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The levelized cost of electricity (LCOE) is a techno-economic analysis that evaluates the cost potential
of any electricity-producing technology. LCOE represents a powerful metric to compare the most
efficient renewable resources in the framework of the energy transition. Perovskite solar cells (PSCs) are
an emerging technology with great potential to establish a leading position in the photovoltaic (PV)
market, particularly in those regions that cannot rely on crystalline silicon manufacturing. However, like
many emerging technologies, their positioning in the PV market is still quite speculative. Here, we revise
the different models to evaluate the LCOE of PSCs, paying attention to the impact of performance,
stability, and manufacturing costs. We consider the difference in performances from lab-record devices
to modules fabricated in industrial production lines. We identify the key role of the degradation that is
hindering the commercialization of PSCs and we analyze the manufacturing cost and the supply chain
availability. From our analysis, we restricted the LCOE to 3-6 cents (USD) per kWh, which is competitive
with the best of the mainstream silicon technologies (passivated emitter and rear contact, PERC). In con-
clusion, we highlight the future challenges to refine the LCOE calculations, including temperature
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Broader context

Renewable energies have an enormous potential to stand out against the climate crisis, replacing fossil fuels as the main source of energy. The choice between
one or another source is often dictated by geographical location and socio-economic factors. Nevertheless, it is important to have a universal parameter that
defines the overall competitiveness of each technology. Since renewable energies are mostly dedicated to the production of electricity, the levelized cost of
electricity (LCOE) is a valuable parameter that sets common ground among all renewable sources. In its simplest expression, the LCOE defines the ratio
between the costs required to produce electricity and the total electricity generated by a system. The LCOE is usually expressed in currency per kilowatt hour.
Furthermore, LCOE allows for competitive analysis within the same branch of a specific renewable source. For example, the LCOE can be used to evaluate
emerging photovoltaic (PV) technologies that are, otherwise, judged only on their performances. This is the case of halide perovskites, a recent class of
semiconducting materials with an outstanding performance of light-to-electricity conversion. Despite this enormous potential, many uncertainties related to
the stability of the perovskite, the efficiency of industrial modules, and the costs of the manufacturing process, hinder a precise evaluation of the LCOE. Thus,
here we address in this minireview all the critical factors, pointing out the main challenges and open issues that need to be solved in order to attain a reliable
LCOE value.

system." The LCOE is usually expressed in currency per kilowatt
hour (often USD cent or EUR cent, c$ per kW h; c€ per kW h). A

Introduction

The levelized cost of electricity (LCOE) is a common analysis
that defines the market competitiveness of different energy
sources for the production of electricity. In its simplest expres-
sion, the LCOE defines the ratio between the costs required to
produce electricity and the total electricity generated by a
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common use of the LCOE is a comparative analysis of similar
technologies, for example, the competitivity of different types of
photovoltaic (PV) systems. In solar panels, the power conver-
sion efficiency (PCE) depends mostly on the type of technology
used, varying from 10% to more than 20% for commercial
products.” However, an evaluation of the competitivity only
based on the PCE is a limitation. Indeed, we need to consider
also the costs related to the manufacturing, installation, main-
tenance, and stability of the performance. On the contrary, the
LCOE gives an absolute metric of evaluation which enables
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comparative analysis. Moreover, the LCOE becomes progres-
sively important for the evaluation of emerging technologies
that are, otherwise, judged only on their PCE. This is the case of
halide perovskites, a recent class of emerging semiconducting
materials with an outstanding performance of light-to-
electricity conversion.? In a decade of research, perovskite solar
cells (PSCs) have achieved in lab-scaled devices a conversion
efficiency of 25.7%,* which is close to the record of the crystal-
line silicon technologies at the research level.” Moreover, the
combination of perovskites with the best crystalline silicon
technology enables multijunction solar cells with an astonish-
ing PCE >31%.° Despite this surge in device performance,
there are still many uncertainties regarding the impact of PSCs
in the near future PV market. This skepticism stems from the
lack of a precise evaluation of the LCOE, which is due to
multiple assumptions that span from the stability of the
perovskite to the efficiency of industrial modules, and to the
costs of the manufacturing process.”

