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Abstract

The rapid uptake of photovoltaics (PV) over recent decades has significantly reduced module
costs, making other direct and indirect expenses a larger share of total system costs. While
system-level comparisons are common, the role of location-dependent factors such as transport
and labour in determining overall solar power costs is less explored. This study evaluates the
levelised cost of electricity (LCoE) for commercial-scale solar projects across Australia,
comparing conventional fixed-tilt PV systems using glass-based crystalline silicon modules with
novel configurations employing lightweight modules. A geospatial method is introduced to map
the LCoE of installed PV, accounting for variations in module, balance-of-system, installation, and
transport costs, as well as system yield. Results indicate that lightweight PV systems may offer a
competitive advantage in remote regions where labour and transport costs are elevated.

Introduction

With growing global energy demand, there is an urgent need to mitigate climate impacts by
accelerating the shift from fossil fuels to renewables [1]. Solar PV has grown rapidly, surpassing
1 TW of cumulative installed capacity [2]; however, annual additions above 630 GW are required
to meet net-zero targets [3].

The levelised cost of electricity (LCoE), expressed in $/MWh, remains the key metric for
comparing generation technologies. Reductions in LCoE can arise from lower costs, higher yields,
or longer system lifetimes. Because innovations influence several factors simultaneously,
assessing their combined impact is essential.

This paper introduces a continental-level approach for evaluating PV system costs using the
geospatial Bluecap model [4], which estimates LCoE by integrating technical and location-
dependent variables. This enables identification of regions with high economic potential and
highlights where particular system designs gain competitive advantage. Sensitivity on key
variables, such as system lifespan, project duration and discount rate is also discussed.

We compare conventional bi-facial glass-based fixed-tilt (FT) PV systems with novel lightweight
alternatives deployed flat-on-the-ground (L-FoG) [5]. The L-FoG system uses glass-less mono-
facial silicon modules encapsulated in polymer or composite materials. Compliant with IEC
standards [6,7], these modules provide reduced weight and volume. Such features enable
simplified system architecture, balance-of-system requirements, logistics, and deployment.
Although lightweight modules remain more costly per kW and less durable than glass-based
equivalents, their immaturity indicates strong potential for cost reductions, consistent with trends
in conventional PV. Both of these technologies are showcased in Figure 1.
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Figure 1. PV system installation process and installed technologies considered. FT on
the left side [8,9], L-FoG on the right side.

Methodology

The model presented in this paper maps the LCoE for solar PV technologies across Australia. It
compares two configurations: glass-based modules in FT arrays, typical of ground-mounted
commercial projects, and a novel lightweight system under the L-FoG configuration. While
conventional techno-economic models estimate direct costs at a single site, the strength of
Bluecap lies in its ability to extend such calculations across broad regions. This is achieved by
integrating PV system cash-flow modelling with spatial datasets of yield and cost, particularly,
capacity factors (CF), structural balance-of-system (SBoS), labour and installation (L&E) costs,
and transport distances, as showcased in Figure 2. In this way, technical and location-dependent
factors are captured, providing a more realistic representation of project economics.

5 s < o
a) System litespan (y1 103 : = [ o £
WACC (%) Feclormhance 15°S 25002
CapEx & OpEx Breakdown degradation
CapexEoS (%hyr) 20°S 2000
Year-1 electricity
generation (MWh/yr) : 25'S 1500
‘

1000

v
=]
o

Transportation Distance (

30°S
System size P Net present cost 35°S
40°S
+ P
H 10°S
'

15°S

20°S
25°S
30°S
35°S
"L. i input “ Locati or output 0%

I:] Location-independent input

o

1.25

]
N
o

Structure cost factor

N
«

w
S
)
-

150°¢ "

110°E
120°E
130°E
140°E
160 E
110°E
120°E
130°E
140°€
160

Figure 2. (a) Overarching methodology for LCoE mapping, (b) CF map for L-FoG, (c)
distances from nearest port to each location, (d) remoteness factor used to estimate the
L&E cost variation, and (e) SBoS cost variation for L-FoG across the region.
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Annual CF is predicted nationwide from an empirical model using PVsyst [10] simulation outputs
and global solar exposure (GSE) [11] as dependent and independent variables, respectively. The
techno-economic model considers a pre-defined power output for the first year to estimate system
size, capital expenditure (CapEXx), operational expenditure (OpEx), and net present cost for each
configuration. In this case, 876 MWh/yr, equivalent to a 100kW system operating at a CF of 100%
is considered, to obtain system sizes in the range of hundreds of kilowatts.

