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Abstract:

Perovskite solar cells (PSCs) enhanced with nanomaterials like Al:Os nanoparticles and NiO
quantum dots have shattered efficiency barriers, achieving 34.6% in silicon tandems (LONGi, 2024) and
29.7% in all-perovskite stacks via 2D/3D passivation. Stability breakthroughs—I1,530-hour T80 lifetimes—
position them for commercial viability. In India, where solar capacity reached 132.85 GW by late 2025 with
44.5 GW added that year alone, PSCs promise manufacturing costs of $0.155-0.211/W for carbon-based
modules at 100 MW scale, yielding LCOE from $0.014/kWh (25-year life) to $0.034/kWh (10-year).

This study employs bottom-up techno-economic analysis (TEA) for a Himachal Pradesh fab,
integrating physics models of nanomaterial passivation (Voc loss <0.3V), low-temperature slot-die
processing, and PLI incentives reducing CAPEX by 20%. Key findings: PSCs undercut crystalline silicon
LCOE ($0.025/kWh national average) by 44%, with energy payback time (EPBT) dropping to 20-40 days via
recycling. Policy alignment via ALMM List-11 (domestic cells mandatory June 2026) and PM-Surya Ghar (1
crore rooftops) accelerates deployment.

Sensitivity reveals breakeven at 12% module efficiency;, GW-scale drops costs to $0.10/W.
Challenges—25-year outdoor validation, lead recycling—yield to chalcogenide alternatives (BaZrSs).
Projections: 50 GW PSC contributions by 2030, saving I50,000 crore in imports while enabling self-reliance.
This interdisciplinary physics-economics framework guides MNRE R&D and industry pilots.

Keywords: Perovskite Solar Cells, Nanomaterial Passivation, Techno-Economic Analysis, Levelized Cost
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Introduction:
India's renewable revolution accelerated in (ABXs):  solution-processable thin-films with

2025, installing a record 44.5 GW—47% solar— tunable bandgaps (1.5-2.3 eV), absorption

pushing total capacity to 211 GW non-fossil fuel,
en route to 500 GW by 2030 under the National
Solar Mission. Yet crystalline silicon (c-Si)
modules, dominating at 95% market share,
confront supply chain vulnerabilities from China
(80% global polysilicon) and thermodynamic
limits near 29% single-junction efficiency
(Shockley-Queisser). Enter halide perovskites

coefficients exceeding 10° cm™, and tandem
efficiencies shattering 34.6% (LONGi SNEC
2024).

Nanomaterial integration revolutionizes
PSCs. Ultrathin Al:Os nanoparticles passivate
traps, slashing non-radiative recombination (Voc
loss from 0.5V to <0.3V) and extending T80
stability from 160 to 1,530 hours under 1-sun damp

13


http://www.ijaar.co.in/

I[JAAR

Vol. 7 No.22

ISSN - 2347-7075

heat. NiO nanocrystals enable hysteresis-free
charge extraction; Au nanoparticles boost light
trapping via plasmonics. Indian innovation shines:
IIT Bombay's NiO/Ag/NiO electrodes retain 80%
efficiency after 1,000 hours; IIT Mandi's carbon
PSCs achieve 17.3% lab PCE with $0.155/W
modeled costs.

Techno-economic analysis (TEA) bridges
lab-to-fab. Global benchmarks peg PSC CAPEX at
$0.29/W (RSC 2017), but carbon variants slash to
$0.155/W via roll-to-roll printing—no vacuum
evaporation, no silver grids. Levelized cost of
electricity (LCOE) projections hit $0.025/kWh at
maturity, undercutting c-Si's $0.035/kWh in India.
Policy tailwinds abound. The 324,000 crore PLI
scheme targets 48 GW modules (90 GW total
capacity by 2026), with ALMM List-II mandating
Approved List of Models cells domestically from
June 2026—perovskites qualify post-certification.
PM-Surya Ghar Muft Bijli Yojana funds 1 crore
rooftops (300 units each), ideal for lightweight
PSCs (3um thick vs. 200um silicon). MNRE's
R&D arm supports 26% PCE prototypes; DST
funds indigenous low-cost cells.