Here, we discuss the challenges that affect the evaluation of
the LCOE for PSCs providing critical insight into the assump-
tions and approximations that are commonly considered. Initi-
ally, we analyze the various definitions proposed for the LCOE
and summarize the specific models adopted for PSCs. Then, we
address the challenges for the performance evaluation of
perovskite PVs, which are hindered by the uncertainties relat-
ing to large area modules’ efficiency. Indeed, while most of the
reported records are achieved on relatively small active areas
(0.1 to 1 cm?),*® medium area modules (500-1000 ¢cm?) have
only displayed modest performances, and large area modules
(>10000 cm?) have not been reported yet, showing that a lot of
efforts are required to scale-up the fabrication process.’ Sub-
sequently, we address the predictions for the stability of the
solar modules, information that is still widely extrapolated
from preliminary laboratory experiments. Most PSCs stability
experiments are limited to a hundred hours of operating
conditions,'®** while silicon-based PVs are granted with war-
ranties over 30 years.” In this direction, over the last year, we
have witnessed significant progress with early reports of accel-
erated stability experiments in compliance with the interna-
tional standards IEC 61215.% Next, we discuss the issue of the
supply chain. Most of the materials suppliers are operating on a
small-scale market, targeting research institutions. Also, a
production line manufacturer with industrial-size capacity is
still missing. Therefore, it is quite arbitrary to set a manufac-
turing price for the perovskite technology. Towards the conclu-
sions, we shift our focus on the short-term challenges that are
required to improve the precision of the LCOE predictions,
based on new outdoor studies and refined energy yield predic-
tion, to bring PSCs to the forefront of the energy transition.

Discussion

The LCOE of a system (eqn (1)) can be defined as the ratio of its
total cost (C) over the total energy produced (E), discounted over
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its lifetime N (when n is considered for the single year), using
the discount rate r."*

Cu

("

LCOE = =10+ (1)
E,
(140"

Starting from this general definition, several models have
been created for attributing a concrete value to this metric. The
National Renewable Energy Laboratory (NREL) is one of the
many institutions that provide a model for the LCOE (see equn
(2)). 1t defines the LCOE, which we named LCOEyggy, in terms
of the annual cost of electricity, identifying the minimum price
at which energy must be sold for an energy project to break
even." Eqn (2) accounts for both financial and technological
expenses, as well as for the amount of energy produced,
through the capacity factor (CF) parameter.

Co x CRF x (1 — T x Dpy)
8760 x CF x (1 = T)

fixed O &« M .
m =+ Varlable O & M +f X h (2)

LCOENREL =

where C, is the capital cost, CRF is the capital recovery factor, T
is the tax rate, Dpy is the present value of depreciation, O & M is
the operation and maintenance costs, fis the fuel price, and # is
the heat rate."

The CRF is a parameter, expressed in eqn (3), which
addresses the costs of financing the capital for the project,
relating a constant annual payment amount to a single

value.'*1®

r(1 +r)N

CRF=—— "2
(14r)N-1

(3)
where r is the discount rate and N is the number of years over
which the LCOE is evaluated.

A different LCOE model was produced by the British Depart-
ment for Business, Energy & Industrial Strategy (BEIS), which
defines it as the discounted lifetime cost of ownership and use
of a generation asset, converted into an equivalent unit of cost
of generation in currency per MW h. The LCOEggs divides the
discounted sum of costs by the discounted sum of the energy
production, as shown in eqn (4),

N C, + fixed O & M,, + variable O & M,,

= (s
LCOEggss =

N L (4)
ST+

where C,, O & M,,, and E, are, respectively, the capital cost, the
operation, the maintenance costs, and the energy generated in
year n.**

Since the LCOEggs accounts for the present value of costs
and energy outputs, which are discounted through r to predict
future values, it can also be defined as discounting LCOE. The
discounting method is opposed to the annuitizing method,
where costs are calculated over the system lifetime and then
converted to an equivalent annual cost and divided by the

This journal is © The Royal Society of Chemistry 2023
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average annual electrical output. LCOEannuitizing iS Set out in

eqn (5).
(ZVO (1 Jcrnr)") (1 - (1V+ ")7")

(5

LCOEannuilizing - (5)

Hence, the annuitizing method converts costs and energy
output to a constant flow over the lifetime of the system.

