et al., 2020). This amount will 
therefore be subtracted from the overall BIPV investment. 

4.1.8. Transmission line lost power 
For a BIPV project, the power generation is used to support the en

ergy demand of the building itself, thereby eliminating transmission line 
losses. From World Bank data, the transmission loss of electrical power 
in Norway is 6% (World-Bank, 2018). 

4.1.9. Power delivery cost 
A BIPV system can significantly decrease the capital expenditures 

necessary to maintain the electricity distribution infrastructure. The 
electricity delivery cost includes expenditures for device that distributes 
power at lower voltages and transmission fees among other things. In 
contrast to BIPV systems, the electricity grid may need the expansion of 
network infrastructure. The power generation from a BIPV project re
duces distribution costs by approximately 20% of the entire power price 
(Gholami et al., 2019). 

4.1.10. Social cost of carbon 
The social cost of carbon (SCC) is the overall amount of damage 

resulting from GHG emissions. Norway has begun to increase taxes on 
carbon emissions, which is known as carbon tax. The carbon tax in 
Norway is 500 NOK per tonne of CO2 (48.9 €) (this cost will most likely 
increase over time) (World-Bank, 2019). A growth rate of 3.5% has been 
established for the present carbon tax (IMF, 2009). 

4.1.11. GHG emission 
The emission of GHG from the generation of electricity is related to 

the energy source. In this analysis, the average GHG emission rate of 
134 g/kWh with a drop rate of 4.2% in 2016 is modified and utilized 
(NVE, Norwegian Water Resources and Energy Directorate, 2019). 

4.1.12. Electricity tariff and its growth rate 
The electricity tariff is set as 1.533 NOK (0.150 €) and the annual 

growth rate of electricity is 3.5% (Gholami, H. et al., 2020). 

4.1.13. Discount rate 
The discount rate means the interest rate a bank charges on its loans. 

The discount rate applied to this study is 3%, which is an average value 
calculated from the discount rates over 20 years (Gotzens et al., 2018). 

4.1.14. Recycling benefit 
Cost analyses for the various types of solar cells show that the ITO- 

PET is a primary factor on the module cost. In this study, the cost esti
mation (Table 2) also presents the ITO-PET is the largest contributor for 
perovskite solar cells. Spiro-OMeTAD is also an important cost factor, 
however, recent research shows that several low-cost materials have the 
potential to replace the current Spiro-OMeTAD. Therefore, recycling 
Spiro-OMeTAD is less critical. The perovskite layer containing PbI2 and 
MAI contributes only a small part to the whole cost of the PSC. So, the 
recycling of the perovskite layer is more important for environmental 
rather than economic reasons due to the toxicity of PbI2 but the eco
nomic benefits are negligible. The recycled efficiency is set as 70% (Le 
Khac et al., 2024). Furthermore, the contribution of silver electrodes is 
also small because of the low amount of silver per square meter. The cost 
of input materials for the recycling is shown in Table 3. 

According to the indicators described above, the input parameters 
for the LCCA study are shown in Table 4. 

4.2. Economic indicators 

Four main economic indicators of LCCA are introduced to evaluate 
the feasibility of the PSC envelope, namely: NPV, LCOE, IRR, and DPP. 
Their calculation methods are shown in this section. 

4.2.1. Net present value 
NPV is a basic economic measure used to calculate the net economic 

benefits of a project over its lifetime. It is determined as the discrepancy 
between the present value of the project’s benefits and its costs. To 
compare numerous projects, this study computes NPV of the systems. 
The proposed calculation is shown in Equation: 

NPV =
∑n

1
(CI − CO)(1 + DR)

n (2)  

Table 2 
The benefits of materials recycled from the PSC.   

Price (NOK/m2) Source 

ITO-coated PET 293.6 Mianyang Prochema Commercial Co., Ltd. 
Perovskite 10.6 Binek et al. (2016) 
Ag electrodes 5.7 Machui et al. (2014) 
ETFE foil 179.1 Machui et al. (2014)  
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where CI and CO represent cash inflows and cash outflows. DR and n 
stand for discount rate and BIPV lifespan. 