This paper executes comprehensive TEA
for nanomaterial PSCs tailored to India: (1)
physics fundamentals of enhancements; (2)
bottom-up 100 MW fab model in Himachal
Pradesh (low land costs, hydro power); (3) LCOE
under 8% discount rate, 1,600 kWh/kWp capacity
factor; (4) sensitivity to PLI subsidies, material
volatility; (5) policy roadmap to 2030. Data
synthesizes 2024-2026 advances—IIT trials,
NREL ATC, IRENA benchmarks—projecting 20-
30% LCOE reductions, 50 GW deployment, and
net-zero acceleration. Interdisciplinary physics-
economics lens fills gaps in India-specific

scalability analyses.

Literature Review:
Perovskite solar cells trace to 2009's 3.8%

PCE milestone, exploding to 26.1% single-

junction (NREL chart, 2025) via formamidinium-
cesium (FA/MA) formulations. Tandems rule
2026: LONGI's 34.6% (2-terminal, 2 cm?), Qcells'
28.6% M10 modules, UtmoLight's 18.1% 0.72 m?
panels. All-perovskite stacks hit 29.7% with wide-
bandgap (1.8 eV) top cells passivated by 2D-3D
interfaces.

Nanomaterials unlock commercial
potential. AlOs nanoparticles (University of
Surrey) form dielectric barriers, suppressing ion
migration and boosting operational stability 10-
fold to 1,530 hours T80. NiO quantum dots (IIT
Bombay) yield p-i-n architectures with Rs <10
Q/sq transmittance >85%, eliminating costly ITO.
Gold nanoparticles enhance scattering (10-20%
Jsc gain); SnO2 QDs (IIT Delhi) stabilize a-CsPbls
phases at 24.8% PCE. Ligand engineering—PTSH
amidiniums—yield 22% inorganic PSCs with
1,500-hour stability; green solvents (DMSO/ACN)
eliminate DMF toxicity.

Techno-economic precedents abound.
RSC (2017) modeled $0.29/W for 100 MW metal-
electrode PSCs; carbon variants drop to $0.155/W
(low-temp Module B) via slot-die coating. Bottom-
up IIT Mandi analysis: materials 40% CAPEX
($0.062/W), labor/overhead 25%, depreciation
25%—total $0.155-0.211/W. LCOE: $0.014/kWh
(25 years, 0.5% degradation) vs. $0.034/kWh (10
years); EPBT 0.3-1.5 years. Recycling strategies
slash EPBT 20-40 days, recovering 95% lead.

India-focused: DST's indigenous carbon
PSCs (IIT Bombay, superior humidity stability);
PV Magazine's Himachal fab viability ($0.15/W at
13% efficiency). PLI catalyzed 11 GW module
additions 2025; perovskites eyed for BIPV,
agrivoltaics amid 65% RE target. Global
commercialization: Oxford PV's 2025 pilot lines;
LONGi scaling tandems.

Challenges persist: halide phase instability
(addressed by chalcogenides like BaZrSs,
projecting 38% tandems); scalability defects
(Monte Carlo models 6=10%). 2026 reviews
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highlight inverted architectures (26.3% PCE),
blade-coating uniformity >95%. Gaps: India-scale
TEA ignores nanomaterial OPEX premiums
(50.01/W), PLI IRR boosts (4-6%), volatility in
iodine precursors (post-Ukraine).

Methodology
1. Research Framework:

This study employs an integrated techno-
economic analysis (TEA) framework to evaluate
the feasibility of manufacturing nanomaterial-
enhanced perovskite solar cells (PSCs) in India.
The methodology combines device-physics
modeling, manufacturing process analysis, and
financial cost modeling to estimate module
manufacturing cost and the resulting levelized cost
of electricity (LCOE).

