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WHY JOI

MESIA?

The Middle East Solar Industry Association- MESIA,
is the only non-for profit solar association bringing
together the entire solar sector across the Middle

East and North Africa (MENA).

BENEFITS:

BOOST YOUR BRAND VISIBILITY:
Get more exposure for your

content and news by leveraging
MESIA platforms.

UNLOCK MARKET INSIGHTS:
Gain exclusive access to tenders
info and market intelligence.

NETWORK & GROW:

Engage in digital and physical
activities that can support your
business development.

Our aim is to promote the growth of solar in the region while providing
opportunities for our over 80 members and partners, from the entire
solar value chain. Companies, associations, and media entities
interested in connecting with the MENA solar sector, as well as startups,
individual consultants, students, and academic institutions, are all
encouraged to become part of our expanding network or explore

potential partnerships!

Connect With Us

STAY INFORMED:

Join our webinars, events,
and workshops on industry
trends and updates.

FORGE NEW INDUSTRY PARTNERSHIPS:

Connect with local, regional, and
global members.

Zulfa Rasheed
e +97156 2626 159

X zulfa@mesia.com

For more information visit
www.mesia.com
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The eagerly awaited COP28 (Conference of the Parties) convened in Dubai, UAE at
the close of 2023, instilling a sense of optimism among global stakeholders committed
to sustainability and renewable energy initiatives. Against this backdrop, it becomes
imperative to assess the geopolitical dynamics of the Middle East and their impact on
the adoption of renewable energy, shaping the broader energy landscape.

Endorsed by 37 countries, the UAE declaration on Hydrogen underscored the
imperative for enhanced multilateral cooperation in addressing climate change and
accelerating the global energy transition. Recognizing the pivotal role of renewable

Denisa Fainis
Secretary General

\ MESIA significance in meeting global energy needs and driving decarbonization efforts, all

energy and low-carbon hydrogen technologies, the declaration highlighted their

while fostering sustainable economic growth and green industrialization.

Similarly, the Global Renewables and Energy Efficiency pledge, supported by 124 countries, outlined ambitious targets for
increasing renewable energy deployment and energy efficiency measures by 2030. However, amidst these aspirations
lies the challenge of achieving such targets, particularly in the distributed energy sector within the Gulf region.

Looking ahead, a transformed energy mix holds the promise of creating new job opportunities, improving livelihoods,
and empowering communities. Post-2030, a diversified portfolio of technologies is expected to be market-ready, offering
scalable solutions to decarbonize the energy sector, with renewables, energy efficiency, and zero-emissions technologies
playing pivotal roles.

The pressure to meet ambitious targets by 2030 places a strong emphasis on utility-scale projects, potentially
overshadowing the needs of the commercial and industrial sectors. This underscores the importance of considering a
balanced approach to energy deployment to ensure inclusive and sustainable development.

In this year's report, readers will delve into topics such as Solar Panel Performance Testing Methods, which ensure
efficiency and reliability in challenging environments. Additionally, insights from our government partner, DEWA, shed light
on commercially viable Perovskite Silicon Tandem Solar Cells and the integration of solar power into the grid, supported
by regional-scale solar mapping and forecasting initiatives.

During COP28, Dubai unveiled ambitious clean energy initiatives aimed at enhancing domestic manufacturing
competitiveness and fostering an industry-friendly policy environment. These initiatives, aligned with Dubai's Dubai
Economic Agenda D33 plans for green economic development, reinforce the emirate’s position as a global hub for
exporters and manufacturers, enabling entities from manufacturers, data centers and agri-tech players to adopt captive
solar generation to meet their energy demands.

