A levelized cost of energy approach to select and optimise emerging PV
technologies: The relative impact of degradation, cost and initial efficiency

Balder A. Nieto-Diaz,” Andrew F. Crossland,? Christopher Groves’*

'Department of Engineering, Durham University, South Road, Durham, DH1 3LE,
United Kingdom

2Durham Energy Institute, Durham University, South Road, Durham, DH1 3LE,
United Kingdom

"Correspondence: chris.groves@durham.ac.uk



mailto:chris.groves@durham.ac.uk

Abstract

A model of levelized cost of energy (LCOE) is presented which accounts for the
significant ‘burn-in’ losses common in photovoltaic (PV) devices with organic (OPV) and
perovskite (PVK) absorber layers. This model is used to quantify the relative
importance of burn-in, module cost and initial efficiency for a realistic grid-scale PV
installation situated in Fiji. The effectiveness of improvements in PV technology in
reducing LCOE is shown to depend critically upon the current status of the technology.
Predictions of LCOE for specific state-of-the-art OPV and PVK devices sourced from
the literature are presented, some of which are shown to have potential to compete at
the grid scale. However, devices with state-of-the-art initial efficiencies are not
necessarily those with state-of-the-art LCOE, emphasizing the need to characterize
lifetime energy yield and for an LCOE approach to select the most promising candidate

technologies.
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Highlights

e Alevelized cost of energy (LCOE) for emerging photovoltaics (PV) is developed.

e Typical degradation profile of Perovskite and Organic PV is taken into account.

e Optimal strategies to improve LCOE depend upon present status of PV technology.
e LCOE is calculated for literature state-of-the-art Perovskite and Organic PV cells.

e Emerging PV have potential to compete with established Silicon PV LCOE.



Abbreviations:

LCOE levelized cost of energy

PV photovoltaic

OoPV organic photovoltaic

PVK perovskite

Si silicon

PCE power conversion efficiency
B burn-in

D degradation rate

PCEi initial efficiency

PCEs post burn-in efficiency

NPV net present value

EFL Energy Fiji Limited

Wp watt peak

kWh kilowatt hour

ISOS International summit on OPV stability
Tsso stabilized lifetime

ETL electron-transporting layer



1. Introduction
Emerging Photovoltaic (PV) devices based on perovskite and organic absorber layers
have the potential to be a disruptive energy generation technology due to their low-cost
manufacture [1, 2] and rapidly improving power conversion efficiency (PCE). Whether
emerging PV will deliver on this promise at the grid scale depends to a large extent on
the cost of energy it can provide. The established metric by which energy generation
technologies are compared is the Levelized Cost of Energy (LCOE), which accounts for
the accumulated energy and associated costs over the lifetime of a project. Herein lies
a challenge for emerging PV, as energy yield degrades more rapidly than established
silicon PV modules that are often warrantied to lose no more than 0.7% of their yield
each year of their 25-year lifespan on average [3]. It is not clear how the competing
impacts of cost, efficiency and degradation impact the current competitiveness of
emerging PV, nor how one quantitatively directs technology development to meet future

needs.

In this paper, we address these challenges by presenting a new model of LCOE that
quantifies the impact of rapid degradation at the start of a module’s life (burn-in) that is
characteristic of emerging PV technologies. This model was used to quantify the
relative impacts of realistic degradation, initial efficiency and module cost upon LCOE.
Further, the competitiveness of specific, state-of-the-art perovskite PV (PVK) and
organic PV (OPV) reported in the literature are assessed for a realistic grid-scale PV
installation in Fiji. It is shown that the approach one would take to optimize LCOE

depends critically upon the current status of the technology, i.e. the module cost, initial



PCE, and following degradation. Further, it is found that ‘champion’ initial PCE devices
are not necessarily those with ‘champion’ LCOE due to the significant impact of largely
uncorrelated degradation within literature devices, underlining the importance of
characterizing lifetime energy yield in candidate emerging PV devices. Ultimately, the
model predicts that PVK and OPV devices have the potential to compete in wholesale
electricity markets, but that the multivariate dependence of LCOE on cost, initial
performance and degradation must be considered during research and consequent

technology development.