Since PV technologies do not produce a constant electricity
output over their entire lifetime, discounting methods are
preferred to evaluate the LCOE in the solar sector." Moreover,
specific models have been proposed for the calculation of the
LCOE for PV systems, which account for the energy production
decrease with time, through the degradation factor (d). An
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example is provided by eqn (6), which displays the formula
proposed by Lai et al. to evaluate the LCOE of a PV system.

N(I,+0 &M, +F,)
>

LCOEPV :n:0 — (1 gr)
nzzo(l + 1)
é\’:(ln—i-O&Mn—O—Fn)
:I1=0 (1 +r)” (6)
N S,(1—d)"
P

where I, is the initial investment, F, is the interest expendi-
tures, and S, is the rated energy output per year.

Table 1 Comparison between variables and assumptions for each model considered

Model Variables

Assumptions

NREL (eqn (2)) Cy (capital cost)

CRF (capital recovery factor) (eqn (2))
r (discount rate)

N (number of years)

T (tax rate)

Dpy (present value of depreciation)
CF (capacity factor)

O & M (operation and maintenance cost)

f (fuel price)

h (heat rate)

N (number of years)
n (year)

C,, (capital cost in year n)

BEIS (eqn (4))

The degradation of the system
is considered through CF
Fuel is needed for the system operation

The system does not degrade over time

O & M,, (operation and maintenance cost in year n)

7 (discount rate)
E, (energy generated in year n)
N (number of years)

n (year)

C, (capital cost in year n)

r (discount rate)

E, (energy generated in year n)
N (number of years)

n (year)

I, (initial investment in year n)

Annuitizing (eqn (5))

PV (eqn (6))

Costs are calculated over the system lifetime
and then converted to an equivalent annual cost
The system does not degrade over time

The PV system undergoes a time-dependent
exponential degradation

O & M, (operation and maintenance cost in year n)

F, (interest expenditures in year n)
7 (discount rate)
E, (energy generated in year n)
S, (rated energy output in year n)
d (degradation rate)

PV financial (eqn (7)) I (initial investment)

N (number of years)

n (year)

Dpy (present value of depreciation)
INT (interest paid)

T (tax rate)

r (discount rate)

LP (loan payment)

The PV system undergoes a time-dependent
exponential degradation

O & M, (operation and maintenance cost in year n)

RV (residual value)
E, (energy generated in year 0)
d (degradation rate)

This journal is © The Royal Society of Chemistry 2023
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This definition can be expanded by considering further
financial parameters, as demonstrated by eqn (7).

LCOEpy =
N Dpy +INT LP NO&M, RV
1y P it W -T) -
2y ey PR D i
N Eo(1—d)’
oL
)

where INT is the interest paid, LP is the loan payment, and RV
is the residual value."”” Although this level of detail adds
complexity to the calculations, most of these parameters are
well-defined by several financial models and usually do not add
uncertainties. Table 1 compares the different variables and
assumptions adopted for each model considered above.

Conversely, when addressing LCOE calculations for perovs-
kite PVs, several factors relating to large-scale efficiency, stabi-
lity, and manufacturing costs can only be assumed. Sofia et al.
compared the LCOE of two types of perovskite/silicon tandem
cells, adopting a d of 0.5%, which is typical of Si PVs, hence
supposing huge advances in the stability of PSCs.'® Moreover,
to account for future changes in material prices and operation
costs, they determined a reduced system cost scenario based on
the predictions of the economic viability that they previously
performed on thin-film tandem PVs." Differently, Cai et al.
assumed a discount rate of 5% to calculate the LCOE of fully
printable perovskite solar modules.'® Moreover, they presented
the trend of the LCOE versus the device’s lifetime for different
module efficiencies, to evaluate the impact that stability and
PCE have on the LCOE. Similarly, to elucidate the impact of the
system degradation, Hosseinian et al. produced maps of LCOE
as a function of the deployment time,”® which is assumed
equivalent to Tgs, defined as the time (expressed in years) at
which the PCE of the solar device reaches 85% of its initial
value. Finally, a completely different approach was adopted by
Zafoschnig et al., who employed a performance ratio of 80% to
account for the system degradation without involving d in their
calculations.™

