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electricity from perovskite single junction and
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With high efficiency and fast processing, metal halide perovskite (PK) solar cells promise a new paradigm for

low-cost solar power. In addition to single junction device performance that is near the internal Shockley–

Queisser limit, new tandem configurations promise even higher efficiencies. Efforts to commercialize PK-

based modules are hindered by several factors including questions of cost and performance in the field.

Long lifetimes are needed to achieve a low levelized cost of electricity (LCOE) and establish bankability.

To understand the impact of device lifetime on LCOE we compared bottom-up cost and energy yield

analyses for single-junction and tandem solar modules based on optical modeling of the device stacks,

the device physics, and real-world advanced irradiance and temperature variation data. The degradation

rate was taken to be a variable to examine the impact of stability on the LCOE. We show that both

device and field lifetimes are critical to achieve a low LCOE for a solar power station. Additionally, for all

PK device lifetimes, tandems constructed with higher-cost tandem partners will be economically

disadvantaged in the market place.
Introduction

As single junction (SJ) photoconversion efficiencies for thin-
lm photovoltaic (PV) devices approach the internal Shock-
ley–Queisser (iSQ) thermodynamic limit for the particular
device constructions, efficiency gains are more difficult to
achieve. Consequently, there is a growing interest in tandem
devices. Of particular interest are tandem solar cells based on
metal halide perovskites (PKs). PKs offer a wide variety of low
temperature processing routes and bandgaps that can be
readily varied between �1.25 and �3.1 eV.1 Large bandgap PK
materials can be used as top cells that can be paired with lower
bandgap bottom cells fabricated with Si,2–4 Cu(InxGa1�x)Se2
(CIGS),5–11 and small-gap PKs.12–18 Current AM1.5G record
power conversion efficiencies (PCEs) are 29.8% (ref. 19) and
27.7% (ref. 20) for two- and four-terminal (2T and 4T) PK/Si
devices, respectively. For all-thin-lm congurations, effi-
ciencies of 24.2% (ref. 19) and 25.9% (ref. 11) have been ach-
ieved for PK/CIGS devices in 2T and 4T devices, respectively,
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mation (ESI) available. See

2, 6, 2718–2726
while 26.4% (ref. 12) and 25% (ref. 13) have been shown for 2T
and 4T PK/PK constructions. There are now several examples
of tandems that have efficiencies that exceed the record effi-
ciency of both individual subcells,21 and thermodynamically-
limited 1 sun efficiencies up to 34% can be expected in the
future (vide infra). Decisions regarding large scale
manufacturing will depend not only on the cost of materials
and equipment acquisition and operation, but also on the
expected performance and longevity of PK-based modules in
the eld.

While PCE is a good metric for improving device perfor-
mance in the lab, the decision to pursue a proposed PV system
is based on the expected levelized cost of electricity (LCOE) for
the installed system. LCOE (eqn (1)) is the net present value of
all costs for building and operating an electricity generating
system over a given deployment time in the eld, divided by the
energy yield (EY) expected during that time. For a consumer,
LCOE can be used to compare the costs of electricity production
across a variety of options.22,23

LCOE ¼

Pn

i¼0

Ci

ð1þ rÞi
Pn

i¼0

EY0 � ð1� dÞi
ð1þ rÞi

(1)

In eqn (1), Ci and EYi are the costs and energy yields, respec-
tively, for each year of operation, and these are summed over the
This journal is © The Royal Society of Chemistry 2022
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total time deployed in the eld, n. Ci accounts for
manufacturing and other initial installation costs (when i ¼ 0)
as well as ongoing maintenance and repair costs during the
years of operation. The EY for each year depends on the incident
irradiance, which varies with the time of the day, the day of the
year, and location-specic aspects such as latitude, weather,
and air pollution. Temperature variations are also impor-
tant.24,25 EYi will diminish each year in accordance with the
degradation rate, d. The net present value is evaluated by
assuming a discount rate, r. In this work we used a discount rate
of 6.5%, in agreement with others.26 More details on the
calculations are presented in the ESI.†