As the MESIA Solar Outlook Report reaches its 11th edition, our commitment remains steadfast in providing valuable
insights to our members, collaborators, and industry professionals. We extend our gratitude to this year's contributors,
whose expertise drives innovation and progress in the solar energy sector. To our members and supporters, we express
our heartfelt appreciation for your continued engagement and trust in MESIA, as we collectively shape the future of the
Middle East's solar industry. We welcome new members to join us on this journey towards a sustainable and prosperous
future.
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The Middle East and North Africa (MENA), a major oil
and gas region, is now experiencing a growing focus on
renewable energy, particularly solar PV. Amidst a surge
in industrialization, persistent population growth, and
economic development, coupled with concerns over
climate change and environmental sustainability, solar
power has emerged as a key component of the energy
strategies of MENA nations. The region boasts one of
the highest levels of solar energy potential globally, with
an average annual solar irradiance exceeding 2,000
kWh per square metre per year, with standout countries
including Saudi Arabia, UAE, Morocco, and Egypt.
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MENA increased its solar capacity in 2023 by 23% on an
annual basis, with countries such as Turkey, UAE, Israel,
Egypt, and Saudi Arabia accounting for the bulk of the
region’s installed capacity. While this growth trajectory
is expected to continue, it falls short of the necessary
level required to even come close to replacing fossil
fuels in MENA's current power generation mix. As seen in
Figure 1, the region's power mix is currently dominated by
fossil fuels, accounting for 87% of the total, with solar PV
providing just over 2%.
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*Middle East and North Africa includes Algeria, Bahrain, Egypt, Eritreq, Iran, Iraqg, Israel, Jordan, Kuwait, Lebanon,
Libya, Morocco, Oman, Palestine, Qatar, Saudi Arabia, Sudan, Syria, Tunisia, Turkey, UAE, Western Sahara and Yemen

Source: Rystad Energy Global Powermix Dashboard, Rystad Energy PowerCube

The region's installed capacity as of 2023 is 32 GW and is
expected to reach nearly 40 GW by the end of this year,
and subsequently about 180 GW by 2030, representing a
compounded annual growth rate of 30%. Saudi Arabia,
Turkey, Egypt, UAE, Oman, and Morocco are poised to
account for over two-thirds of the installed solar capacity
at the end of the decade.

Saudi Arabia’s 1.5 GW Sudair solar project became
fully operational early this year, lifting the country's
operational solar capacity to over 2.2 GW to date. The
country is targeting 40 GW of solar capacity by 2030,
with companies like ACWA Power and Masdar pioneering
developments. Nevertheless, considering that the current
announced solar capacity in the pipeline is only 12 GW, a
considerable gap of over 18 GW emerges. To achieve its
ambitious plan, Saudi Arabia must install an average of
5.5 GW of new solar capacity per year between now and
the end of the decade.

After hosting the 28 Conference of Parties (COP 28), the
UAE embarked on a clean energy transition. Up from 6
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install 14 GW of clean energy capacity by 2030 — most
of which is solar. Meanwhile, Oman targets a 30% share
of renewable generation by 2030, up from 3% today, and
Jordan aims for a 50% share of renewable generation
by decade-end from 30% today. Nonetheless, solar will
remain essential in transforming these countries into
major renewable energy and green hydrogen hubs.

Turkey's solar PV installed capacity at the end of 2023
was 11 GW, mostly rooftop PV and commercial and
industrial (C&l) projects, together representing about 78%
of the total. The position of rooftop and C&l solar is due
to the net metering scheme which allows households
to sell the surplus electricity generated to the grid in
exchange for benefits. Turkey is aiming to install around
53 GW of solar power by 2035. Meanwhile, Israel plans
a power mix that is 30% renewable energy, up from 11%
today, following the same strategy focused on rooftop
and C&l solar installations via the net metering scheme.
Additionally, Israel mandates the installation of rooftop
PV panels on all newly constructed commercial buildings
to maximise the use of available space for solar energy

Figure (1): Power Generation Mix by Energy Source, MENA*
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*Middle East and North Africa includes Algeria, Bahrain, Egypt, Eritreq, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon,
Libya, Morocco, Oman, Palestine, Qatar, Saudi Arabia, Sudan, Syria, Tunisia, Turkey, UAE, Western Sahara and Yemen

Source: Rystad Energy Global Powermix Dashboard, Rystad Energy PowerCube

Figure (2): Solar Installed Capacity by Country in GW, MENA*



In North Africa, solar farms have been proliferating over
the last decade — Morocco's Noor and Egypt's Benban
projects are some of the largest globally. Both countries
are expected to add nearly 35 GW of solar by 2030 —
with companies like AMEA Power, ACWA Power, Scatec
Egypt's New and Renewable Energy Authority (NREA), and
the Moroccan Agency for Sustainable Energy (MASEN)
pioneering developments. After hosting COP 27, Egypt
has been upscaling its transition through renewables
and green hydrogen while fostering electricity exchanges
with various Arab, African, and European nations.