2. Methodology

LCOE models are an increasingly popular tool to highlight the commercial benefits of
emerging PV devices as well as highlighting remaining challenges. For example,
several LCOE studies have taken bottom-up approaches to evaluate the impact of cost
of materials (e.g. active layer) and manufacturing processes at lab, upscaling and
industry levels, revealing that potential bottlenecks to low-cost OPV production lie in the
cost of raw materials and not in processing costs [4-6]. Other studies have incorporated
a Monte Carlo approach to determine a range of costs for emerging PV devices, whilst
also highlighting the importance of efficiency, lifetime and other parameters by a
sensitivity analysis [7, 8]. Furthermore, LCOE models have also shown the benefit to
panel replacement when module performance increases rapidly due to advancing
technology [9]. However, to the best of our knowledge, LCOE models of emerging PV
have assumed degradation akin to technologically mature Silicon, rather than that which

is characteristic of emerging PV. Elsewhere, works mainly focusing on mature PV



technologies have shown the important impacts of degradation on LCOE [10, 11],
however, these models were not designed to capture the complex degradation
behaviour of emerging PV. Our focus in this paper is to develop a model which is
based upon degradation characteristics reported in emerging PV devices for the first
time. This enables us to provide insights specific to emerging PV devices by allowing
the identification of development strategies and comparison with established, low

degradation Si PV technology.

2.1 Establishing range of degradation behavior in emerging PV

To ensure that our model was able to accurately model the degradation behavior that is
characteristic of emerging PV, we first performed a literature review of degradation
behavior of PVK and OPV devices. The search engine Web of Science was used to
perform a topic search for the terms ‘lifetime,’ ‘degradation’, ‘burn-in,” ‘photovoltaic,’
‘solar cell,” and either ‘organic’ or ‘OPV’, or ‘perovskite’ on 8th Oct 2020, in the date
range Jan 2013 to Jun 2020, returning 134 papers. To ensure we captured the state of
the art, an additional topic search in which the terms ‘stable’ or ‘stability’ replaced
lifetime related terms (lifetime or degradation or burn-in) was performed on 27th Jan
2021, with an extended date range from Jan 2013 to Dec 2020. The 100 most cited
papers prior to 2019, and 2020 papers with more than 15 cites (65 papers) were
considered. Each of the 299 papers returned by the searches were examined and
information related to degradation profile, device structure and measurement conditions
was noted. Only those papers which reported degradation behavior in sufficient detail

are included in the following analysis. Table A1 of Appendix A summarizes the



information obtained for the 38 OPV [9, 12-33] and 31 PVK [34-52] datasets revealed by

the search, including materials used, structure, degradation and measurement

conditions. These data were grouped into the following broad categories according to
the measurement conditions:

e Light-soaking. Experiments which involved continuous illumination at or close to
AM1.5G simulated sunlight with 1,000 W/m? intensity. The devices were either
encapsulated in some manner (e.g. epoxy glued coverslips) or were tested in an
atmosphere with reduced water vapor and oxygen content.

e Light-soaking without encapsulation. As light-soaking but without encapsulation and
an ambient atmosphere similar to typical indoor conditions.

e Thermal aging: As light-soaking, but at elevated temperature of 85 °C.

¢ High-temperature storage: Devices were stored in the dark at elevated temperatures
of 65/85 °C.

e COutdoor testing. Devices tested outdoors with either encapsulation or ambient
atmosphere with reduced water vapor and oxygen content.

To mitigate the impact of differing measurement protocols, only those devices aged

using light-soaking conditions were considered in the following analysis. This reduced

dataset comprised 29 OPV and 26 PVK devices. We note that while outdoor
measurement protocols are the closest to real-world conditions, there are too few
measurements reported at time of writing to enable comparison between candidate

emerging PV technologies. Thus, we select the light-soaking category as there is a

wide range of reported device and materials data, and the measurements allow for the

possibility of photo-oxidation of active materials.



A characteristic degradation profile that describes these data is shown in Figure 1A.
This degradation profile comprises a rapid period of initial degradation, commonly
known as ‘burn-in,’ followed by a slower but sustained period of linear degradation [53].
Burn-in may be caused by morphological changes in the blended materials of the active
layer of emerging PV devices when exposed to light or heat [54, 55], as well as by the
interfacial resistance between the electron-transporting layer (ETL) and the photoactive
layer [20]. On the other hand, linear degradation is mainly caused by the ingress of
water and oxygen to the device, which under illumination can react with the organic
layers, resulting in photo-bleaching or minimal light-absorption ability [53]. We take a
moment to comment on differing early-time degradation behaviors to those highlighted
in the literature review. It has been shown that some PVK devices show partial burn-in
recovery in the dark [56], although it is not clear to what extent this recovery would
manifest itself in real-world conditions, and as such, is not included here. However, we
note that the methodology presented here can calculate LCOE for degradation profiles
with arbitrary time resolution, as would be needed to account for such effects. To first
order, we expect burn-in recovery to be accounted for by a lower effective burn-in than
measured under continuous illumination. About a quarter of devices (15) exhibited no
burn-in, in which case, their degradation profile can be described by linear degradation
only. While it is not expected that all emerging PV devices will be well-described by the
parameterization shown in Figure 1A, all 55 datasets can be parameterized with this
schema. Section 2.2 (Model development) discusses in more detail how the LCOE
model can be modified to account for arbitrary degradation profiles as required.