Thus, the abundance of models and assumptions renders
the determination of the LCOE for PSCs very challenging.
Indeed, the variety of reported values, produced by different
models, hinders the comparison between commercial and
emerging PV technologies. Arranging data from several refer-
ences (see Table S1, ESIT), we collected the calculated LCOE for
perovskite solar devices reported from 2016 to the present day
(Fig. 1). LCOE values are differentiated based on the assumed
lifetime of the PV system and further categorized according to
the adopted PCE, location of installation, and estimated annual
insolation. Interestingly, the number of works reporting LCOE
calculations has been growing over the years, especially since
2020. Moreover, although the majority of analyses assume PCEs
between 16 and 20%, from 2022 the performance range is
extended up to 27%, which is beyond the promising advances
achieved at the laboratory scale. Similarly, the lifetime adopted
in the estimations increased from less than 20 years to 25 years
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Fig. 1 LCOE predictions for perovskite photovoltaics over the last seven
years. The data are divided according to the stability of the perovskite
modules (red, blue, brown, and grey dots, ranging from 5 to 30 years) and
their efficiencies (pink, yellow, and light blue contours). The rectangles
report the spreading of the LCOE when a single value is not given. Outlier
values are marked with a star. The green-shaded area visualizes the 95%
interval of confidence for the true LCOE value for perovskite devices,
which is between 4.53 and 6.12 c$ per kW h.

since 2020, revealing the ambition of the research community
to attain comparable stability to crystalline silicon technolo-
gies. To analyze the dataset, we first applied a statistical
dispersion approach to identify potential outliers, as described
in the Supporting Information. Then, we determined the 95%
interval of confidence for the remaining values. The LCOE value
was found to lay between 4.52 and 6.11 c$ per kW h with 95%
probability, as it is highlighted by the green-shaded area in
Fig. 1. Nevertheless, despite similar lifetime and PCE inputs, a
huge spread of LCOE values was reported in 2021, due to
different calculation and assumption approaches. This high-
lights the importance of determining a common method to
account for uncertainties when addressing the LCOE calcula-
tion of perovskite PV systems. Furthermore, the refinement of
the assumptions regarding manufacturing costs and financial
parameters is a critical factor for enabling a more reliable
determination of LCOE values.

The Impact of the performances

With regards to the energy output, assumptions must be
adopted when calculating the LCOE of perovskite PVs, since
the scaling-up of the technology produces efficiency and cell-to-
module (CTM) losses that cannot be unequivocally predicted
yet. Indeed, the vast majority of PSCs are produced as labora-
tory prototypes with small active areas. The currently certified
record efficiency of 25.7% is attained on a 0.096 cm? area cell
and the largest active area recorded for a perovskite solar
module is 802 cm® with a PCE of 17.8%.>" Since conventional
solar panel dimensions are usually between one and two square
meters, further progress in the scale-up field is required,
generating uncertainties in the prediction of the performance
of future perovskite solar panels. Indeed, every technology that
wants to increase its technology readiness level (TRL) towards
commercialization must face the transition from the laboratory

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Scaling-up process of perovskite photovoltaics. The graph reports
aperture area. The red star represents the performance and dimension of a

scale to the pilot line, and then to the production line. For
perovskite PVs, this starts with the scaling up of the active area.
Fig. 2 shows the trend of the PCE with respect to the logarithm
of the active area of perovskite single junction modules. These
data demonstrate that the PCE for standard modules (10 000 cm?)
will be significantly lower than the record performance on
small-area single cells. To reach a competitive position in the
PV market, perovskite modules should target entry commercia-
lization with PCE of 17%-20% for 10000 cm? or more, which
should be further improved in the future following the devel-
opment trends. A large part of these losses is due to the
perovskite deposition technique that is required to coat large-
area substrates. For solution deposition, highly performing
devices are always achieved by spin-coating the perovskite
solution and on small active areas (<1 cm®). Conversely, for
large-area modules, vacuum deposition methods are usually
combined with slot-die coating and blade coating, among
others. Unfortunately, these techniques still lack performance
when compared to solution depositions. Apart from the scaling-
up process, PSCs efficiency is further threatened by CTM losses,
which are typical of any solar technology and may vary accord-
ing to the module configuration and design. For example, in
thin-film modules (such as perovskite single junctions and all-
perovskite tandem modules) the CTM losses regard the p1, p2,
and p3 patterning that defines the non-PV active area of the
module. Moreover, the area required for the edge sealing
(roughly 1 ¢cm, running around the glass edge) and the tabbing
of the junction box terminals must be also considered. Overall,
these losses in performance have a negative impact on the
determination of the LCOE for perovskite PVs, which is wor-
sened by the lack of information regarding the performances of
standard-sized modules.