The costing models for FT are adapted from NREL reports [12, 13, 14] to current costs and the
Australian context in terms of labour costs, sales taxes, and freight costs. Then, L-FoG cost
structures are derived by applying the system modifications using a bottom-up approach. The
breakdown of CapEx at a scale of 500kW' and OpEx are introduced in Figure 3. CapEx
comparison highlights the potential of lightweight technologies to substantially reduce up-front
costs. Here, SBoS, L&E and transportation multiplier are applied to their corresponding CapEx
items, namely structural BoS relative to wind regions [15], install labour & equipment relative to
the location’s remoteness [16], and EPC overheads relative to road freight distance?.

In terms of OpEX, although higher cleaning expenses were accounted for, the overall operating
costs remain of the same order of magnitude as those of conventional systems. Prototyping of
the solution and exploration of soiling reduction strategies support this assumption.

Other key assumptions in this assessment include a baseline system operational lifespan of 25
years for the lightweight system and a discount rate of 6%. Sensitivity analysis is conducted for
these variables. Moreover, identical temperature-performance behaviours and degradation rates
for both configurations. Table 1 summarises key parameters for both technologies. In the following
section, we present the results of the regional economic analysis for Australia.
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Figure 3. (a) CapEx at a scale of 500kW under nominal conditions and (b) OpEx items for
FT and L-FoG PV systems.

' CapEx varies with corresponding economies-of-scale curves and location-dependent factors, while OpEx is
considered to follow a linear behaviour relative to the system size.

2 EPC overheads are assumed to be composed by ocean and road freight, where only the road freight component is
modified based on distance.
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Table 1. Parameters utilised for the LCoE assessment

Parameter FT L-FoG
CF (%) as a function of GSE in (MJ/m2/day) 2.48GSE"7?78 1.00GSE
CF range (%) 14.4 — 24.3% 11.2 -23.0%
CapEx range (USD/kW,) $1,281-1,750 $1,013-1,223
PV module cost (USD/kW,) $120 $250
Road freight cost (USD/kW,/km) $0.043 $0.014
Ocean freight cost (USD/kW,) $25.32 $10.13
L&E multiplier range (urban = 1) 1.00-2.13
SBoS multiplier range (wind region A = 1) 1.00 - 1.22 1.00-1.12
OpEx (USD/kW,/yr) 18.48 19.92
AC/DC ratio (from PV syst) 1.150 1.152
System lifespan (years) 25 15-25
Project duration (years) 1 — 25 years
Discount rate 6%
Degradation rate (%/year) 0.7%

Results and discussion

This section introduces a comparative analysis between FT and L-FoG systems. Table 2
summarises the key parameters obtained from the geospatial assessment, including the
corresponding PV system size range required to deliver a year-1 generation of 876 MWh/yr, and
the resulting LCoE across Australia for a 25-year lifespan. The table also includes two
benchmarking metrics: (1) the share of locations where each configuration achieves the lowest
LCoE,and (2) a ratio of the LCoE for L-FoG and FT technologies as a metric of the deviation of
their cost-performance behaviour.

Under the baseline assumtions, the L-FoG configuration demonstrates a clear cost advantage,
achieving a lower LCoE in approximately 95 % of sites nationwide. In addition, an L-FoG : FT
mean LCoE ratio of 0.91 is achieved, also showcasing a significant reduction of LCoE The results
are mapped in Figure 4, where the LCoE of each technology is introduced.

Table 2. CF, system size and LCoE assessment under baseline conditions.

Parameter FT L-FoG
PV system size range (kW) 411 — 693 435 - 890
LCoE range (USD/MWh) $63.1-96.5 $58.4-107.4
Lower LCoE share (%) 5.3% 94.7%
Mean L-FoG : FT LCoE ratio 0.91

Although the lightweigth PV modules considered in this study are supplied with a product and
degradation warranty equivalent to that of most glass-based modules, and that manufacturers
have approved the L-FoG configuration for warranty claims, the long-term influence of direct on-
ground mounting on longevity remains to be fully demonstrated. Hence, it is pertinent to evaluate
the LCoE performance of the lightweight system under reduced operational lifespans to reflect
potential durability limitations. Moreover, some practical applications, such as temporary, remote,
or transitional power supply, may not require 25-year durability. In such shorter project duration
cases, shorter-lifespan systems may still deliver strong economic performance. Figure 5
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introduces the LCoE ratio and lowest LCoE maps at an equal lifespan (or project duration), as
well as at reduced lifespans of 20 and 15 years compared to a constant 25 year lifespan for FT.
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Figure 4. LCoE map for (a) FT and (b) L-FoG.