Several studies have examined the annual EY (AEY) of PK-
containing tandem solar cells,24,27–30 and a few other studies
have evaluated the costs of fabrication.31,32 Two studies esti-
mated the fractional additional costs that would be required
to obtain the higher efficiencies associated with a tandem,33,34

while Li et al. performed a bottom-up cost analysis of PK/PK
and PK/Si tandems and then estimated the LCOE by
assuming average solar insolation and a PCE under a AM1.5G
spectrum to determine the annual EY.32 It was concluded that
the LCOE of a PK tandem device could be lower than that of
a PK SJ device because of the low-cost of adding a PK subcell.
However, the PK cells were assumed to have already achieved
a low degradation rate (1% per year) and a long deployment
time (20 years).32 To our knowledge, only one study has
addressed the LCOE for a thin-lm tandem of any kind, and
this was done for CdTe/CIGS assuming an EY based on
a clear-sky considerations.31 In fact, there are no papers
which consider the impacts of real-world EY on LCOE in
tandems.

Currently, the most signicant issue impeding commercial-
ization of PK-based PV devices relates to stability issues.35–41

While there have been signicant advances in controlling
degradation, PK-based devices have only demonstrated life-
times on the order of a few thousand hours under illumina-
tion.42–45 Successful PV technologies such as Si and CdTe require
small degradation rates and long deployment times in the eld
so that investment of manufacturing and construction costs can
produce many years of high EY. Large-scale investment and
commercial adoption of PK-based tandems will be stimulated
by the demonstration of substantially lower LCOE values than
currently available options.

In this contribution, we investigate the impact of stability,
SJ and tandem device efficiency, and manufacturing, instal-
lation, and operational costs on the LCOE. We use bottom-up
cost models and real-world EY calculations to determine the
LCOE values for SJ and PK-based tandems as a function of the
degradation rate and presumed degradation mode for the PK
subcell. We compare the LCOE for the individual SJ devices
and investigate both 2T and 4T tandem deployments. As
a representative case we focus on PK/CIGS tandems to leverage
our previous real-world energy yield simulations24 and tech-
noeconomic analyses.46 However, the conclusions are relevant
to other tandems involving PK if the partner subcell has long-
term stability (e.g., Si, CIGS, CdTe).
This journal is © The Royal Society of Chemistry 2022
Methods

Calculations were performed to assess AEY and manufacturing
costs. Briey, the AEYs for four different PV technologies (SJ PK,
SJ CIGS, and 2T and 4T PK/CIGS tandems) were calculated by
considering the real-world irradiance and temperature condi-
tions in Phoenix, AZ. For these calculations, the hourly device
performances were determined with the diode model, using the
transfer matrix method (via measured refractive indices of all
layers), and the hourly angle of incident, module temperature,
spectral solar irradiance, and power distribution in the diffuse
component of the light. Manufacturing steps and costs were
used to determine the minimum sustainable price (MSP) of
each PV technology. The MSP was determined as that cost at
which the module price would yield the internal rate of return
(IRR) equal to the weighted average cost of capital (WACC) for
a manufacturer with 500 MW per year shipment, 7 year equip-
ment depreciation, for a 25 year facility depreciation. The
manufacturing steps and corresponding costs for each module
is given in the ESI Tables S2 to S5.† For the cost component of
the LCOE calculations, theMSP and installation costs were used
as the initial cost for utility scale plant.