Returning to the data, it is shown that ‘burn-in’ occurs over a period, ts that is typically



of the order of hundreds of hours in full sun [53]. We define the initial and post burn-in
efficiencies are referred to as PCEi and PCEs respectively, with burn-in loss, B, being
defined as the percentage loss in efficiency during the burn-in period (e.g. if PCEi = 10%
and PCEg = 8%, B = 20%). PCEi(%) and B (%) values were taken directly as specified
in the papers. The linear degradation following burn-in is parameterized by a
degradation rate, D, which is defined as the fractional percentage loss of post-burn in
efficiency per year of operation.

The linear degradation rate, D (%/year) was calculated by dividing the difference
between absolute post burn-in efficiency (PCEb) and efficiency at the end of the test
(PCEend) by the intervening time period, though in some cases, the extrapolated lifetime
reported in the paper (often the estimated time for post burn-in efficiency to drop by
20%) was used to calculate D instead. For the purpose of later LCOE calculations, it
was necessary to interpret the time under constant illumination in a laboratory setting to
a degradation rate per year, D (%/year) which reflects the diurnal and seasonal variation
in sunlight in the project location [53]. In this calculation, it was assumed each day has
5.5 hours of direct full sunlight (equating to ~2,000 hours per year [19]) which was
chosen to be similar to the 1,889 annual peak solar hours for the chosen installation
location [57]. Further, we assumed that degradation only occurs during the hours of full
sun, as it has been shown that the rate of aging in the dark is substantially lower in
comparison [58]. The degradation rate was not calculated for those papers which did
not provide sufficient information about the test lifetime.

The values of PCE;, B and D for emerging PV devices aged under light-soaking

conditions only are plotted against one another in Figure 1B-D. It is apparent that PCE;
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Figure 1. Emerging PV Characteristic Parameters from literature review

(A) Schematic representation of the typical evolution of PCE in OPV and PVK devices.

Plots of (B) Burn-in vs PCE, (C) degradation rate vs burn-in, and (D) degradation rate vs

PCE reported in the literature for PVK (blue) and OPV (orange) devices. Each symbol

represents a unique device, the materials and architecture for which is listed in table A8

of the supplementary information.

for OPVs is typically lower than PVK devices, but otherwise there appears to be little

correlation amongst the datasets. To further clarify relationships between these data,
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the Pearson correlation coefficient was calculated for each pair of characteristics in the
light-soaking category, as shown in Table 1. Degradation rates of 30%/year or more
were omitted from the analysis as unrepresentative outliers. The correlation coefficients
for OPVs were close to zero (0.04, -0.08, 0.31), indicating weak correlation between
PCEi, B and D. By comparison, PVKs display a stronger negative correlation between
PCEi and burn-in (-0.46). This suggests that the factors determining lifetime evolution
of PCE in OPVs are to some extent orthogonal, whilst in PVKs, there is some
correlation between initial performance and degradation as discussed elsewhere [59-
61]. It is noted that the certified record efficiencies for lab-scale PVK and OPV devices
[62] are far in excess of the highest reported initial efficiency of lab-scale devices that
have undergone degradation studies shown in Figure 1. This gap in performance is
equivalent to a time-lag of ~7 years for OPV devices and ~3 years for PVK devices, and
it emphasizes the need for standardized degradation tests [63, 64] on the latest PV

materials and architectures.