A positive NPV indicates an economically advantageous project 
because the complete cost may be paid back within the project’s life
time. Negative NPV is financially infeasible since the investment cannot 
be recouped from the revenue earned throughout the lifetime. 

Two types of NPV are applied: Standard NPV, which accounts for the 
investment and benefits to stakeholders, reflecting the profits for 
building owners derived from the BIPV system; and Integrated NPV, 
which considers benefits from a holistic societal perspective. The two 
kinds of NPV apply same parameters (discount rate, PSC price, 
replacement, etc.) for the calculation. But the integrated NPV also in
volves the transmission line lost power, power delivery cost, and social 
cost of carbon. Therefore, the cash inflow of the standard NPV is defined 
as 

CI− S = I1 + I2 + I3 (3)  

where I1 represents envelope material; I2 represents electricity sale; I3 
represents PSC recovery. For the integrated NPV, the cash inflow is 
defined as: 

CI− I = I1 + I2 + I3 + S1 + S2 + S3 (4)  

where S1 represents saving from power delivery; S2 represents saving 
from transmission loss; S3 represents saving from carbon tax. For the two 
kinds of NPV, the calculation of cash outflow is same, as follows: 

CO =O1 + O2 + O3 (5)  

where O1 represents initial investments; O2 represents O&M expense; O3 
represents device replacement. 

The latter metric provides insights into the benefits of BIPV from the 

standpoint of a broader administrative area, such as a city, region, or 
nation. Notably, for one project, it is plausible for its standard NPV to be 
negative while its integrated NPV is positive. This implies that although 
the building owner may not experience economic gain, the project is 
advantageous for the broader society. In such instances, the BIPV system 
could potentially benefit from subsidies provided by the local or national 
government. 

4.2.2. Levelized cost of energy 
LCOE is a financial indicator connected with lifecycle costs and is a 

basic economic evaluation approach for renewable energy applications. 
LCOE is the ratio of the cost per unit of energy produced across the 
whole lifecycle of energy production (kWh). Equation for LCOE calcu
lation is shown as follows: 

LCOE=
Lifecycle cost

Eg
(6)  

where Eg represents all the power generation. LCOE is typically 
compared to the national price of electricity. A LCOE that is less than the 
price of electricity indicates that the cost of energy generation in the 
BIPV system is below the national average, which is favorable. 

4.2.3. Discounted payback period 
DPP denotes the duration necessary to recoup an investment. This 

calculation involves deducting the initial investment from the annual 
savings, with consideration for the time value of money. Short payback 
periods are preferred by investors. The DPP (Q) is calculated from: 

QDPP =
∑n

I
(CIi − COi)(1 + DR)

− n (7)  

where CIi and COi represent the cash inflow and the cash outflow in the i 
year. 

4.2.4. Internal rate of return 
IRR is a metric utilized in financial analysis to assess the profitability 

of potential investments. IRR represents the discount rate that, in a 
discounted cash flow analysis, results in the NPV of all cash flows being 
equal to zero. 

QIRR =
∑n

I
(CIi − COi)(1 + IRR)− n (8)  

4.3. Uncertainty analysis and sensitivity analysis 

In order to assess the feasibility of PSC envelope in different Euro
pean regions, this study investigates and compares the economic per
formance of PSC envelopes in the same BIPV project in Norway, the 
Netherlands, and Italy. They represent northern Europe, western 
Europe, and southern Europe, respectively. The cities Oslo, Amsterdam, 
and Milan were selected as the study areas, representing three of the 
different climatic zones in Europe: Warm-summer humid continental 
climate; Temperate oceanic climate and; Humid subtropical climate, 
respectively. The geographic coordinates of these cities are listed in 
Table 5. To a certain extent, the economic performance of the PSC en
velope in the three countries is able to extend to the whole European 
countries. The system boundary for this evaluation was the geographical 
boundaries of each city under this study. Therefore, all the PSC 

Table 3 
Cost of input materials for the recycling.   

Price for 10 
MW 

Amount 
(/m2) 

Price (NOK/ 
m2) 

Source 

Ethyl 
acetate 

160.2 NOK/L 0.02 L 2.6 Sigma- 
Aldrich 

DMF 106 NOK/kg 2.9 g 0.3 Sigma- 
Aldrich 

1.5M KOH 36.1 NOK/L 0.03 L 1.3 Sigma- 
Aldrich  

Table 4 
Parameters of the BIPV project for economic analysis.  