Results and discussion

The device architectures are shown in Fig. 1. Themanufacturing
costs of high performing SJ PK and CIGS devices with bandgaps
of 1.55 and 1.16 eV, respectively, were determined following the
work of others.31,46 The bandgap combinations were chosen to
optimize the real-world EY.24 For the 2T device, we assumed the
1.16 eV CIGS device was fabricated rst and that a 1.7 eV PK
subcell was added to it. For the 4T device, the subcells were
fabricated independently and combined with the encapsulant.
The fabrication order and device structures were taken from
champion device efforts.8 The bottom cell fabrication consisted
of deposition of a CIGS/CdS junction on a Mo back contact,
topped with a ZnO buffer and an In2O3/SnO2 (ITO) transparent
top electrode. The top PK cell is fabricated in the p–i–n order
with a solution-processed PK absorber material sandwiched
between NiO and ZnO layers for hole and electron transport,
respectively. ITO was used for both the back and front contacts.
Fig. 1(e) shows that the manufacturing costs are dominated by
the cost of materials, with the glass, junction box, encapsulant,
edge seal, and ITO accounting for $24 per m2 in each case
(ESI†). The absorber layer accounts for much of the difference
between the devices, though the 4T device includes a second
ITO layer and junction box. The depreciation was lower for the
PK cell due to the lower equipment costs. The total
manufacturing costs were $50.91 per m2 and $34.02 per m2 for
the SJ CIGS and PK devices, and $56.05 per m2 and $67.36 per
m2 for the 2T and 4T tandems, respectively.

We note that the PK material used as a top cell is different
than the PK material used in the SJ cell and likely will include
different material costs; however, this analysis shows that the
PK material costs are $1.05 out of the $34.02 for the SJ cell, and
most of it is due to the depreciation and maintenance of the
deposition and processing equipment. As a result, to affect the
Sustainable Energy Fuels, 2022, 6, 2718–2726 | 2719
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Fig. 1 Device structures and fabrication order for (a) 1.16 eV CIGS, (b) 1.55 eV perovskite, (c) two-terminal 1.16 eV CIGS/1.7 eV perovskite tandem,
and (d) four-terminal 1.16 eV CIGS/1.7 eV perovskite tandem cells used to calculate the manufacturing costs. (e) Manufacturing cost breakdown
for the modules are shown. The dashed line at 11.36 $ per m2 corresponds cost for front and back glass.
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overall cost structure of the SJ PK and tandem devices, the
difference in cost between the 1.55 eV PK and 1.7 eV materials
would need to be many-fold. Consequently, this cost difference
between these two absorber materials was ignored.

We used the transfer matrix method and optical properties
of each layer to calculate the external quantum efficiency,47 and
then determined the saturation current density at the thermo-
dynamic limit. The irradiance data was used to determine the
photogenerated current density. The current–voltage curves
could then be simulated using the diode equation. Under
AM1.5G irradiance, efficiencies for the SJ CIGS and PK devices
were 24.9% and 24.8%, respectively, while the 2T and 4T
tandems showed efficiencies of 33.0% and 33.7%. Dollar-per-
watt values were determined to be $0.204 per W, $0.137
per W, $0.170 per W, and $0.200 per W, respectively. These
values are in-line with other reports31,32,46 and bench-mark well
with the market aer considering the off-setting effects of (i)
calculated internal Shockley–Queisser limited performance that
may be optimistic and (ii) bottom-up cost estimates that may
over-estimate actual costs due to the savings that are available
to manufacturers but not apparent to outsiders.46