Table 1. Pearson coefficients and average characteristics of Figure 1 devices

Pearson coefficients Device characteristics
PCEivsB PCEivsD DvsB PCEi(%) B (%) D (%lyear)
OPV 0.04 -0.08 0.31 6.2% 30% 6%
PVK -0.46 0.20 0.26 16% 19% 9%

(Left) Pearson correlation coefficients of initial PCE (PCE:i), burn-in loss (B), and long-term degradation
rate (D), and (Right) average device characteristics for OPV and PVK devices captured by the literature

review.
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2.2 Model development

The LCOE can be calculated by dividing the net present value (NPV) of the total costs
incurred by the NPV of the total PV generation in the project lifetime:

l Ct
Io+Xt=17—"17F

LCOE = ——G+&° (1)

t=1a+a)t
Here I, is the installation cost (USD); C, are the total costs in year t (USD) comprising
operating costs, and panel/inverter replacement costs at the end of their life; E; is
electricity generation in year t (kWh); [ is the project life (years); and d is the discount
rate (%).
The model input parameters can be grouped into information about the PV modules
(e.g. panel replacement year, panel cost or burn-in), the PV project (e.g. project lifetime,
inverter lifetime and land rental), and location (e.g. local discount rate, PV array tilt and
peak solar hours per year). A list of input parameters for PV modules and the project,
together with justifications for values chosen, can be found in Section 2.1 of Appendix
A, whilst location information can be found in Section 2.2 of Appendix A. However, in
summary, we selected a project location of Suva, Fiji due to its high yearly insolation
and availability of underpinning data, though we stress that other arbitrary locations can
be modelled using this approach. The project has 5.5 MWp installed initial capacity and
is subject to a local discount rate of 10% over a lifetime of 20 years. These values are
chosen to be typical of the location. Installation and balance of system costs scale with
module efficiency to reflect changing land-use, cabling and infrastructure requirements
for the project. From these data, costs are calculated using equations shown in Section

2.3 of Appendix A.
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The electricity generation model accounts for changing PV capacity due to burn-in and
following linear degradation as well as panel replacement. It is assumed that
degradation only occurs during the hours of full sun in the project location, hence we
defined the cumulative peak solar hours (Sc) from the installation date to inform
calculations of PV capacity for a particular panel. Table A5 shows the monthly peak

solar hours in the project location.

The time-dependence of PCE was parameterized to allow for calculation of PV capacity
at any given time. We defined the following functions for Br and Dr as the fractional
loss in PCE as compared to the PCE at the start of the burn-in and linear degradation
periods respectively, such that PCE = PCE; By during burn-in and PCE = PCE}, D during
linear degradation.

Br(%) = aS.* + bS, + 100 Sc <15 (2)

Drp(%) =d;S.+c+B Sc > 13 (3)
The variables dy, a, b and c are calculated from burn-in (B) and linear degradation (D)
values for the candidate PV modules as shown in Table A7. The coefficients a and b
describe a quadratic burn-in period, while d. and c are the slope and intercept of a
linear degradation region. These equations lead to a time dependence of PCE of a form
shown in Figure A1. Equation 2 and 3 were selected as they described the general
form of emerging PV degradation behavior revealed in the literature review presented in
section 2.1. However, we note that this framework could be modified to accept other
arbitrary degradation functions. A feature within our model is the ability to replace

panels at arbitrary points within the lifetime of the project, to reflect the possibility of
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supporting infrastructure having a lifetime longer than panels. We note that while panel
replacement has been considered in previous LCOE models [9], the focus in that study
was the potential cost advantage due to future improvements in tooling for emerging
PV, here we use panel replacement to mitigate the impact of degradation. Scresets to
zero after panels are replaced at the end of each panel replacement year such that
each new panel starts with the same PCEi and degradation trajectory as the previous
panel. Note that zero burn-in (B = 0%) can be accommodated within the model by

setting t8 =0, such that linear degradation begins immediately following installation.

The peak capacity of the PV array, P at any moment in time is thus represented as:

P = PyrBr S¢c <1p (4)

(100-B)

P=P
arr 100

Dg S¢ > 1p (9)

Where Par is the size of PV array (Table A3) and B is the Burn-in degradation, %.
Energy generation is calculated using the peak capacity at start of the project (Par), and
the end of each month, m (Pm) according to equations (4) and (5). For ease of notation,
we subsequently describe the initial size of the PV array Par as Po. Electricity

Generation in month m is thus calculated as follows:

Em:ymx% (6)

Where Em = Electricity Generation at current month, Ym = Yield at current month (from
Table A5), and Pm-1 = Peak capacity at previous month. Monthly electricity generation
values are aggregated for each year of the project, and joined with yearly project costs,
to calculate the LCOE using equation (1) for the 20-year project.
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3. Results and Discussion