To evaluate the influence that the system performances have
on the LCOE value, a sensitivity analysis must be conducted. An
example was presented by Darling et al,"” who studied and
compared three hypothetical 20 MW utility-scale PV systems

This journal is © The Royal Society of Chemistry 2023

the efficiency of perovskite solar cells and modules as a function of the
commercial silicon module as of 2022. Data edited from Ritzer et al.??
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Fig. 3 Sensitivity analysis of the LCOE over r, E, d, solar irradiation, and
O & M costs, performed on 20 MW utility-scale PV systems located in
(a) Boston, (b) Chicago and (c) Sacramento. Reprinted with permission from.”

located in Boston, Chicago, and Sacramento (Fig. 3a, b, and c).
The sensitivity analysis correlates the LCOE to r, E, d, solar
irradiation, and O&M costs. The correlation is positive if an
increase in the input parameter results in higher values of
LCOE, while it is negative if the increase in the LCOE value is
the consequence of a decrease in the input parameter. The
magnitude of the correlation indicates how strongly the para-
meter influences the LCOE. It is worth noting that the authors
did not include manufacturing and installation costs in their
calculations. As displayed in Fig. 3, the conversion efficiency is
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the second most significant contribution in all three case
studies, underlining its importance in the definition of
the LCOE.

It is important to mention that future performance analyses
should take into account potential technological improvements
in the large area perovskite modules. In the near future,
perovskite modules may benefit from thin-film module
improvements that are already present in other technologies.
For example, a fourth patterning process (p4) can be included
to minimize the effect of partial shading. Similarly, perovskite
modules will benefit from a large implementation of bypass
diodes, to reduce the negative effects of reverse biasing and
partial shadowing. These improvements at the module level
will be parallel to improvements in module design aimed to
minimize the gFF, for example with a narrower gap in the
scribing process.

The role of stability

As much as PSCs shine for their efficiency, they quickly fade
away concerning stability. Nowadays, mainstream silicon man-
ufacturers are extending the warranties of their products
beyond 30 years, with Tg, degradation rates. Conversely, per-
ovskites are well-known for their fast degradation, either in the
photo-absorber or in the extraction layers, often accelerated in
presence of atmospheric agents and temperature. In 2021,
Nieto-Diaz et al. proposed a thorough investigation of the
effects of performance degradation on the LCOE.>® Firstly, they
collected a large dataset of literature data regarding the stability
of perovskite devices with different architectures. From the
dataset, they identified two coefficients to express the degrada-
tion: a fast “burn-in” coefficient (B) that quickly reduces the
initial efficiency up to 60% in the initial hours, and a linear
degradation coefficient (D) that affects the stability on the long
term (Fig. 4a). The spread in the dataset’s distribution of the
two coefficients (Fig. 4b) reflects the high level of uncertainty
regarding a proper evaluation of the perovskite stability. Sec-
ondly, they implemented the two coefficients into LCOE calcu-
lations, providing the variation of the LCOE as a function of D
for two different values of B (10% and 40%, Fig. 4c). Such a
large variation in the LCOE points out the paramount
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importance of precisely quantifying the stability of PSCs.
Although, more and more studies are exploring perovskite
outdoor stability, from these experiments we can only extra-
polate their predicted long-term lifetime. For a more accurate
evaluation, we need statistical analyses on accelerated tests, to
compare them with the results on c-Si products. In this regard,
the recent progress on the back end research developed new
encapsulation strategies that allowed the perovskite to succeed
in the internationally recognized IEC 62715-6-1 accelerated
stability test.®?**°