By assuming mass production in the United States with
a volume of 500 MW per year we were able to calculate
a minimum sustainable price (MSP) for the sale of each type of
module, following previous work.31,46 Our results show, MSPs of
44.3, 75.8, 79.6 and 94.6 $ per m2 for PK, CIGS, and 2T and 4T
tandems, respectively. To check the sensitivity of our approach
2720 | Sustainable Energy Fuels, 2022, 6, 2718–2726
to manufacturing volume we reduced the volume by 50% (to 250
MW per year) and found increases the MSP by 19%, 33%, 36%
and 34% for PK, CIGS, and 2T and 4T tandems, respectively. At
a 50% higher manufacturing volume (750 MW per year) the
MSPs were reduced by 6%, 11%, 12% and 11%, respectively. For
the installed system we assumed a 100 MW utility-scale project
with area of 0.525 km2 located near Phoenix, AZ. The initial
costs for the eld consisted of the MSP for the modules and
additional costs associated with the inverter(s), as well as area
dependent costs associated with framing, wiring, land, and
labor. Aer considering both the US Department of Energy's
SunShot 2020 targets48 and NREL's 2018 PV System cost
benchmarks we adopted the more up-to-date values from the
latter for the installation costs and costs of maintenance, repair,
and annual operation.49 While the former has higher inverter
costs and lower operation and maintenance (O&M) costs, the
values presented in the latter were determined to be more
representative of today's marketplace [see ESI†]. In contrast to
earlier studies,31 we considered that 4T deployments will
require additional inverters, wires, and labor during installa-
tion, as well as additional recurring O&M costs. Consequently,
we investigated low, medium, and high incremental values for
these of $0.04 per W and $2 per kW h, $0.08 per W and $4 per
kW h, $0.16 per W and $6 per kW h, respectively. Details of the
calculations, including cost of materials and other parameters,
can be found in the ESI.†
This journal is © The Royal Society of Chemistry 2022
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To determine the initial EY for each module we followed our
previous work with Phoenix AZ irradiance and meteorological
data for each hour of the year with included average tempera-
ture variations.24 To explicitly consider the impact of the
stability of the PK cells on the LCOE as a function of degrada-
tion rate we followed industry norms50,51 and dened the life-
time to be the time at which 85% of the initial output could still
be generated, henceforth referred to as T85. Accordingly, the
degradation rate, d, used in eqn (1) was expressed as shown in
eqn (2).

d ¼ 1� 10
logð0:85Þ

T85 (2)

While the PK degradation rate varies, a 30 year T85 (degra-
dation rate of 0.54% per year) is assumed for the CIGS SJ cells
and subcells in both tandem architectures, a lifetime compa-
rable to the best warranty that has been available in the
industry.52–54 With these degradation rates, we calculated the
LCOE of the SJ and tandem devices.

Fig. 2(a) shows the LCOE of the SJ PK device as a function of
T85, with the assumption that the deployment time equals the
T85, while Fig. 2(b) shows that the LCOE for SJ CIGS device as
a function of deployment time with the xed degradation rate of
0.54%. As expected the LCOE becomes lower as the deployment
time is extended. Fig. 2(a) also shows the tremendous advan-
tages for PK in comparison to CIGS and, by extension, other
technologies such as CdTe and Si. If stability issues can be
addressed, the LCOE for a 30 year PK device would approach 4.6
cents per kW h, while the LCOE for the CIGS devices would be
5.6 cents per kW h. These results compare well with other
reports for LCOEs for SJ PK32,46 and CIGS devices,31 which used
different assumptions and inputs. Note that for comparison,
the LCOE of Si is reported to be 5.1 cents per kW h with 30 year
deployment.49 We consider our work to be an improvement over
past work due the use of state-of-the-art EY analysis as well as
current best-guesses for device construction and process ow.
Moreover, since our approach is comparative, it is internally
self-consistent. A somewhat surprising result is that a PK device
can achieve the same 30 year LCOE of a CIGS device with a T85,
and, thus, deployment time, that is only 1