3.1 Impact of degradation on LCOE

We begin by discussing the impact of degradation in emerging PV devices, taking the
impacts of burn-in (i.e. short time degradation) and following linear degradation
separately as the two only show weak correlation. Figure 2A shows predicted LCOE
for a PV panel having PCEi = 10% as a function of D with panel replacement after every
2, 5 or 10 years compared to no replacement in the 20-year project. We note that at the
time of writing, champion PV modules for OPVs and PVKs have efficiencies of 11.7%
and 17.9% [65] respectively, hence our choice of 10% and 20% PCEi in most
calculations shown here represents values that might realistically be achieved in the
field in the near future. Two cases of burn-in are considered, B = 10% and 40%,
representing typical values within the spread reported in the literature, as discussed in
section 2.1. 40% represents the most repeated B value in the upper end of literature,
whilst 10% represents a B value in the lower end of literature. As may be anticipated,
more frequent panel replacement reduces sensitivity of LCOE to D but increases project
costs. For the project considered, this behavior results in substantial differences in the
optimal panel replacement year as a function of degradation rate, D. We note that for
the cases considered, the optimal panel replacement year does not match the
‘stabilized lifetime’ (Tsso), defined as the length of time taken for the post burn-in
efficiency to drop by 20%. Optimal replacement years are additionally found to be
independent of PCE; and B for specific installations, as intersections between pairs of
panel replacement curves (e.g. 20 years and 10 years at D = 3%) occurs for the D when

the fractional differences in PV yield and project cost match. However, it is important to
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note that replacing panels too frequently may result difficult for the construction and
installation sectors. Whilst emerging PV modules are expected to reduce embodied
carbon dioxide in as compared to Si PV [66], one should also consider the impact of
recyclability, disposal and use of critical elements used by these new technologies.
Figure 2B shows predictions of LCOE as a function of burn-in loss, B between 5 and
40% for modules having PCEi = 10% and four scenarios of D = 10, 4, 2 and 1 %lyear.
The values of B and D are chosen to represent the spread reported in the literature for
emerging PV as shown in Figure 1. Panels replacement is chosen to occur after either
5 years, 10 years, or not at all during the 20-year project, according to the lowest LCOE
for the value of D shown in Figure 2A. Itis shown that predicted LCOE varies non-
linearly with B, and that LCOE approaches a local minimum as B and D approach the
lower end of the ranges considered. The non-linearity with B can be understood since
LCOE emphasizes production and costs early in project life. Figure 2B also suggests
that candidate materials and architectures may be selected based on a balance of good

short-term and long-term degradation, rather than ‘champion’ status in either.
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Figure 2. Impact of burn-in and degradation rate in LCOE

(A) Predictions of LCOE as a function of degradation rate, D for panel replacement

years of 2 (black), 5 (grey), 10 (red) and no replacement within 20 year project (purple),

with PCEi = 10% and burn-in losses of 40% (solid) and 10% (open). (B) Predictions of

LCOE as a function of burn-in, B for modules with PCEi = 10% and D = 10%/year (up

triangles), 4%l/year (squares), 2%l/year (circles) and 1%/year (stars). A module cost

matching Si PV (0.245 USD/Wp) was considered in all cases.
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3.2 Impact of module cost on LCOE

Having established the impact of the degradation profile on LCOE, our focus now shifts
to the potential low module cost that is also characteristic of emerging PV. We highlight
that there is a significant range of predicted module costs for emerging PV reported in
the literature (Table A2). As such, our approach is not to define a specific module cost
that is characteristic of a particular PV, rather it is to predict LCOE over a much wider
range of module costs than predicted in the literature to account for uncertainty and
future improvements. Figure 3 shows predicted LCOE for emerging PV modules with
PCEi = 10%, B = 40% and D = 10%/year, 2%/year and 1%/year, representing values
within the spread reported in the literature. These modules with a range of D are
compared to those which instead have reduced burn-in (PCEi = 10%, B = 10% and D =
10%/year) or increased initial efficiency (PCEi = 20%, B = 40%, D = 10%/year). As
before, modules with D = 10%/year are replaced every 5 years, and modules with D = 2
and 1%/year are not replaced within the 20-year project lifetime.