Parameter Value Unit Geometric standard 
deviation 

Site Norway   
PSC price 10.6 NOK/W 1.15 
PCE 15%  1.15 
O&M cost 0.5%  1.05 
Equivalent envelope cost 1855 NOK/m2 1.05 
Equivalent envelope area 1146 m2  

Inverter replacement cost 10%  1.05 
Transmission line lost power 6%  1.05 
Power delivery cost 20%  1.05 
Carbon tax 500 NOK/t 1.05 
growth rate of the carbon tax 3.5%  1.1 
average carbon intensity of 

electricity generation 
134 g CO2/ 

kWh 
1.05 

carbon intensity reduction rate 4.2%  1.1 
Electricity tariff 1.533 NOK/ 

kWh 
1.15 

Electricity tariff inflation rate 3.5%  1.2 
Discount rate 3%  1.1 
Solar insolation 911 kWh/m2/ 

year 
32.3  

Table 5 
locations of three case cities (Zhang et al., 2021).   

Oslo, Norway Amsterdam, the 
Netherlands 

Milan, Italy 

Location in 
Europe 

Northern 
Europe 

Western Europe Southern 
Europe 

Coordinates 59.91◦ N, 
10.75◦ E 

52.36◦ N, 4.90◦ E 45.46◦ N, 9.19◦

E  
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manufacture activities are assumed to be performed within each coun
try. In this study, it was not possible to calculate differences in the solar 
cell costs in Italy, Netherlands, and Norway, and thus the same cost is 
assumed for all locations (Martinopoulos, 2020). In order to simulate the 
most likely implementation PSC technology in the near future, it is 
assumed that PSC factories will extend to the largest manufacturing 
scale, making the price of PCS 0.73 €, and the lifespan is set 5 years. All 
labor costs, other than solar cell price, need to be calculated according to 
the local labor cost. Here, we consider Norway as the baseline and we 
apply the relevant labor cost index for Italy and the Netherlands. 
Moreover, the price level index from the Organization for Economic 
Co-operation and Development is also applied to calculate the equiva
lent envelope material price. Their parameters for the LCCA study are 
shown in Table 6. 

There are several sources of inherent uncertainty which are consid
ered in this study, Firstly, the accuracy of economic assessment is 
entirely dependent on the input parameters, yet their reliability is un
known. Secondly, solar cell technologies are not sufficiently established 
and have not yet achieved industrial manufacture, there must be fluc
tuations in terms of electricity output (Gong et al., 2015). Thirdly, it is 
extremely difficult to obtain precise data for the predicted lifespans and 
PCE of PSCs based on past research. Fourthly, the solar insolation, power 
rates, discount rates, etc. are also subject to future uncertainty. Conse
quently, this study applies the probability distribution to the parameters 
based on the findings of prior research (Long et al., 2023; Yuan et al., 
2023a, 2023b). In addition, Oracle Crystal Ball is used to calculate the 
extent to which these uncertain parameters can impact economic out
comes. Except for insolation which follows a normal distribution., all 
other parameter distributions follow the lognormal distribution. This 
study establishes 500000 trials. In addition, sensitivity analyses are 
performed on the simulation data to determine the influence of input 
factors on the LCCA outcomes. 

5. Results and discussion 

This section shows the economic performance of the PSC envelope to 
establish its economic feasibility. The results are also compared to the 
economic performance of the current silicon PV envelope. This is fol
lowed by an assessment of the economic feasibility in different European 
countries. 

5.1. Electricity generation 

The power production results of PSC envelope and current BIPV 
envelope are shown in Fig. 5. The power generation is calculated by the 
following equation: 

P=G ∗ PCE ∗ A ∗ η ∗ ω (9)  

where P is annual power generation of the BIPV system. G is annual 

received solar radiation in unit area. A is the area of the PV modules. η is 
rate of effective area. ω is operation efficiency of the BIPV system. 