2 as long.
For tandem devices, as for above, the PK subcell's lifetime

was varied while the CIGS lifetime, T85, was xed at 30 years,
and we investigated how the T85 of the PK subcell affected the
LCOE as a function of the deployment time of the tandem
device. In the case of 4T devices, each subcell can operate
independently so a separate degradation rate can be applied to
each. Fig. 2(c) shows the LCOE of a 4T tandem as a function of
the PK T85 and deployment time in the eld. Note that the T85
of the PK subcell occurs when the performance degrades to 85%
of the original value, so that subcell will continue to contribute
to the overall EY of the tandem even aer the T85 of the PK is
reached if the devices is still deployed in the eld. In addition,
we assumed that the CIGS cell T85 and performance were not
affected by degradation of the top PK cell. We also assumed low
values ($0.04 per W and $2 per kW h) for the incremental
balance of systems (BOS) installation and O&M costs,
This journal is © The Royal Society of Chemistry 2022
respectively (see ESI† for results with other assumptions).
Interestingly, in comparing the data in Fig. 2(c) and (b) we see
that adding a relatively short-lived PK cell (e.g., T85 < 10 years) to
a CIGS cell can produce lower LCOEs over a range of deploy-
ment times. As the PK stability improves, however, the LCOE
advantage for pursuing a 4T tandem in comparison to a SJ PK
device is reduced. While adding a PK subcell to a CIGS cell can
lower the LCOE in comparison to the CIGS device by itself,
a long-T85 SJ PK device would be preferred in comparison to the
4T option for the longer T85. The range over which the SJ PK
device would be chosen over the 4T option depends on the
incremental BOS and O&M costs (see ESI†).

In a 2T device the two subcells are in series andmust operate
with the same current. To examine the impact on the 2T
performance we considered three different degradation modes
for the PK cell: loss of current, loss of voltage, and loss of power.
In these analyses the operating point for the 2T tandem and the
AM1.5G efficiency was recalculated each year according to the
change in the current–voltage characteristic for each mode of
degradation. The initial EY was then reduced each year by the
fraction of reduced AM1.5G efficiency. Once again, the CIGS
degradation rate was held at 0.54% per year and the irradiance
incident on the bottom cell was assumed to be unaffected by
degradation of the PK cell. Clearly, this is a simplifying
assumption since the degradation of the PK cell is expected to
have a strong impact on the optical properties and transmission
of light to the bottom cell. More detailed simulations would
account for these changes, but are beyond the scope of the
present effort. Although current loss and optical changes have
been observed in unencapsulated PK device degradation
studies,35,55 a smooth decline in the output and a fairly constant
change in the optical properties will be expected as the tech-
nology matures. Similarly, we can presume that stabilization of
the maximum power point (MPP; or, roughly, ll factor) will
become a critical factor for commercialization, and thus our
approach can be considered to be a best-case scenario.

Fig. 2(d) shows the LCOE data for the PK subcell degrading at
the MPP. For this case the voltage and current density at MPP
were both degraded with d1/2. Here we see clear benets of
adding a PK subcell. For example, adding a PK cell degrading at
a 5 year T85 produces LCOEs near 5.4 cents per kW h when
deployed in the eld for 20 years. Such LCOEs are not produced
by the SJ PK cell until a T85 of �17 years is reached. The purple
(low LCOE) region in the gure is expanded signicantly in
comparison to the 4T data. Interestingly, at the longest T85 the
LCOE for the 2T is only marginally better than the LCOE of the
SJ PK device (4.5 versus 4.68 cents per kW h, respectively). The
purple region in Fig. 2(d) at long T85 is somewhat smaller if the
degradation is current-based and larger if the degradation is
voltage-based (ESI†). Overall, the general trends are quite
similar for each degradation mode, however the timescale of
signicant LCOE impact is more strongly effected for current
degradation due to the current matching requirement for 2T
tandems (see Fig. S5†).

Fig. 2(e) shows an “LCOE phase diagram” which delineates
regions where a specic technology gives the lowest LCOE. The
4T option does not appear on this plot for even the low values of
Sustainable Energy Fuels, 2022, 6, 2718–2726 | 2721
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Fig. 2 LCOE in Phoenix, AZ of (a) PK single-junction device as a function of PK lifetime (T85) when the deployment time equals the lifetime; (b)
CIGS single-junction device as a function of deployment time, and (c) four-terminal and (d) two-terminal tandems as a function of both the PK
top cell T85 and deployment time. (e) The lowest LCOE approach as a function PK T85 and deployment time. White dotted lines are equi-LCOE
contours, and black solid lines are region borders for the technologies with the lowest LCOEs. See text for more details.
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the assumed incremental costs and for all PK degradation
modes (see ESI†). The lack of the 4T option conicts with the
notion that added costs associated 4T operation can always be
offset by higher efficiency and energy yield. The LCOE contours
and the technology boundaries are also interesting to consider.
When the PK T85 and deployment times are equal, the 2T
tandem is preferred when MPP degradation is considered. Also,
once again, a relatively short T85 PK device can signicantly
lower the LCOE for the eld. For example, a PK subcell with a 10
year T85 (i.e., one that is degrading at 1.6% per year) can
produce an LCOE in a 2T eld that is <5.2 cents per kW h for
a deployment time of 20 years, and �4.8 cents per kW h at 30
years. In this part of the plot, the 2T tandem is offering LCOEs
similar to long-lived PK devices, but at much shorter PK T85.