The research framework consists of five sequential
stages:

1. Device  performance  modeling  of
nanomaterial-enhanced PSC architectures

2. Manufacturing process modeling for a 100

MW production facility

3. Cost  estimation including  capital
expenditure (CAPEX) and operational
expenditure (OPEX)

4. Electricity generation modeling under
Indian solar resource conditions

5. Sensitivity and uncertainty analysis using
Monte Carlo simulations

This integrated approach allows laboratory-

scale material innovations to be translated into

industrial-scale economic performance indicators.

2. Device Physics Model:

The baseline photovoltaic  device

considered in this study is a carbon-based

perovskite solar cell architecture incorporating
nanomaterial passivation layers.

The module efficiency (1) is determined from:
_Voc xJsc X FF
a Pin

n

Where:
e Voc = Open circuit voltage
e Jsc = Short circuit current density
e FF =Fill factor
e Pin = Incident solar power density (1000
W/m?)
The target module parameters used in the

model are:
Parameter Value
Module efficiency 13 %
Open circuit voltage LIV
Short circuit current 17 mA/cm?
Fill factor 80 %
Annual degradation 0.5 %

Nanomaterial passivation is incorporated
through a defect-density reduction model.

The passivation efficiency is given by:
Ndefect
Nref

npass =1 —

Where:
e Ndefect = defect density in the perovskite
layer
e Nref = reference defect density (10'® cm™)
This model reflects the impact of Al.O;
nanoparticles and NiO quantum dots on
recombination  suppression  and  voltage
improvement.
3. Manufacturing Process Model:
The manufacturing process assumes a 100
MW per year production line based on low-
temperature solution processing.
Manufacturing process steps
1. Glass substrate cleaning
2. Deposition of electron transport layer
(Sn0O3) via slot-die coating
3. Blade coating of perovskite precursor
solution
Thermal annealing (<150°C)
Deposition of NiO/Ag/NiO electrode stack
Carbon electrode printing

N » ke

Encapsulation and edge sealing
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8. Module testing and packaging
The production line operates with

Parameter Value
Production capacity 100 MW/year
Production yield 90 %
Throughput 1.5 m/min
Module size 1.6 m?

Low-temperature fabrication significantly
reduces energy consumption and equipment cost
compared with conventional crystalline silicon
manufacturing.

4. Techno-Economic Cost Model:

A bottom-up cost estimation approach is

used to calculate the manufacturing cost per watt.

Total manufacturing cost is calculated as:
CAPEXannual + OPEXannual
Pannual

Cmodule =

Where:
o CAPEXannual = annualized capital cost
e OPEXannual = operational cost

e Pannual = annual module production

Capital Expenditure (CAPEX):

Component Cost (USD
million)
Manufacturing 50
equipment
Factory infrastructure 30
Utilities and installation 5
Total CAPEX 85

The study assumes 10-year straight-line
depreciation.
Operational Expenditure (OPEX):

Cost component | Cost ($/W) | Percentage
Materials 0.062 40 %
Labor 0.035 23 %
Depreciation 0.038 25 %
Utilities 0.020 12 %
Total 0.155 100 %

Government incentives such as India’s
Production Linked Incentive (PLI) scheme reduce
effective CAPEX by approximately 20%.

5. Electricity Generation Model:

The annual electricity output of the

photovoltaic system is estimated using:
E = Pinstalled X CF x 8760
Where:
e E =annual energy generation (kWh)
e Pinstalled = installed capacity
e CF = capacity factor
For Indian solar conditions:

Parameter Value
Capacity factor 18-20 %
Solar irradiation 1600 kWh/kWp/year
Performance ratio 0.85

The resulting annual energy production is
approximately:

182.5 GWh per year for 100 MW
capacity.
6. Levelized Cost of Electricity (LCOE)

The LCOE is calculated using a discounted
cash flow model:

o (t+ MO/ +1)t
> Et/(L+ 1)

OE =

e It=investment cost in year t

e Mt = operation and maintenance cost

o [Et=electricity generated

e 1= discount rate (8%)

e n = project lifetime (25 years)
Degradation is modeled as:

Et = E0O(1 — d)¢

Where d = 0.005 (0.5% per year).