The challenge of the manufacturing

Despite the fact that most perovskite system expenses, such as
installation, system, and maintenance costs, can be derived
from other PV technologies, the quantification of realistic
manufacturing costs remains a complex challenge. Two issues
complicate the evaluation of the production costs of perovskite
modules. Firstly, there is still not a general consensus regarding
the deposition approach since both solution and vacuum
depositions have good potential. Likely, early production lines
will be based on a combined system: a solution deposition for
the first transport layer and the perovskite, followed by a
vacuum deposition of the second transport layer and the
contact. This leads to the second issue: the lack of an industrial
reference for production lines. At the time of writing, it is still
not possible to acquire industrial perovskite manufacturing
lines (>20 MW) without excluding high levels of customization
and relative added costs. In Fig. 5a, we collected the calculated
manufacturing costs, expressed in $ per m? for perovskite
modules from 2016 to 2022. From our selection, we excluded
those reports that included gold or very expensive transport
layers, resulting in manufacturing costs >150 $ per m?. Several
studies proposed values between 20-40 $ per m?, which are
significantly lower than those reported for ¢-Si (50-80 $ per m?).
Moreover, we noted that the p-i-n configuration has an average
lower cost than the n-i-p configuration. To assess which
component of the module has the highest impact in the total
cost of a perovskite solar module we analyzed several cost
breakdowns taken from the literature. Where possible, we
included the glass substrate, the transport layers with the
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Fig. 5 Manufacturing cost of perovskite solar modules. (a) Manufacturing
cost expressed in $ per m, for perovskite solar modules from 2016 to
2022. (b) Number of publications that have identified each material as the
first highest cost in their cost breakdown. (c) Number of publications that
have identified each material as the second highest cost in their cost
breakdown. Graphs (b) and (c) are extrapolated from (a) when the details of
the cost breakdown are provided.

contacts, the perovskite, and the back end (which includes the
rear glass encapsulation, the edge sealing, the junction box
application, and the framing). Results are displayed in Fig. 5b
and c. The glass substrate with the transparent conductive
oxide (TCO) and the back end are identified as the first and
second highest cost for a perovskite solar module. Conversely,
the perovskite and the transport layers are considered by
several works among the less expensive components in the
manufacturing process. Finally, reusing and recycling critical
components of perovskite solar modules can effectively reduce
the cost of manufacturing, hence reducing the LCOE, as
demonstrated by Tian et al.>*

Besides the difficulties regarding the evaluation of a realistic
cost for manufacturing, another question arises regarding the
mass and volume of chemicals and solvents needed to reach
mass production and their availability. Therefore, we estimated
the amount of precursor materials that are required for the
production of 20 MWp of perovskite modules. We considered a
module efficiency of 20% with a geometrical Fill Factor (gFF) of
83%, which is among the state of the art of research
publications.>” For the device configuration, we considered

This journal is © The Royal Society of Chemistry 2023
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both n-i-p and p-i-n, excluding the top electrode and the
conductive glass substrate from our analysis. Table S2 (ESIT)
summarizes the estimated quantity of materials required to
produce 20 MWp of perovskite modules. For instance, assum-
ing 500 nm of film thickness and negligible material losses
from slot-die deposition, we calculated that 66.22 kg of methy-
lammonium iodide (MAI) and 192 kg of lead iodide (Pbl,) are
required to realize the methylammonium lead iodide (MAPbI;)
perovskite active layer. To prepare the precursor solution, a
volume of 0.35 m® of DMF is also needed. Similar estimations
are reported for the production of ETLs and HTLs, considering
several deposition techniques. In our analysis, we also consid-
ered the quantity of precursors, solvents, and chemicals that
will scale up with an increased production capacity, while fixing
the efficiency of the perovskite solar modules and their gFF.
Fig. S1 (ESIt) displays this linear correlation for production
capacities up to 1 TWp. We calculated, for example, that the
amount of PbI2 required for the production of 1 TWp of
MAPbI; solar panels with an efficiency of 20% is around 10kt,
which is less than 0.1% of the global production of lead in 2016
(11144 000 t), most of which comes from recycling processes.
We then analyzed the same scenario for MAI, which is pro-
duced from methylamine. In this case, the amount of methy-
lamine needed to produce the 3.3 kt of MAI is about 1.6kt,
which is less than 1% of the BASF methylamine production in
2009. These data confirm the availability of the perovskite
precursors to achieve 1TWp production in the next years.
Nevertheless, a critical point must be highlighted: the current
trend of replacing methylammonium with formamidinium or
cesium cations may have an impact on the cost and availability
of the precursors.