While we have been focusing on PK/CIGS tandems, PK/Si
devices are also of great interest. With estimated costs of
2722 | Sustainable Energy Fuels, 2022, 6, 2718–2726
manufacturing for the Si subcell at �$89.6 per m2 by Li et al.32

and �$68.3 per m2 by Soa et al.56 as compare to $34.02 per m2

and $50.91 per m2 for PK and CIGS, respectively, one can
assume that the LCOE for PK/Si tandems will be greater.34 To
explore the impact of the cost of the bottom cell on the LCOE,
we varied the bottom cell cost while keeping its optical and
electrical properties the same. The MSPs were then calculated
for the 2T and 4T congurations, and the LCOE was determined
for 30 year deployment in Phoenix, AZ. The results are shown in
Fig. 3. If the manufacturing costs are below �$58 per m2 the 2T
module has the lowest LCOE for all values of PK T85 greater
than 3 years. As the bottom cell cost increases the area of 2T
preference shrinks and the SJ PK option become preferred at
high PK T85, while for PK T85 shorter than 3 years the SJ form of
the bottom cell is preferred regardless of bottom cell
manufacturing cost. Interestingly, at high bottom cell cost and
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 LCOE phase diagram with differing top cell PK T85 and bottom
cell manufacturing costs for devices in Phoenix, AZ. For the PK SJ
devices, the LCOE values are calculated using a deployment time
equal to the PK T85. For all other structures, the deployment time is 30
years. The 2T degradation mode and 4T incremental costs are the
same as in Fig. 2 (MPP, and low values, respectively). The range of
manufacturing cost between the dashed lines correspond to �10% of
the manufacturing cost estimates. For PK and CIGS bottom cells these
are�10% of $34.2 perm2 and $50.9 perm2, respectively. For Si bottom
cell the range span from $68.3 per m2 minus 10% to $89.6 per m2 plus
10%.

Fig. 4 LCOE phase diagram for tandems deployed in Phoenix, AZ as
a function of PK T85 and module PCE. For the PK SJ devices, the LCOE
values are calculated using a deployment time equal to the PK T85. For
all other structures, the deployment time is 30 years. The single
junction CIGS and PK module efficiencies were fixed at 21.1% and
21.2%, respectively. The 2T module efficiencies span from today's best
research device efficiency to 97% of the iSQ limit, less 3 percentage
points for cell-to-module integration (see text). Black dotted lines are
equi-LCOE lines, and solid black lines indicate the borders of the
lowest LCOE technologies.
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low PK T85 there is a small region where the 4T option becomes
preferred. Three price ranges are shown in Fig. 3, corresponding
to �10% of the manufacturing costs of PK, CIGS and Si as
bottom cells. Clearly, low-cost, thin-lm options in the 2T
conguration will have the best chance of succeeding in the
market.