The country targets a 42% share of renewable generation
by 2030, with solar alone targeted for nearly 27% — a
significant jump from 2.5% today. Also, Morocco aims for
a 52% share of renewable capacity by 2030, with solar
targeted at 20% compared to just 8% today. Solar will be
essential in transforming Egypt and Morocco into major
renewable energy and green hydrogen hubs.

Egypt and Morocco are linked with large-scale green
hydrogen projects and interconnector projects such as
the 3.6 GW Xlinks UK-Morocco and the 3 GW GREGY
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interconnector. The UK-based Xlinks aims to develop
the Morocco-UK power project by deploying 7.5 GW of
solar PV, and 4 GW of onshore wind combined with a
22.5 GWh/5 GW battery storage facility in the Guelmim
Oued Noun region of Morocco. GREGY will be developed
by Greece's Copelouzos Group and Masdar's affiliate
Infinity Power by deploying 25 GW of renewalble capacity
including solar PV and wind. Egypt's NREA and Morocco's
MASEN have also launched tenders to move closer to
their targets.

In a bid to diversify its energy mix and achieve its 2035
target of 15 GW solar capacity, Algeria launched a 2 GW
solar tender in February 2023, involving the construction
of 15 solar PV projects across 12 regions. Chinese firms
dominated the results and will be developing 1.55 GW
capacity. Tunisia, meanwhile, has established a 35% share
of renewable capacity target by 2035, and its Ministry
of Energy, Mines, and Renewable Energies initiated two
tenders for 1 GW of solar PV. More tenders are lined up to
offer an additional 2.2 GW of solar.
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Figure (3): Solar Assets by Development Status, MENA

Competitive solar auctions and gigawatt-scale solar
projects are driving the MENA region's energy transition
away from fossil fuels. Saudi Arabia has already awarded
around 4.5 GWAC of solar projects through four different
auction rounds to date under the National Renewable
Energy Program (NREP), and 3.7 GWAC solar projects are
planned to be awarded this year through NREP round
5. The biggest projects offered in the NREP round 5 will
be the 2 GWAC Al Sadawi solar project and 1 GWAC
Al Masa solar project. Meanwhile, Kuwait and Oman
announced the 11 GWAC Shagaya solar PV auction
and the 0.5 GWAC lbri lll solar PV auction, respectively.
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Also, the UAE awarded its 1.8 GWAC sixth phase auction
for the Mohammed Bin Rashid Al Maktoum (MBR) solar
park, adding around 7.3 GWAC of solar capacity to date
in the country. The MBR solar park is one of the world's
largest solar energy projects with a planned capacity of
5 GWAC by 2030 at an investment of up to AED 50 billion.

The 1.58 GWAC Al Dhafra solar project in the UAE that was
awarded through an auction in 2020 at a record price of
13.5 USD/MWh was commissioned in 2023, highlighting
the success of competitive auction in the MENA region.

Source: RystadEnergy PowerCube
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Figure (4): Top Solar Projects* by Status and Ongoing Solar Auctions in MENA

MENA's strategic location offers the possibility of exporting
solar energy to neighbouring markets through green
hydrogen or electricity via interconnectors, contributing
to regional collaboration, energy security and economic
development. The potential for solar energy in MENA thus
extends beyond power generation to other applications

References:

[ Rystad Energy Global Powermix Dashboard
[2] Rystad Energy PowerCube

such as water desalination, cooling systems, and
industrial processes, further enhancing its significance
in the region's sustainable development efforts -
establishing itself as a global leader in renewable energy
and the transition towards a more sustainable future.
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THE FUTURE OF
SOLAR ENERGY IN MENA

The MENA region stands out globally for its exceptional
solar irradiance levels, rendering it an optimal hub for
solar energy generation. With vast desert expanses
receiving abundant sunlight, countries like Saudi Arabia,
the United Arab Emirates, and Morocco are leveraging
this natural advantage.

Across the MENA region, numerous countries have set
ambitious renewable energy targets, placing a significant
emphasis on solar power. Governments are strategically
investing in large-scale solar projects to diversify their
energy portfolios and diminish reliance on fossil fuels.

The future of solar energy in the MENA region is
undoubtedly promising. But before digging into
prospects, let's dig into the history of solar energy in the
region, to gain insights into what lies ahead.