It is evident here that reduced lifespans of L-FoG reduce the cost-competitiveness of this system.
When its lifespan is reduced to 15 years, FT becomes the dominant technology across every
location in Australia. Regarding project duration, while absolute LCoE values for both
technologies increase under shorter usage periods due to reduced cummulative electricity
generation, the relative trends in LCoOE ratio and lowest-cost share remain consistent, even for
projects operating for only one year. An additional benefit of the L-FoG system not factored into
this assessment is its ability to be easily retracted and redeployed, potentially extending its
effective lifespan when used in short-duration applications.
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Figure 5. LCoE ratio maps (L-FoG : FT) and lowest-cost technology maps for equal
system lifespans (10, 15, 20, 25 years), and for cases with shorter lifespans for L-FoG (15
or 20 years) versus 25 years for FT.
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To provide anchoring values at representative locations, Table 3 introduces the capacity factors,
CapEx, and LCoE values for FT and L-FoG at varying lifespans or project durations of 15, 20 and
25 years at remote areas of Karratha and Alice Spring, and near-urban areas of Sydney and

Mildura.

Table 3. LCoE at selected locations for the FT system (25-year lifespan) and the L-FoG
system under lifespan (or project duration) of 15, 20, and 25 years.

Location Karratha, Alice Spring, Mildura, Sydney,
WA NT VIC NSW
Glass-based bi-facial fixed-tilt (FT)
Capacity factor (%) 24.2% 23.4% 20.8% 19.0%
PV system size (kW) 413 427 480 526
CapEx (USD/kW,) $1,584 $1,493 $1,385 $1,337
LCoE (USD/MWh) — 25 years $67.6 $68.0 $70.6 $74.5
LCoE (USD/MWh) — 20 years $74.6 $75.0 $77.9 $82.2
LCoE (USD/MWh) — 15 years $87.1 $87.6 $90.9 $96.0
Lightweight mono-facial flat-on-the-ground (L-FoG)
Capacity factor (%) 22.9% 21.9% 18.6% 16.4%
PV system size (kW) 437 457 537 609
CapEx (USD/kW,) $1,250 $1,216 $1,162 $1,131
LCoE (USD/MWh) — 25 years $59.1 $61.1 $68.7 $76.1
LCoE (USD/MWh) — 20 years $65.3 $67.4 $75.8 $84.0
LCoE (USD/MWHh) — 15 years $76.2 $78.7 $88.5 $98.0

Finally, a sensitivity analysis was conducted to examine the influence of the discount rate (DR)
across different operational lifespans (10, 15, 20, and 25 years) for the L-FoG configuration, when
compared to 25 years lifespan of FT. The scenarios considered include: (1) a baseline DR of 6%,
consistent with typical government infrastructure rates; (2) a standard business DR of 10%; and
(3) a high-return DR of 20%. Figure 6 presents the mean LCoE ratio (L-FoG : FT) and the lowest

LCoE share for these cases.
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Figure 6. Sensitivity analysis: Mean LCoE ratio L-FoG : FT (left) and Lowest LCoE share
(right) for discount rates of 6, 10 and 20%, at lightweight PV lifespans of 10, 15, 20 and 25

years versus lifespan of 25 years for FT.
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The results indicate that increasing the discount rate to 10% and 20% penalises capital-intensive
systems more severely. Under such high-return expectations, L-FoG’s lower upfront cost offers a
distinct advantage, suggesting its suitability for business models prioritising faster capital turnover
or short-term deployments, even with shorter lifespans. For instance, at a conservative 10-year
lifespan for L-FoG, discount rates of 6% and 10% result in FT being the lowest-LCoE technology
across all locations; however, at a 20% DR, L-FoG achieves the lowest LCoE in 46% of locations,
with a mean LCoE ratio of 1.01.

Conclusion

As the global transition to clean energy accelerates, solar technologies must increasingly adapt
to new use cases and deployment conditions. This study assessed the techno-economic potential
of lightweight flat on the ground solar PV systems at commercial scales.

Under baseline conditions, L-FoG achieved competitive and often lower LCoE than conventional
FT systems, particularly in regions with elevated labour and transport costs. Shorter project
durations delivered consistent LCoE outcomes in relative terms, even without accounting for
redeployment benefits. Sensitivity analysis further demonstrated that higher discount rates
increasingly favour lightweight systems due to their lower upfront costs, highlighting their
suitability for projects with shorter projects, as well as its ability to compete

Overall, novel PV systems such as L-FoG present a promising avenue to extend solar adoption
into unusual application cases where conventional approaches aren’t a great fit.
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