It is worth noting that there has been a steady drop in the
manufacturing costs of Si wafers.57–59 This trend coincides with
the improvements in the T85 and stability of PK solar cells. So
far, most stable PK devices can operate within �90% of their
initial performances aer a few thousands of hours of opera-
tion.42–45 If one ignores the negative impact of stressing condi-
tions (e.g. humidity, temperature)35,36,39–41,60 and positive impact
of performance recovery under no illumination,61 a drop to 85%
of initial state aer 2000 hours of operation corresponds to
approximately half a year of T85 lifetime considering the
average sunshine hour count in Phoenix, AZ.62 With further
advancements, it is expected that the viability range of PK/Si
tandems will extend to lower cost in the future. Note that this
analysis considers the establishment of new manufacturing
facilities and does not take into account capital investments
that have already been made. Use of existing capital would
change the economics in the short term, but would not greatly
affect longer term scaling.

So far we have examined thermodynamically limited devices
and ignored losses associated with cell-to-module integration.
While record PCEs for SJ CIGS and PK devices are 94% and
102% (ref. 19) of the values calculated here, the highest reported
This journal is © The Royal Society of Chemistry 2022
efficiency for a 2T PK/CIGS device, 24.2%,19 is only 73% of our
thermodynamic value. The PK record is higher than our calcu-
lation because we chose materials based on a balance between
cost and performance and did not apply an antireection
coating. Fig. 4 shows the LCOE data when these real-world
aspects and cell-to-module integration issues are considered.
Here we have assumed the SJ CIGS and PK modules can be
manufactured at the modelled costs and perform at 97% of the
iSQ limit. We additionally assume a 3 point efficiency loss due
to cell-to-module integration for both SJ and tandem congu-
rations. This reduction in efficiency is associated with the loss
in area due to cell interconnection via laser scribing and edge
delete processes, and is the best achieved to date as docu-
mented by NREL for First Solar's CdTe technology.19,63 Thus, the
total area efficiencies for the CIGS and PK modules were set to
21.1% and 21.2%, respectively. With this approach today's
record 24.2% PK/CIGS device could have a PCE of 21.2% at the
module level, and a 2T module operating at 97% of iSQ would
have a total area efficiency of �29%. As before, the SJ CIGS
degradation rate d was set to 0.54% per year, the PK subcells
were degraded at MPP, degradation of the PK cell was assumed
to not impact the underlying device, and the EY the tandems
was accumulated for 30 years regardless of the PK T85.

Fig. 4 shows that 2T modules made with today's record
performance (i.e.module PCE of 21.2%) is not worth fabricating
from an LCOE perspective. As the efficiency of the tandem
improves the SJ PK and CIGS modules become less preferred,
and at module efficiencies greater than �27% tandems become
strongly preferred for PK T85 greater than �3 years. Overall, the
results indicate that PCE loss due to cell-to-module integration
shrinks the viability of the SJ devices. Clearly, both a high PCE
Sustainable Energy Fuels, 2022, 6, 2718–2726 | 2723
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and long T85 will be needed to access the lowest LCOEs values
near 4.5 cents per kW h.

Throughout this study we have assumed that degradation in
the PK device does not affect the output of the underlying CIGS
device in the tandem conguration. Dening the lifetime to be
when 85% of the initial output is still available suggests that
degradation will proceed smoothly, over the course of years.
Degradation studies of unencapsulated devices in the presence
of high humidity, however, have shown that reactions with
water cause the formation of PbI2 with an associated bandgap
widening from 1.7 eV to 2.3 eV. Depending on the device
structure, other products could be PbBr2 or PbO. More detailed
modelling of the optical and electrical properties of the PK cell
during these transformations would be required to determine
the combined effects of more light entering the bottom CIGS
subcell and the loss of electrical output from the top PK cell.
While there is evidence for a degraded top PK cell being able to
act as a transparent and conducting top device in a PK/Si
tandem aer PK degradation,55 allowing some degree of oper-
ation of the Si cell to continue, the complexities of the changes
in EY are beyond the scope of this study.