The MENA region has witnessed significant growth in
renewable energy projects, particularly solar. Countries
like Morocco, Egypt, the United Arab Emirates and the
Kingdom of Saudi Arabia have lbeen commissioning
large-scale solar programs, and other nations in the
region are following this path.

The declining unit rate for solar energy investment
indicates a price decline in renewable energy
technologies, even as gigawatts of capacity continue
to be installed. As an example, the cost of solar panels
has been steadily decreasing, contributing to reduced
capital expenditure (CAPEX) for utility-scale solar
projects and Al-Faisaliah (Shuaibah) PV IPP (600MW) in
KSA has set a new record with the world's lowest cost
for Solar PV electricity production at USD 104 cents/
kWh, underscoring the region's competitiveness in solar
energy.

Looking at the future, MENA has superior access to
renewable energy sources, receiving about a quarter of
the world's solar energy. By 2050, the region could supply
up to 40% of the world's energy through aggressive
pursuit of renewable technologies, including solar
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and wind. However, there are also some challenges,
especially the extreme desert climates, including
temperature extremes and sandstorms. Innovative
solutions are being developed to overcome these
obstacles. Another important challenge is ensuring the
seamless integration of solar power into existing grids
and developing cost-effective energy storage solutions.
In parallel with the technical aspects, optimizing project
bankability and attracting investors will drive sustainable
solar development.

Innovative solutions are being developed to overcome
these obstacles for example, utilizing cutting-edge
technologies like n-type TOPCON and monocrystalline
bifacial modules, along with innovative cleaning
methodologies such as the Automatic Robotic Cleaning
System (ARCS). These solutions have significantly
improved efficiency and reduced land occupation in the
last few years.

Some of the key innovative expectations in the medium
term include:

® New PV module technologies such as Perovskite, high-
efficiency bifacial HJT technology at commercial scale

® |mprovement in existing and availability of alternative
battery storage systems at commercial scale

e Enhanced on-site testing and diagnostic facilities
® Remote control, monitoring and O&M

e Data analytics (plant performance, weather
conditions, forecasting) based on Al and machine
learning models

e Grid stability and control (Grid Forming Inverters)

Other aspects to be considered are related to
environmental benefits or energy independence. Solar
power is clean and emits no greenhouse gasses during
operation. It helps combat climate change and reduces
air pollution. As global awareness of environmental issues
grows, the demand for clean energy sources like solar
will continue to rise. Solar energy provides countries with



greater energy independence. Relying less on imported
fossil fuels enhances national security and stability.

MENA nations, despite being oil-rich, recognize the
importance of diversifying their energy mix to ensure
long-term sustainability, so MENA countries are investing
in solar projects, creating employment opportunities,
and stimulating economic growth.

In comparison with other renewable sources, solar energy
is a strong contender due to its scalability, decreasing
costs, and lower environmental impact during operation.
Solar energy is highly reliable in areas with abundant
sunlight and is versatile enough to be installed in various
settings. Other renewable sources may be more location-
dependent or require more infrastructure.

In summary, the future of solar energy in the MENA region
will be characterized by the deployment of large-scale

Courtesy: Kingsx-UAE - SirajPower
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projects contributing to decarbonisation and ensuring
affordable, reliable, and sustainable energy for future
generations through a virtuous circle as each step
reinforces the others. Investment leads to innovation,
which boosts productivity, income, and spending while
technological advancements and economies of scale
lead to a decrease in the cost of solar panels and
associated equipment. Additionally, the expanding
market for solar energy attracts more investment and
innovation, fostering competition and driving additional
cost reductions. Ongoing research and development
efforts improve the efficiency of solar panels, increasing
the amount of electricity generated per unit area.
Advances in grid integration technologies make it easier
to incorporate solar power into existing energy systems,
increasing the reliability and stability of renewable energy
sources. The cycle repeats, creating a self-sustaining
loop of economic growth.