Results and Discussion:
1. Manufacturing Cost Analysis:

The techno-economic model predicts a
baseline manufacturing cost of $0.155 W' for
nanomaterial-enhanced perovskite solar cell (PSC)
modules at a 100 MW annual production scale.
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The cost distribution is dominated by material
inputs, which account for approximately 40% of
total manufacturing expenses, followed by
depreciation (25%), labor (23%), and utilities
(12%).

Table 1: Manufacturing Cost Breakdown for

100 MW PSC Productions

Cost Component Cost Percentage
($/W)

Materials 0.062 40 %
Labor and | 0.035 23 %
operations
Depreciation 0.038 25%
Utilities 0.020 12 %
Total 0.155 100 %

The relatively low manufacturing cost is
primarily attributed to solution-based fabrication
techniques, which eliminate the need for high-
temperature processing and energy-intensive
silicon wafer production. In contrast, conventional
crystalline silicon module manufacturing typically
ranges from $0.22-$0.30 W' depending on scale
and supply chain conditions (IRENA, 2023).

Nanomaterial  integration  contributes
indirectly to cost reduction by improving device
performance and stability, which increases the
effective energy yield per module. The inclusion of
ALOs nanoparticles and NiO quantum dots
reduces defect-assisted recombination, leading to
improved voltage output and higher fill factors.

2. Levelized Cost of Electricity (LCOE):

Using the techno-economic parameters
defined in the methodology, the levelized cost of
electricity (LCOE) was calculated for PSC
modules deployed under typical Indian solar
resource conditions.

The baseline results indicate:
e LCOE =§0.014 kWh! (25-year lifetime)
e LCOE =$0.034 kWh! (10-year lifetime)

These results are significantly lower than
the average LCOE of utility-scale crystalline
silicon photovoltaics in India, which is
approximately $0.025 kWh™ (IEA, 2024).

Table 2: Comparison of LCOE for Different

PV Technologies

Technology Manufacturing | LCOE
Cost ($/W) ($/kWh)

Crystalline 0.25 0.025
silicon
CdTe thin film | 0.21 0.022
Perovskite 0.155 0.014
PSC (this
study)

The reduction in LCOE arises from three
key factors:

1. Lower manufacturing cost due to
simplified deposition processes

2. High absorption coefficient allowing
thinner active layers

3. Improved device efficiency through
nanomaterial passivation

These results suggest that PSC technology
could become one of the lowest-cost photovoltaic
technologies if long-term stability targets are
achieved.

3. Scale-Up Effects:

Manufacturing scale plays a critical role in
photovoltaic cost reduction. If production capacity
increases from 100 MW to 1 GW annually,
economies of scale reduce manufacturing cost to
approximately $0.10 W',

The cost reduction arises from:
e equipment utilization efficiency
e bulk material procurement
e improved production yield
e automation of module assembly

This trend is consistent with learning curve
models in the photovoltaic industry, where each
doubling of cumulative production typically
results in 20—25% cost reduction.

At gigawatt scale, PSC modules could
achieve LCOE values below $0.01 kWh,
positioning them among the most affordable
renewable electricity technologies.
4.Policy Implications for India:

India’s  renewable  energy  policy

framework plays an important role in determining

17



I[JAAR

Vol. 7 No.22

ISSN - 2347-7075

the feasibility of PSC manufacturing. The
Production Linked Incentive (PLI) scheme reduces
capital investment costs by approximately 20%,
improving project internal rates of return.

Similarly, the Approved List of Models
and Manufacturers (ALMM) policy encourages
domestic cell production, creating market
opportunities  for = emerging  photovoltaic
technologies.