PSC envelopes with 5-year, 10-year, and 15-year lifespan are 
compared here. This analysis shows the yield potential of PSCs on ver
tical envelope. From the results, it can be seen that with up to 1615.3 
MWh, the PSC5 envelope has the highest power production among the 
four BIPV systems. Next is the PSC10 envelope with 1517.1 MWh 
electricity generation, followed by the PSC15 envelope with 1424.5 
MWh. The current monocrystalline silicon BIPV system produces the 
lowest electricity amount among 4 systems. Therefore, results show that 
the PSC envelope presents a favorable performance in energy production 
compared to the traditional BIPV system. In addition, as expected, a 
step-change in annual power production is seen after solar cell 
replacement. Therefore, the results show that the more frequent PSC 
panels are replaced, the more electricity can be produced. This is due to 
the technology improvement of PSC in the intervening periods. It can be 
seen that replacement. 

5.2. Life cycle cost analysis 

The standard NPV results are shown in Fig. 6. The NPV of property 
owner only considers the investment and stakeholder income. The re
sults indicate that the NPVs of PSC envelopes are positive. This is 
because the equivalent building envelope material cost covers the initial 
investment of the PSC envelope. In addition, only the PSC15 envelope 
and the PSC10 envelope can achieve positive NPVs, which means the 
property owner is able to gain profits from the BIPV project. The NPV of 
the PSC15 envelope reaches 1.25M NOK and the NPV of the PSC10 
envelope is 0.56M NOK. Additionally, the NPV of the PSC5 envelope 
(− 1.81M NOK) is slightly higher than that of current BIPV system. 

The integrated NPV results of 4 BIPV systems are shown in Fig. 7. The 
integrated NPV accounts for initial investment, stakeholder’s income, 
and social and environmental benefits. The subsidies are not considered 
here. The trend of integrated NPV results is similar with standard NPV 
results. The results show that, at up to 1.89M NOK, the PSC15 envelope 
has the highest NPV among the 4 systems. Then, NPV of PSC10 envelope 
is also positive, with the total value of 1.25M NOK. This indicates that 
these two PSC envelopes could reimburse the whole investment from the 
whole society perspective without any subsidies. In contrast, the PSC5 
envelope and current BIPV system do not yield positive NPVs. The cu
mulative NPV of PSC5 envelope and current BIPV systems are both 
around 1.07M NOK. As expected the NPVs fall significantly after solar 
cell replacement, due to high cost of PSC panels. The negative NPV of the 
PSC5 envelope is due to the five replacements required over the 30-year 
horizon. The electricity generation of the PSC5 is in fact the highest 
among four BIPV systems, but the additional electricity produced from 
this option is insufficient to payback the investment of replacement. So, 
without the subsidies from government, PSC5 does not generate the 
profits, either from stakeholder perspective or society perspective. 

Fig. 8 shows the cash flow of BIPV projects in the 30-year horizon. 
The results show that the cash flow of the BIPV projects increases for the 
whole 30-year horizon except the year when replacing solar cells and 
inverters happened. The cash flow of PSC envelope is always higher than 
the current BIPV systems. After replacing of solar cells, the cash flow 
increases as expected, because the PCE of solar cells is improved leading 
to the increase of electricity generation. 

The recycling of the PSC envelope is investigated in view of the need 
for circular BIPV components. The NPV results of the PSC envelope 
without recycling benefits and with recycling benefits are therefore 
compared and shown in Fig. 9. It is evident that the recycling of PSC 
materials will improve the economic benefits for the property owner. 
And it can be seen that the NPV benefits increase with the frequency of 
PSC module replacement. Notably, integrated NPV of PSC5 considered 
recycling benefits becomes positive, from − 1070885 NOK to 295951 
NOK. This means that for circular PSC envelopes it is feasible for the 
government to provide subsidies for PSC envelopes, even if the lifespan 

Table 6 
Parameters of the BIPV projects in different countries (Gholami and Rostvik, 
2020).  