It is observed that LCOE varies approximately linearly with module cost above ~1
USD/Wp, but converges to a minimum value below ~0.2 USD/Wp due to the fixed costs
of PV installation in the model such as site establishment, grid connection, etc. The
minimum LCOE at low module cost varies substantially with PCE; and B, but is relatively
insensitive to D. Conversely, at high module cost, doubling PCEi has less impact.
These observations demonstrate that the present model can give directed advice as to
the most effective routes to improve LCOE. For example, a device which offers a
module cost below 0.2 USD/Wp may benefit from more expensive fluorinated

encapsulation to improve degradation [67]. Conversely, if a PV technology has module
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Figure 3. Impact of module cost in LCOE

Predictions of LCOE as a function of module cost for panels with PCEi = 10% (shades
of green) with burn-in B = 40% (closed) with D = 10%/year (triangles), 2%/year (circles)
and 1%/year (stars). Compared to this are modules with PCE; = 10%, B = 10% with D =

10% (green open triangles) and PCEi = 20%, B = 40% with D = 10%/year (light brown

triangles). Horizontal bars show range of predicted Module Costs for PVK and OPV.

costs exceeding 2 USD/Wp, reductions in the module cost, such as through
manufacturing processes or lower cost materials, are predicted to have more
substantial benefits than marginal improvements in PCEi. We note that the dependence
of LCOE on module cost varies significantly over the range of predicted values of
module cost. These findings motivate further research in defining the expected costs of
commercially manufactured emerging PV modules, as these will enable a more
quantitative approach to optimizing LCOE. By contrast, reducing burn-in is always

beneficial, as in this example, reducing burn-in from 40% to 10% reduces LCOE by
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~32%. However, as observed in Figure 3, reducing B is recommended over reducing D
when the module cost is low (<0.2 USD/Wp), and the contrary when the module cost is

higher than 0.2 USD/Wp.

3.3 Inter-relationship between PV metrics and LCOE

Having examined the impact of degradation, module cost and initial efficiency in
sections 3.1 and 3.2, we now taking a broader view of the inter-relationship between
these parameters. Figure 4A-C are contour plots of LCOE predictions as pairwise
functions of PCEi, B and module cost over the range of values reported in the literature
and allowing for possible future improvements. Here, a degradation rate of D =
10%/year and panel replacement every 5 years are assumed, although qualitatively
similar data is shown in Appendix A Figure A4 for an assumed D = 2%/year with no
panel replacement in the 20-year project. These data allow quantitative comparison of
different technologies as a function of the PCEi, B and module cost they offer. For
example, a 7.5% PCEi module with module cost of 0.12 USD/Wp provides an
equivalent LCOE as a 25% PCEi module with module cost of 0.75 USD/Wp. However,
it is noted that despite the equivalence in LCOE, optimizing strategies would be
different, since the LCOE of the 7.5% PCEi module would not benefit significantly from
further reductions in module cost, whilst the 25% PCEi module would. More generally,
Figure 4 show that the gradient of LCOE is a complex function of the lifetime energy
yield, thus emphasizing the benefit of LCOE modelling to inform technology

development.
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Figure 4. Inter-relationship between PV metrics and LCOE

Contour plots of predicted LCOE as a function of (A) PCEi and burn-in, B assuming
module cost 0.245 USD/Wp; (B) Module cost and burn-in, B assuming PCEi = 10%; (C)
PCEi and module cost assuming burn-in, B = 40%. In all cases D is assumed =

10%/year with panel replacements every 5 years.

3.4 Contextualizing LCOE within the electricity market

Having predicted the LCOE for a wide range of emerging PV parameters, we dwell on
the competitiveness of these values with respect to other forms of energy generation.
LCOE must not only be compared between different solar PV types. It is important to
consider how LCOE may compare to electricity generation or supply costs from
traditional sources on the grid. Therefore, LCOE values corresponding to low and high
scenarios of electricity generation and sale in Fiji are now considered. These values
were calculated using similar parameters to the model (10% discount rate, 2.1%
inflation and in this case a 25 years lifetime as a mature technology), based on the cost
of generation from the Pacific Power Association report (0.1240 USD/kWh) [68] and the
small business tariff of Energy Fiji Limited (EFL) (0.1849 USD/kWh) [69], which have an

LCOE of 0.1461 USD/kWh and 0.2178 USD/kWh respectively. For context, electricity
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costs in Fiji are in general cheaper than in European countries (e.g. UK ~0.234-0.255
USD/kWh) [70], but not as cheap as in USA (~0.111-0.149 USD/kWh) [70] and other
regions in America or Africa. However, we stress that the predicted LCOE values here
are only applicable to Fiji, and that to comment on viability of emerging PV in other
locations would require calculations with appropriate insolation and financial data for the
location. It is observed in Figure 3 that most scenarios for emerging PV modules would
require a module cost of less than 0.1 USD/Wp to compete with the reference values.
However, Figure A3 in Appendix A shows that increasing PCEi to 20% and 30%, as
may be possible in high-performance single junction or tandem PVs [71], widens the
range of module costs and degradation parameters for which emerging PV is
competitive with reference sale values. For example, it is predicted that panels with B =
40% and D = 2% beat the cost of generation for module costs less than 0.12 USD/Wp

when PCEi = 20%, and for module costs less than 0.25 USD/Wp when PCEi = 30%.