Conclusions

The conditions for viability of PK-based tandems were investi-
gated. Costs associated with manufacturing and deployment of
2T and 4T PK/CIGS tandems were detailed and the LCOEs of
tandem and SJ devices were determined as a function of PK T85
and degradation rate with real-world irradiance data for
Phoenix, AZ. Because stability issues with PK-based devices
generates uncertainty for large-scale deployment of both
tandem and SJ devices, clear targets for the T85 of PK materials
are needed. Our analysis indicates that PK T85 of 4 years are
long enough to warrant the formation of a tandem device with
lower LCOE than SJ CIGS and PK devices. We also determined
that the manufacturing cost of the bottom cell has a signicant
impact on the economical viability of tandems, though this
effect is larger at higher PK T85. We also showed that the PCE
loss associated with cell-to-module integration further supports
the case for low cost tandem construction as opposed to SJ
modules. With tandem 2T PK/CIGS modules with PCEs above
27% and PK subcell T85 above 3 years, the tandems have lower
LCOEs than SJ modules. Though such PCEs and stabilities are
yet to be achieved, our ndings point the way for future
research.

Disclaimer

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of its
employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, complete-
ness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specic
commercial product, process, or service by trade name,
2724 | Sustainable Energy Fuels, 2022, 6, 2718–2726
trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not
necessarily state or reect those of the United States Govern-
ment or any agency thereof.

The views and conclusions contained herein are those of the
authors and should not be interpreted as necessarily repre-
senting the official policies or endorsements, either expressed
or implied, of Air Force Research Laboratory or the U.S.
Government.
Conflicts of interest

The authors declare no conicts of interests for the work pre-
sented here.
Acknowledgements

This material is based upon work supported by the U.S.
Department of Energy's Office of Energy Efficiency and
Renewable Energy (EERE) under the Solar Energy Technologies
Office Award Number DE-EE0008790 and by research sponsored
by Air Force Research Laboratory under agreement number
FA9453-18-2-0037. The U.S. Government is authorized to
reproduce and distribute reprints for Governmental purposes
notwithstanding any copyright notation thereon.
References

1 S. X. Tao, X. Cao and P. A. Bobbert, Sci. Rep., 2017, 7, 14386.
2 Y. Hou, E. Aydin, M. De Bastiani, C. Xiao, F. H. Isikgor,
D.-J. Xue, B. Chen, H. Chen, B. Bahrami, A. H. Chowdhury,
A. Johnston, S.-W. Baek, Z. Huang, M. Wei, Y. Dong,
J. Troughton, R. Jalmood, A. J. Mirabelli, T. G. Allen, E. Van
Kerschaver, M. I. Saidaminov, D. Baran, Q. Qiao, K. Zhu,
S. DeWolf and E. H. Sargent, Science, 2020, 367, 1135–1140.

3 J. Xu, C. C. Boyd, Z. J. Yu, A. F. Palmstrom, D. J. Witter,
B. W. Larson, R. M. France, J. Werner, S. P. Harvey,
E. J. Wolf, W. Weigand, S. Manzoor, M. F. A. M. Van Hest,
J. J. Berry, J. M. Luther, Z. C. Holman and M. D. McGehee,
Science, 2020, 367, 1097–1104.

4 D. Kim, H. J. Jung, I. J. Park, B. W. Larson, S. P. Duneld,
C. Xiao, J. Kim, J. Tong, P. Boonmongkolras, S. G. Ji,
F. Zhang, S. R. Pae, M. Kim, S. B. Kang, V. Dravid,
J. J. Berry, J. Y. Kim, K. Zhu, D. H. Kim and B. Shin,
Science, 2020, 368, 155–160.

5 A. R. Uhl, A. Rajagopal, J. A. Clark, A. Murray, T. Feurer,
S. Buecheler, A. K.-Y. Jen and H. W. Hillhouse, Adv. Energy
Mater., 2018, 8, 1801254.

6 Y. H. Jang, J. M. Lee, J. W. Seo, I. Kim and D.-K. Lee, J. Mater.
Chem. A, 2017, 5, 19439–19446.

7 F. Fu, S. Pisoni, T. P. Weiss, T. Feurer, A. Wäckerlin, P. Fuchs,
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