Parameter NO NLD IT Unit 

PSC price 0.73 0.73 0.73 € 
Labor cost index 152.89 115.9 108.8  
O&M cost 0.5% 0.5% 0.5%  
Price level index 130 105 89  
Inverter replacement cost 10% 10% 10%  
Transmission line lost power 6% 5% 7%  
Power delivery cost 20% 20% 20%  
Carbon tax 48.9 0 0 €/t 
Electricity tariff 0.150 0.171 0.216 €/kWh 
Electricity tariff inflation rate 3.5% 3.8% 4.3%  
Discount rate 3.0% 2.5% 3.0%  
Solar insolation 911 1065 1127 kWh/m2/year  

Q. Li et al.                                                                                                                                                                                                                                        



Journal of Cleaner Production 467 (2024) 143017

8

of PSC is relatively short (5 years). For the PSC10 and PSC15, all NPVs 
are positive and recycling will generate additional economic gains. 

The absolute NPV of different contributors is shown in the Fig. 10. 
The results show that the electricity sale income the is the largest 
contributor to the NPV consequently governing the earnings from the 
project. For the social and environmental benefits, the saving in power 

delivery cost and transmission loss show the same proportional rela
tionship between BIPV systems as the electricity sale income because 
they are calculated based on the electricity generation. Furthermore, the 
saving in carbon taxing is so low compared to other items, that it can be 
neglected. For the investment, it can be seen the initial investment of 
current BIPV system is remarkably higher than that of PSC envelope. The 

Fig. 5. Power production of four BIPV systems. PSC15 stands for BIPV envelope with 15-year lifespan PSC; PSC10 stands for BIPV envelope with 10-year lifespan 
PSC; PSC5 stands for BIPV envelope with 5-year lifespan PSC; Rigid PV stands for the traditional monocrystalline silicon BIPV with 30-year lifespan. 

Fig. 6. Standard NPV of property’s owner, contributed by investment and stakeholder’s income, without social and environmental benefits, subsidies, and recy
cling benefits. 

Fig. 7. Integrated NPV, contributed by investment, stakeholder’s income, and social and environmental benefits, without subsidies and recycling benefits.  

Fig. 8. The cash flow of BIPV systems.  
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initial investment of current BIPV system is 4.63M NOK, which is more 
than twice that of PSC envelopes (2.02M NOK). The reason for the low 
initial cost of PSC envelope is the low cost of PSC panels, the saving in 
mounting system, and the saving in mounting labor. It can be concluded 
that PSC envelope has a significant cost advantage over the current BIPV 
system at the initial stage, thereby easing the funding pressure, which is 
attractive for property owners with limited initial funding. A high cap
ital up-front investment is in fact one of the principal barriers for the up- 
take of BIPV systems (Arnold et al., 2022). For the cost of solar cell 
replacement, the current BIPV system does incur costs of solar cell 
replacement because the lifespan of silicon solar cell exceeds the period 
of the project horizon. In contrast, the PSC panels require replacement 
during the project horizon due to their short lifespans. The costs of PSC5 
panels, PSC10 panels, and PSC15 panels in the BIPV project account for 
88%, 80%, and 74% of the whole investment, respectively. They are 
significantly higher than the share of rigid Monocrystalline silicon PV 
panels in the entire investment (60%). As for recycling benefits, it is 
obvious that the potential recycling value of the PSC envelope is far 
higher than that of the current BIPV system. The recycling benefit of the 
current BIPV system is only 0.24M NOK, which is significantly lower 
than that of PSC envelopes. The recycling benefits of PSC15, PSC10, and 
PSC5 are 1.11M NOK. 1.66M NOK, and 3.32M NOK, respectively, which 
remarkably shows a large potential for developing PSC BIPV compo
nents for the circular economy. In addition, O&M and inverter 
replacement costs are both calculated by initial investment. Therefore, 
they show the same proportional relationship between each BIPV 
system. 

With respect to the entire investment, PSC10 envelope (3.67M NOK) 
and PSC15 envelope (2.84M NOK) invest less than the current BIPV 
system (4.63M NOK), as shown in Table 7. But the whole investment of 
PSC5 envelope reaches 6.20M NOK, which is far higher than the other 

BIPV systems. As for the LCOE, PSC10 envelope and PSC15 envelope 
present 1.99 NOK/kWh and 2.42 NOK/kWh, respectively. They are both 
lower than the LCOE of current BIPV system (2.45 NOK/kWh) and the 
average electricity tariff (2.64 NOK/kWh). For DPP, PSC10 and PSC15 
invest less than the normal building envelope, therefore, their DPP is 0. 
In contrast, the PSC5 envelope cannot pay back the investment. 

