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Perovskite technology could deliver a step change
in solar module efficiency, cutting project costs
and build times. By combining perovskite and
silicon technology while using existing
manufacturing infrastructure, ultra-high-efficiency
modules could reach the market faster.

Solar has had an incredible global growth
trajectory over the past few decades,
expanding more than 1,000-fold.* In 2025,
solar was the largest source of new power
generation capacity in both Europe and the
US.2*4 The primary driver of this leadership
position is cost, as solar is now amongst the
least expensive methods to add new power
generation to the grid.®

While silicon solar cell technology has been
important in the advancement of the industry,
one could argue that most of the growth has
been driven by cost reductions and the
expansion of manufacturing using silicon
technologies developed decades ago.
Consider, for example, that passivated emitter
and rear cell (PERC) technology was developed
in the late 1980s with a record efficiency at the
time of 22.8%.°

This is not too far off the efficiencies we see
today, nearly 40 years later. When looking at
the actual technological improvements, the
gains have been incremental over multiple
decades, whereas cost reductions have been
more dramatic in the past decade.”

Over the past 40 years, solar module
efficiencies have improved by roughly 10
percentage points from about 15% in 1985 to
25% in 2025 for best-in-class silicon-based
technology.7

A new class of technology, perovskites, has
the ability to disrupt the incremental
efficiency improvement curve with a
step-function change in efficiency that will
significantly change solar’s levelized cost of
electricity (LCoE).

Historical reductions in solar LCoE have been
largely a result of the mass production of older
solar cell technology rather than new cell
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technology or higher efficiency technologies
that add value. Thisis in large part due to two
reasons: high-efficiency technology has
generally come with a higher price tag,
relegating those technologies to niche
applications, and new technology has had a hard
time competing with mass-produced silicon.

This is not to say that the industry has not
seen alot of technology innovation
throughout the manufacturing and solar
project value chain. Still, much of the
technology development has been
incremental or focused on making a particular
type of silicon solar cell slightly better versus
coming up with an entirely new solar cell
approach. Tunnel oxide passivated contact
(TOPCon) technology is a good example.

For solar cell technologies that came to
market with an initial higher price point, most
have either failed, been relegated to niche
markets over the long term or had their
original patent holders exit the business
(examples are SunPower and Sanyo/
Panasonic).%®

When module price is the main driver, it is
simply very hard to compete unless the
technology can lower LCoE out of the gate or
very large subsidies exist to achieve the cost
reductions afforded by gigawatt-scale
manufacturing. The transition from multi-
crystalline cell technology to mono-crystalline
cell technology is a good example.°

Market expansion in solar has been driven by
falling costs, achieved by expanding
manufacturing capacity. The industry has
seen many cycles of over-expansion in
manufacturing met with falling prices that
have propelled the industry towards the next
level of expansion.!!
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In 2009, a new photovoltaic technology
category entered the scene: perovskites. The
technology has climbed the solar efficiency
learning curve'? at a faster pace than other
technologies, from about 3% in 2009 to more
than 26% in 2024 on small-area research
cells.*** The rapid climb is largely due to the
crystalline structure’s ability to absorb light
coupled with the vast number of researchers
working globally on the promising technology.

There are multiple approaches to perovskite
technology and the industry has concentrated
around two main approaches that involve
coupling perovskite technology with silicon
technology to provide efficiencies greater than
either technology can deliver onits own. This is
how perovskites will help break through the
theoretical single-junction silicon solar cell
efficiency ceiling of 29.43%. In one approach,
perovskites are integrated as part of the silicon
solar cell, requiring new cell designs.

In the other approach, the perovskite layer is
kept completely separate from the silicon solar
cell. Both offer step-function improvements in
efficiency potential with early products coming
to market with module efficiencies of 27% to
29% compared with today's average module
efficiencies of around 23%.

This step-function improvement in efficiency
is so significant because solar module
efficiency is the single biggest technology
lever available to drive down the cost of solar
electricity, whether for a residential,
commercial or massive utility-scale solar
project. Efficiency improvement drives down
the cost of nearly all elements of a solar
project, including land, labor, balance-of-
system hardware from steel to wiring, logistics
and transportation costs.