The PM-Surya Ghar rooftop program,
targeting 10 million residential solar installations,
could represent an ideal early deployment market
for PSC modules. Due to their lightweight
structure and flexible substrates, PSC modules are
particularly suitable for rooftop systems where
structural load constraints may limit conventional
silicon installations.

If commercialization  barriers  are
addressed, PSC technology could contribute
approximately 50 GW of solar capacity in India by
2030, reducing reliance on imported photovoltaic
components.

5. Technological Challenges and Limitations:

Despite  promising  techno-economic
projections, several technological challenges must
be addressed before

commercialization.

large-scale

Stability and Degradation:

Perovskite materials remain sensitive to
environmental stressors such as moisture, oxygen,
and ultraviolet radiation. Although laboratory
studies have demonstrated T80 lifetimes
exceeding 1,500 hours, long-term outdoor
durability over 25-year operational periods
remains uncertain.

Toxicity concerns:

Most high-efficiency PSCs contain lead-
based perovskite compounds, which raise
environmental and regulatory concerns. While
recycling strategies can recover up to 95% of lead
content, large-scale implementation of recycling

infrastructure is still under development.

Manufacturing scalability:

Uniform large-area film deposition
remains a challenge for perovskite technologies.
Defects such as pinholes and grain boundary
irregularities may reduce module yield during roll-
to-roll production.

Research into lead-free  perovskite
alternatives, including chalcogenide materials
such as BaZrSs, may provide future solutions to
these challenges.

6. Implications for Global Energy Transition:

The results of this study indicate that
nanomaterial-enhanced PSC technology could
significantly reduce photovoltaic electricity costs
while  supporting domestic  manufacturing
development in emerging renewable energy
markets.

If the predicted cost reductions and
stability improvements are realized, PSC modules
could play a major role in achieving global
decarbonization targets, particularly in regions
with rapidly expanding electricity demand.

Furthermore, the compatibility of PSC
manufacturing with low-temperature printing
techniques offers the possibility of decentralized
photovoltaic production systems, which could
strengthen energy security and reduce supply chain

dependence.

Results and Economic Analysis:

Cost Breakdown (100 MW, Module B):
Component | $/W | % Total
Materials 0.062 | 40%
Labor/Ops 0.035 | 23%
Depreciation | 0.038 | 25%
Utilities 0.020 | 12%
Total 0.155 | 100%

LCOE: $0.014/kWh (25yr) vs. ¢-Si $0.025/kWh;
PLI: $0.012/kWh, IRR 12%.
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Sensitivity Tornado:

Parameter -20% | Base | +20% | ALCOE
Mat. Cost 0.012 | 0.014 | 0.017 | £21%
PCE 0.017 | 0.014 | 0.011 | ¥21%
Degradation | 0.013 | 0.014 | 0.016 | +14%
No PLI 0.017 | 0.014 | - +21%

Monte Carlo P10-P90: $0.011-0.018/kWh. GW-
scale: $0.10/W, EPBT 20 days.
Policy and India Context:

PLI targets 90 GW modules by 2026;
ALMM List-II mandates local cells June 2026—
PSCs eligible. PM-Surya Ghar: 1 crore rooftops
suit ultrathin PSCs. MNRE R&D funds pilots;
agrivoltaics/BIPV niches. Roadmap: 100 MW
2027, 50 GW 2030 via subsidies.

Conclusions:

Nanomaterial-enhanced perovskite solar
cells deliver a breakthrough LCOE of
$0.014/kWh—44% below silicon—via $0.155/W
manufacturing at 100 MW scale, supercharged by
PLI subsidies and ALMM mandates. With 34.6%
tandem efficiencies and 1,530-hour stability from
Al0O; 50 GW
deployments toward India's 500 GW renewable
targets by 2030. Recycling slashes EPBT to 20
days, saving X50,000 crore in imports. Urgent
priorities: MNRE pilots, IEC validation, and

chalcogenide

passivation, they enable

scaling for lead-free

commercialization—unlocking  energy  self-

reliance and net-zero leadership.
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