5.3. Economic feasibility in different countries 

The standard NPV results of three European countries are calculated 
in the context that the price of PSCs is 0.73 € and the lifespan is 5 years. 
The results (Fig. 11), show that the PSC envelope applied in Italy and the 
Netherlands can achieve positive NPV results. The standard NPV of PSC 
envelope in Italy reaches 177k €, which is almost three times as much as 
that in the Netherlands (59k €). Notably in Italy, the revenue from the 
systems in the first 20 years is able to pay the cost of the fourth PSC 
replacement. This means that the property owner needs not input 
additional money into the project, and the system becomes self- 
sufficient in revenue. However, results show that PSC envelope in Nor
way cannot achieve profitability (standard NPV is − 21k €). At the initial 
stage, the NPVs of three countries are all positive and Norway’s figure 
leads the way. It means that the initial investment of PSC envelope 
system is lower than that of equivalent building envelope material, 
thereby lowering the investment threshold. 

The integrated NPV results in three European countries are shown in 
Fig. 12. For the integrated NPV, PSC envelopes can all realize the 
profitability from the perspective of whole society. The integrated NPV 
of PSC envelope in Italy is still the highest among three countries, up to 
308k €. Subsequently, PSC envelope in the Netherlands show a 152k € 
integrated NPV. Particularly, the integrated NPV result in Norway (51k 
€) turns positive from a negative standard NPV result. This means that it 
is economically beneficial for the government is to support PSC enve
lopes by releasing subsidies in order to meet profitability requirements 
of property owners. 

The absolute cumulative NPV results of different items in the three 
countries are compared in the Fig. 13. The results show that the in
vestment is highest in Norway. Next is the PSC envelope in the 
Netherlands, followed by Italy which shows the lowest investment. This 
ranking reflects the labor costs, which are highest in Norway and lowest 
in Italy. In addition, the revenue from electricity sale in Italy is the 

Fig. 9. Comparison of NPV without recycling benefits and with recycling benefits.  

Fig. 10. The absolute cumulative NPV of different items in each BIPV project.  

Table 7 
Economic results of the PSC envelope in Norway.   

Total investment (NOK) LCOE (NOK/kWh) DPP (year) IRR 

PSC15 2836101 1.99 0 0% 
PSC10 3672491 2.42 0 0% 
PSC5 6199963 3.84 NA 34.9% 
Rigid PV 4625794 2.45 NA 0%  
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highest because of the high irradiation, and the equivalent building 
material cost in Italy is the lowest due to the low price level index. The 
carbon tax saving is only implemented in Norway. Furthermore, the PSC 
envelope in Italy saves most in power delivery cost and transmission loss 
because of the highest electricity generation. 

The LCCA indicators in three countries are shown in Table 8. In 
Norway, the LCOE is the highest, up to 0.282 €/kWh. It is higher than 
the average electricity tariff in the 30 years (0.258 €/kWh). The in
vestment in Norway has a payback period of 27 years. For the 
Netherlands, the LCOE is 0.250 €/kWh, far lower than the local elec
tricity tariff (0.309 €/kWh). And its investment is lower than that of the 
normal building skin. Also, the LCOE in Italy is 0.226 €/kWh, which is 
far lower than the average electricity tariff in the 30 years (0.425 
€/kWh). 

5.4. Uncertainty analysis and sensitivity analysis 

Fig. 14 shows the probability distributions of the two projections for 
LCOE and NPV of the PSC15 envelope. Both distributions exhibit a broad 
range, with the highest values signifying the highest probabilities. Due 
to the nonlinear relationship between input parameters and economic 
indicators, both distributions exhibit an asymmetric character. 

Table 9 summarizes the outcomes of the simulation. It is evident that 
NPVs are quite robust when crucial factors are uncertain. The low NPVs 
across all regions with a confidence level of 95% indicate that PSC15 is 
already a highly competitive power generator. In addition, both Fig. 11 
and Table 7 indicate that the LCOEs are stable in the presence of 
parameter uncertainties, with the lowest value being close to the current 
electricity tariff in Norway. From the perspective of a 30-year applica
tion, however, the LCOE of PSC envelope is significantly lower than the 
average 30-year power rate. Therefore, the next step toward PSC en
velope could involve implementing simple, scalable manufacturing 
techniques with a high PCE and a low cost. 