3.5 LCOE Assessment of state-of-the-art emerging PV devices

Having gained insight into how the typical evolution of PCE with time for emerging PV
impacts LCOE, we now present predicted LCOE for specific state-of-the-art PVK and
OPV devices revealed in our literature review described in section 2.1 and listed in
Appendix A Table A8. Only devices which were tested under light-soaking conditions
and some form of encapsulation or protective atmosphere (listed in Appendix A) were
considered. Further, to limit the number of variables being considered, all OPV and
PVK devices have a burn-in period ts that is equal to the average for that device type

(Table A3). Once again, the assumed project was a 5.5 MWp PV installation in Fiji with
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a local discount rate of 10% and a 20-year project lifetime. It was assumed that the
module cost is equal to silicon (0.245 USD/Wp) due to significant variation in the
estimated module price for PVK and OPV devices, noting that this value falls within the
range of estimated module prices (Table A2). For each device, the LCOE was
calculated for panel replacements every 2, 5, 10 and 20 years, and the lowest LCOE

predicted was recorded for that particular device.

Figure 5A shows that a wide distribution of LCOE values are predicted for both PVK
and OPV devices. Whilst PVK devices provide better LCOE on average as compared
to OPV, the distributions overlap. Overall, two OPV devices and eight sets of PVK
devices have predicted LCOE values below the higher selling price of 0.22 USD/kWh in
Fiji, with seven of the PVK devices also undercutting the lower electricity sale price of
0.15 USD/kWh. We note that these predictions of LCOE are based on the properties of
cell level devices and the performance of an equivalent module would be expected to
be worse. However, one may expect modules to improve over time, and at time of
writing, certified record initial efficiencies for modules are ~5 years behind those of cells
for both PVK and OPV devices [62, 65]. Figure 5B, C and D show the dependence of
predicted LCOE on individual B, D and PCE; respectively, whilst associated statistical
data are shown in Table 2. These data confirm the earlier supposition that the lowest
predicted LCOE for both PVK and OPV technologies are not necessarily those with the
highest PCE;, but those with a balance of good efficiency and low burn-in and
degradation rates. For example, the second highest PCEi for OPVs within the dataset

was 9.8%, but this device was predicted to have an LCOE of 0.41 USD/kWh because of
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Figure 5. Predicted LCOE for specific state-of-the-art PVK and OPV devices

Predicted LCOE for PVK (blue) and OPV (orange) modules with parameters extracted

from degradation measurements shown as (A) a histogram, and as a function of (B) B

(C) D, and (D) PCE.. Each symbol represents a unique device, the materials and

architecture for which is listed in table A8 of the supplementary information.

high B and D, while an OPV with PCE:i of 7.2% was predicted to have a better LCOE of

0.21 USD/kWh as it had D = 2%/year degradation and minimal burn-in. While the

finding that emerging PV devices with state-of-the-art initial efficiencies are not
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necessarily those with state-of-the-art LCOE, is not necessarily surprising, it
nonetheless emphasizes the need to quantify energy yield over a devices’ lifetime and
to quantify LCOE if one is to have a sound basis for determining what technologies

have potential for grid-scale applications.

Table 2. Statistical analysis of data displayed in Figure 5.

Pearson coefficients Average LCOE
LCOEvs PCEi LCOEvsD LCOEvsB (USD/kWh)
OPV -0.61 0.71 0.50 0.41
PVK -0.19 0.82 0.70 0.21