Another benefit becoming more widely
recognized is that higher efficiency also
equates to being able to install a solar plant
faster. With the rapid rise of data centers and
electrification, speed-to-power is becoming
an increasingly important consideration.
Shaving another 20% to 30% off the timeline
to build a solar plant is valuable in today's
environment of increasing power demand.*®

Perovskite technology is being developed
around the world and, while it is not immune
to going through the process of expanding
production, it has a key advantage when it
comes to cost. Perovskites are an inexpensive
material set'” and therefore overcome from
the start one of the biggest challenges of past
technology advancements, where increased
efficiency generally came with a higher
material or production process cost.

Because the cost structure of perovskite-
based technology can work out of the gate,
the solution can compete with incumbent
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silicon technologies and provide a benefit to
early adopters right away.'”*® This allows
production to expand where previous, more
expensive technologies have struggled to
establish a sufficient market.

If a technology cannot reach high production
volumes, it remains at a disadvantage. Larger
production volumes help reduce production
costs and can provide advantages in other
areas, from logistics to financing.

One company bringing its perovskite
technology to market is Caelux Corporation,
based in California. The company has taken
the approach of keeping the perovskite layer
independent from the silicon solar cell and is
currently producing perovskite on glassina
2 m?format, known as Energy Producing
Glass. Caelux's Energy Producing Glass is
designed as a plug-and-play replacement for
the standard solar top glass that is used in
solar modules.

Normally only functioning as a protective
shield, the top glass now also functions as a
power generation layer. Caelux technology
enables Hybrid-Tandem™ solar modules
with two power generation layers that are
expected to achieve efficiencies of up to
30% injust a few years' time. Caelux tunes
its perovskite layer to absorb visible light,
while the underlying silicon layer absorbs
infrared light.

cSi solar (PERC)

300 MW,
21% module efficiency

Further, the company voltage-matches to the
silicon solar cell technology being used so that
the two layers work together in parallel.

Caelux is taking the approach of disrupting
solar without disrupting the billions of dollars
of investment that have already been made in
the solar supply chain. New technologies
often attempt to completely disrupt a market
but fail to reach commercial production
volumes. By making the technology plug-and-
play with module manufacturing lines and by
partnering with existing module
manufacturers, Caelux is introducing its
technology using the industry's existing
manufacturing capacity.

This provides a faster and more efficient path
to market than rebuilding and competing with
the existing solar manufacturing ecosystem,
which has over 1 TW in annual module
manufacturing capacity.*®

At high production volumes, perovskite
technology and Caelux’s approach unlock a
number of benefits for solar electricity
generation. For solar to become an increasing
portion of the power on the utility grid, 24/7
baseload solar will need to become a reality.
Ultra-high-efficiency Hybrid-Tandem modules
provide significant cost savings that drive
LCoEs down and the savings can be combined
with falling battery costs to increase the
storage duration of projects. By closing the
economic gap, 24/7 solar can be brought

PERC+Caelux1 (2026)

300 MW,
26% Hybrid-Tandem™
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online faster, further accelerating the
opportunity for solar electricity.?%2

In regions that rely onimported fuel, the
timeline for 24/7 solar, once thought to be far
off in the distance, may match closely with the
rise of perovskite technology.?°

When evaluating the benefits of high-
efficiency Hybrid-Tandem solar modules,
there are different ways to take advantage of
efficiency gains. One is to focus on building a
solar plant with the same capacity.

In a modeled 300 MW project using the first
generation of Caelux technology, the land
required is reduced by more than 20% while
the LCoE is reduced by 7.5% and the build
time is shortened by two months.*® The same
model, adjusted for technology improvements
in 2029, shows a 10% lower LCoE with a 30%
reduction in land and the project build time
shortened by a quarter.’®

The savings come not just from reduced
costs for land, mounting hardware and labor
but also from onsite rental equipment
needed for less time and fewer trucks moving
equipment onsite.

The other side of the equation is that if
more power is needed, then a site once
capable of housing 300 MW can be turned
into an approximately 360 MW to 400 MW
project in the same footprint. Both
approaches offer significant value in a global
environment demanding more abundant
and affordable power.

TOPCon+Caelux4 (2029)

300 MW,
30% Hybrid-Tandem™

$58.17/MWh LCoE
12-month installation

Figure 2. 300 MW modeled project example
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$53.82/MWh LCoE
7.5% lower LCoE
20.8% less land
10.1-month installation

$52.36/MWh LCoE
10% lower LCoE
30% less land

9.2-month installation

*|llustrative examples based on Caelux modeling
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In regions that rely on imported fuel, the timeline for 24/7 solar,
once thought to be far off in the distance, may match closely
with the rise of perovskite technology.
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