The NPVs and LCOE of the PSC15 envelope in Norway are then 
subjected to sensitivity analysis. The departure of NPVs from their 
nominal value is mostly attributable to fluctuations in the electricity 
tariff, PSC price, PSC PEC, and solar insolation. The negative indication 
indicates that increasing these parameters decreases the EPBT. The 
electricity tariff has the greatest impact, accounting for 41.0% of the 

Fig. 11. Standard NPV in three European countries, contributed by investment and stakeholder’s income, without social and environmental benefits, subsidies and 
recycling benefits. The PSC5 is used. 

Fig. 12. Integrated NPV in three European countries, contributed by investment, stakeholder’s income, and social and environmental benefits, without subsidies and 
recycling benefits. The PSC5 is used. 

Fig. 13. The absolute cumulative NPV of different items in three European countries.  

Table 8 
Economic results of the PSC envelope in Norway, the Netherlands, and Italy.   

Total investment (k€) LCOE (€/kWh) DPP (year) 

Norway 648 0.282 27 
the Netherlands 619 0.250 0 
Italy 615 0.226 NA  
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variance, while the PSC price accounts for − 25.9% of the difference. In 
the LCOE sensitivity analysis, the PSC price is the largest contributor 
(47.1%). It is important to note that the PSC PCE has a considerable 
impact on the LCOE (− 46.9%). 

6. Discussion 

6.1. Implications 

Based on the results in the section 4, the PSC envelope shows a more 
favorable economic performance than the current rigid silicon BIPV 
system. Since there is little overshadowing in the current BIPV project, it 
can also be concluded that the PSC envelope is likely to achieve an even 
better comparative economic performance in dense urban areas, 
because shadowing has a significant adverse effect on silicon BIPV en
velopes, but a much smaller influence on PSC panels. 

The economic feasibility of PSC envelope is influenced by several 
factors (Fan et al., 2023; Li et al., 2020, 2022, 2023, 2024a, 2024b; Li 
and Zanelli, 2021). In fact, the PSC’s lifespan is currently the largest 
barrier for its diffusion and marketization. Although this study simulates 
that PSC is 5-year lifespan with the lowest sustainable sale price, it is 
also a significant challenge (standard NPV is negative) to apply it on the 
vertical envelope as BIPV systems without subsidies in Norway because 
of the high replacement cost of PSC panels. But even in the worst situ
ation of PSC properties considered in this study (5-year lifespan and 
middle manufacture scale), the PSC envelope can still present a similar 
NPV level with the current rigid BIPV system. On the other hand, the 
frequent replacement of solar cells obviously boosts the energy pro
duction. In this context building owners face a difficult trade-off be
tween environment responsibility and benefits. However, the results of 
integrated NPV are positive, whereby the Norwegian government would 
make a profit, from the whole society perspective, by releasing subsidies 
that promote the PSC envelope. In addition, it is a notable that the 
standard NPV of PSC envelope is positive in Italy and the Netherlands. 
The positive standard NPV in the Netherlands indicates that the PSC 
envelope could achieve profitability in a big portion of European nations 
because the electricity tariff is relatively low and the climatic conditions 
are representative of some of the most densely populated parts of 

Europe. 

6.2. Limitations 

For several of the input parameters, it was not possible to identify a 
defined uncertainty distribution in the literature. Therefore, the authors 
made necessary assumptions on some factors. For instance, the lifespan 
of PSCs was deemed an external feature, which the designer cannot 
influence. The alternative, that correct design and planned maintenance 
can extend the PSC lifespan was not considered as a design parameter in 
this study. 

The objective of this research was to incorporate as many parameters 
as feasible into the LCCA models using the most recent calculation 
methods (Li et al., 2024c; Li and Li, 2024). Nevertheless, the standard 
calculation methods are a simplification of reality. For example, certain 
phenomena such as climate change scenarios and shadow circum
stances, are not currently considered in calculations. Other phenomena 
are considered, but are currently modeled using the normative methods 
(degradation of solar cells, electricity tariff inflation, etc.). Future 
research should explore ways of improving the fidelity of existing 
calculating methods and parameters. 