Table 2 shows that there are significant differences between the correlation coefficients
for PVK and OPV technologies, suggesting that optimal development strategies for
emerging PVs may be different. We analyze this further in Figure 6A-B, in which we
predict the LCOE for an average OPV or PVK device respectively (Table 1), which is
then subsequently improved in a number of different ways. Specifically, we take the
average device for OPVs or PVKs and either: reduce module cost by factor 2; reduce
burn-in and degradation by factor 2; reduce burn in by factor 2; reduce degradation by
factor 2; or increase PCEi by factor 2. These predictions are compared against the
champion LCOE values for OPVs or PVKs, and values corresponding for commercial Si
PV (PCEi = 20%, B = 2%, D = 0.7%l/year). Again, we emphasize that the predictions for
OPV and PVK are for cell-level devices, and so would not expect these LCOE values to
be reflected in an OPV and PVK module at present. That said, we note that whilst the
largest reduction in LCOE comes about for both OPV and PVK devices when PCEi is
doubled, in the case of the PVK, the effectiveness of doubling efficiency is similar to that
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of halving burn-in and degradation. These data may therefore indicate that PVK
devices are reaching an inflection point, where the focus of future optimization may
more fruitfully be expended on reducing degradation than improving efficiency.
Supporting this conjecture is the observation that the champion PVK LCOE prediction is
for a device with zero burn-in and degradation. We note that the prediction for this
champion cell-level PVK device is lower than that for a Silicon PV module, perhaps

indicating that cost-competitive PVK modules may be a viable prospect in the future.
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Figure 6. Average and Champion OPV & PVK vs Si PV LCOE
Comparison of literature review (A) Average OPV (PCEi=6.2%, B=30%, D=6%/year)
with improvements, Champion OPV (PCEi=10%, B=0%, D=1.18%/year), and (B)
Average PVK (PCEi=16%, B=19%, D=9%/year) with improvements & Champion PVK
(PCEi=21.2%, B=0%, D=0%/year) vs a Si PV baseline (PCEi=20%, B=2%,
D=0.7%/year). Module cost assumed to be 0.245 USD/Wp for all, except when Mod

cost + 2 is indicated (0.1225 USD/Wp).
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Optimal development strategies were explored further by calculating numerically the

partial derivatives of LCOE with respect to module cost, PCEi, B and D at the point

corresponding to each individual device. These data are displayed as box plots in
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Figure 7. Partial derivatives of LCOE vs Emerging PV parameters

Statistical data for partial derivatives of LCOE with respect to (A) PCE;, (B) B, (C) D and

(D) Cp for OPV (orange) and PVK (blue) light-soaked devices. Each symbol represents

a unique device, the materials and architecture for which is listed in table A8 of the

supplementary information.
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Figure 7 and as pair-wise scatter plots in Figure A5 of Appendix A. It is apparent that
the partial derivatives vary significantly both between and within populations of PVK and
OPV devices. This is a key result, as it shows that one must consider the lifetime
energy yield of an individual PV architecture (quantified by PCE;, B and D) if one is to
make quantitative recommendations on how LCOE is best optimized. Relating to this
result, it is notable that while papers reporting lifetime energy yield (e.g. ISOS [63, 64] L
or O standards) are increasing in number, they are significantly outnumbered by those
which focus upon initial performance. Hence to realize the full benefits of an LCOE
approach to select and optimize emerging PV devices, the focus of device studies must

find a new balance that encompasses the initial performance, degradation, and cost.

4. Conclusions

This paper presents and utilizes a time-resolved model of LCOE which captures both
the degradation behavior of emerging PV and realistic PV installation design and
costing. The degradation model is informed by a systematic review of state-of-the-art
Perovskite and Organic PV devices, which in turn is used as an input dataset to assess
LCOE potential of these materials and architectures. The optimal route to optimize
LCOE is shown to depend critically upon the present module cost, initial efficiency, and
following degradation offered by a technology. This, coupled with the substantial
variation in lifetime performance of emerging PV, means that optimal strategies to
improve LCOE are specific to individual active layer compositions. In particular, our
findings demonstrate that the prevailing focus on efficiency of new panels is not a useful

measure of technology feasibility, as for example panels with a low efficiency and low
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degradation (PCEi=10%, B=10%, D=1%/year) result in a better LCOE than panels with
a high efficiency and high degradation (PCEi=20%, B=40%, D=10%/year) in the 5 MWp
Fiji scenario here analyzed (0.17 vs 0.26 USD/kWh). Notwithstanding this challenge, the
data suggest that if modules can achieve the same characteristics as some of the cell
level OPV and PVK devices examined here, emerging PV can compete on wholesale
electricity markets. The framework presented here will also help ascertain how
emerging PV technologies may prove economically viable in different markets and
applications, as well as support researchers in this field who can often be distant from
commercial pressures. For example, measures which can affect fixed costs, such as
rooftop installation, printing on materials, encapsulation in panes, low light performance,
and so on, can be evaluated using an LCOE approach. As such, an LCOE modelling
approach influences not only technology choice, but also the direction of research to
applications for that technology, extending beyond the wholesale market approach

considered here.
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