Future perspective

Perovskite PVs are transitioning from research to early indus-
trialization. In this process, more attention will be given to the
competitiveness of perovskite technology in the PV market.

Therefore, we expect a growing interest in refining models
for producing more precise values of the LCOE. Furthermore, it
is urgent to univocally determine those input variables which
are still missing, such as outdoor performances and stability.
Indeed, the validation of perovskite modules outdoors is
already providing realistic energy yield predictions that will
largely benefit more accurate calculations.>®

Testing the modules in real environmental conditions has
already shown the relevant impact of elevated temperatures on
the module performances. In this direction,” Xu et al
proposed an innovative model to assess the economic impact
of thermal effects on the LCOE prediction for different solar
technologies, perovskites included.®** The next challenge
regards the stability of perovskite PVs. We have seen that
degradation rates are the parameters that mostly affect the
LCOE predictions. Only over the last few years, the academic
research started to consider the challenge of stability as impor-
tant as performance. The improvements at the device level and
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in the encapsulation allowed for the first internationally recog-
nized stability tests. The outcome of these tests is of great value
to refine the degradation rates in the LCOE. Finally, we expect
that during this early industrialization stage a standard produc-
tion line for perovskite PVs will emerge, thus completing the
cost estimation of this technology. After that, we will witness
strategies that aim to further reduce the LCOE below
2 c$ per kW h. In this direction, improving performance and
stability are imperative. In particular, improving the stability is
even more important, considering the new commercial stan-
dards of 25 years or more for the residential and utility markets.
But other strategies can be adopted to further reduce the LCOE
by looking at the manufacturing costs. Indium-free electrodes
can be adopted to reduce the impact of the cost of the
transparent electrode. Due to its scarcity, indium is a relatively
costly element. Alternatives formulations of indium-free are
currently being explored also for the mass production of silicon
heterojunction solar cells. For perovskite modules, fluorinated
tin oxide (FTO) and aluminum-doped zinc oxide (AZO) are
possible alternatives. Concerning the utilization of expensive
metals as rear electrodes, it is possible to replace silver with less
expensive copper. However, the metal consumption for thin-
film modules can be further reduced if sputtering replaces
thermal evaporation. This is a significant advantage over sili-
con technology, where screen-printed silver contacts require a
much higher amount of metal, justifying the need for plating
and copper adoption. Aside from these technical considera-
tions, the driving factor to further reduce the LCOE will be
determined by the mass production of the perovskite modules.
Similarly to what we have seen and what we are witnessing for
silicon technology, increasing the production capacity trans-
lates into a steady reduction of manufacturing costs, signifi-
cantly benefitting the LCOE.

Conclusions

In conclusion, we have discussed the leading role of the LCOE
to set a competitive position for perovskite PVs in the market.
We showed that there is still a large uncertainty regarding the
exact value of perovskite LCOE, even though several studies
reported the LCOE in a range between 3-6 c¢$ per kW h. This
uncertainty stems from a lack of information regarding the real
performances of the modules, the degradation rate, and the
manufacturing costs for industrial production.

For the performances, the scaling-up process from small-
area single devices to large-area modules is the big challenge
for the next years. Similarly, the improvement of the stability,
minimizing the degradation rate, is fundamental to preserve a
cutting edge in applications that share the market with the
mainstream silicon technologies. Lastly, we have seen that the
lack of information regarding the manufacturing cost is par-
tially compensated by the cheap depositions and the abun-
dancy of the perovskite’s precursors. Overall, in the next few
years the LCOE calculations will be important to set the agenda

428 | Energy Environ. Sci., 2023, 16, 421-429

View Article Online

Energy & Environmental Science

for an early commercialization or a pivotal strategy towards
other applications of halide perovskites.
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