The result obtained in this research are very sensitive to the uncer
tainty of the input values. Utilizing particular parameter ranges, spe
cifically the parameters of solar cells, enabled the authors to perform the 
assessment for the case study using our methodology. Some of the sce
narios are less likely than other, e.g. the 15-year lifespan PSCs is unlikely 
to be achieved in the near future. The objective of this was to prevent an 
underestimating of some parameters in the absence of further details. It 
shows that even when considering a big uncertainty of certain factors, 
the influence of these factors does not appear significant. Therefore, the 
PCE of solar cells, lifespan, PSC price, electricity tariff are indeed the 
main parameters to consider in BIPV LCCA studies. Also, the durability 
of the adhesive for the integration of PSCs on the external envelope has 
yet to be proven through further development and testing and is 
therefore an uncertainty. 

7. Conclusions 

This paper focused on the economic feasibility of the PSC envelope 
including within a circular economy. An LCCA study was conducted 
based on a BIPV case in Norway. The performance of the current 
monocrystalline silicon PV envelope was compared to an alternative PSC 
envelope with the same surface area. The economic performance of PSC 
envelope was calculated taking recycling of PSCs into account. The 
whole recycling process of various PSC layers was developed and the 
recycling benefits were quantified. The results were also compared to 
the current monocrystalline silicon BIPV system. Furthermore, this 

Fig. 14. Probability distributions for NPV and LCOE of PSC15 envelope in Norway.  

Table 9 
Simulation results for NPV and LCOE of PSC15 envelope in Norway.   

NPV (NOK) LCOE (NOK/kWh) 

Mean 1894646 1.991 
Standard deviation 642739 0.308 
95% confidence region (587224, 3129286) (1.501, 2.704)  
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study also assessed the economic performance of vertical BIPV envelope 
by applying PSC panels with 5-, 10-, 15- year lifespan and lowest sus
tainable price of production in Norway, the Netherlands, and Italy. 
Uncertainty analyses for NPV and LCOE were conducted to assess the 
fluctuation range and sensitivity analyses were performed to identify the 
governing parameters. The main conclusions are as follows.  

1. The majority of the PSC materials can be recycled to achieve quasi- 
circular BIPV components. The recycling benefit of PSC envelope is 
up to 482.5 NOK/m2, which is 43.4% of the new PSC cost. Its po
tential for circularity is significantly higher than that of current sil
icon BIPV system.  

2. PSC5 envelope, PSC10 envelope, and PSC15 envelope are all able to 
produce more energy than the current silicon BIPV system. But only 
the PSC10 envelope and the PSC15 envelope achieve profitability for 
the property owner without subsidies. The PSC10 and PSC15 show a 
more favorable economic performance than the current BIPV system. 
But the economic performance of the PSC5 is worse than the current 
BIPV system.  

3. The PSC envelope requires less up-front capital investment than the 
silicon BIPV system, which can ease the initial funding pressure and 
is attractive for the individual investor or property owner with 
limited initial funding. Frequent replacement of PSC panels is able to 
improve the energy production, but also increases the capital load. 
The cash input for the PSC panels in the PSC5 envelope accounts for 
88% of the whole investment.  

4. In the scenario that the PSC panel achieves 5-year lifespan and the 
largest manufacture scale, it is economically feasible for the Nor
wegian government to support PSC envelopes through subsidies, 
because of the positive net economic outcomes for the broader so
ciety. Additionally, the PSC envelope is capable of generating ben
efits without subsidies in Italy and the Netherlands. The standard 
NPV of PSC envelope in Italy reaches 177k €. The positive standard 
NPV in the Netherlands indicates that the PSC envelope can achieve 
profitability in the highly populated latitudes of Europe and because 
the Netherlands has an electricity tariff that is relatively low when 
compared to other European nations. 

5. The deviation of NPVs from their nominal value is mostly attribut
able to fluctuations in the electricity tariff, PSC price, PSC PEC, and 
solar insolation. In the LCOE sensitivity analysis, the PSC price and 
the PSC PCE are two most influential factors. 
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