Advanced research is conducted on solar resource
assessment and forecasting tailored to the regional
conditions of the MENA region. The primary objective is
to support the operational efficiency of photovoltaic (PV)
and concentrated solar power (CSP) plants, as well as
grid operations. Several models have been developed

Monitoring of photovoltaic systems and their integration
into the grid is supported by the DEWASOL. A regional
satellite model was developed at DEWA R&D, and
focused on the main attenuations present in UAE like dust
aerosols, anthropogenic emissions, and clouds over bright
desert surfaces which sometimes could be confused by
the satellite; due to its high reflectivity. DEWASOL model
uses satellite images from Meteosat Second Generation

SOLAR RESOURCE
ASSESSMENT

SOLAR OUTLOOK REPORT 2024

a0l ogelyymsdaiya |
Dubai Electricity & Water Authority &

based on sky cameras, satellite images, and numerical
modeling, leveraging innovations in Machine and Deep
learning. Research efforts also encompass crucial
aspects of environmental modeling such as photovoltaic
soiling and solar attenuation in CSP plants.

over the Indian Ocean (IODC) centered at longitude
45.5° and data from numerical models to calculate solar
irradiance based on cloud mapping, cloud top height,
cloud opacity, clear sky modeling and solar irradiance
decomposition models. The model runs operational in
near real-time providing new estimates at 3km spatial
resolution for the satellite window shown in Figure (7).
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Figure (1): Meteosat Second Generation Over the Indian Ocean Satellite Image Centered at Longitude and

Cloud Index Mapping of DEWASOL Model on Meteosat Satellite Images




DEWASOL model has been validated extensively using
data recorded at DEWA R&D Outdoor facility which
mounts Class A 9060 thermopile pyranometers and
pyrheliometers mounted on a solar tracker to measure
global, diffuse horizontal, and direct normal irradiances
every minute and sampled every second. To ensure the
highest quality of the radiometric measurements a daily
inspection and maintenance are performed that are
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supported by an in-house developed real-time alert
and monitoring system.

The latest version of the regional DEWASOL satellite
model provides estimates of equal or higher accuracy
compared to other global solar irradiance satellite
data providers based on the comparison of root mean
squared errors (RMSE).

Number Values 1227 r?
GHI 0.99
DNI 0.96

Courtesy: Nestle Waters - 1.4 MWp - YDE

Relative Bias Relative Root Mean

Square Error (RMSE )
-0.29 % 5.43 %
0.18 % 9.53%
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Figure (3): Validation of 15-minute Average Global Horizontal Irradiance (GHI) (right) and

Direct Normal Irradiance (DNI) (Wm*”-2) at DEWA R&D Outdoor Test Facility

The DEWASOL model is integrated into DEWA Shams
Dubai Smart Distribution Center supporting the following
applications:

1. Fault Detection and Maintenance: DEWASOL
solar irradiance satellite estimates can be used to
monitor the condition of solar installations and detect
potential faults or issues such as soiling, shading, or
panel degradation. By comparing against baseline
performance, maintenance teams can identify problems
early and schedule preventive maintenance to ensure
optimal performance of solar energy systems.

2. Grid Integration and Demand Response: Solar data
derived from satellite images can be integrated into grid

management systems to support demand response
strategies and grid balancing. By accurately predicting
solar energy generation, grid operators can better
manage electricity supply and demand, optimize grid
stability, and reduce reliance on fossil fuel-based backup
power generation during periods of low solar irradiance.

3. Data Analytics and Optimization: Utilizing machine
learning algorithms and data analytics techniques, it is
possible to analyze historical solar irradiance data along
with solar energy production data to identify patterns,
optimize system performance, and develop predictive
maintenance strategies for solar power installations.




Integrating o network of sky cameras into the
management of solar energy can enhance the efficiency
and reliability of solar power generation by providing
real-time data on cloud cover, solar irradiance, and
weather patterns. DEWA is developing a model based on
a network of sky cameras called DEWACAST. Following is
how it's possible to utilize sky cameras in the integration
of solar energy:
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1. Cloud Cover Prediction: Sky cameras can
continuously monitor the sky to detect cloud cover. By
analyzing the images captured by these cameras, it is
possible to predict cloud movements and anticipate
periods of reduced solar irradiance. This information
helps in adjusting the operation of solar power systems
and managing energy storage to mitigate the impact
of intermittent cloud cover and ground shadings (See
Figures (4) and (5)).
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2. Solar Irradiance Forecasting: Sky cameras and optimizing the operation of solar power plants.
combined with advanced image processing techniques Integrating sky camera data with weather forecasting
can provide accurate forecasts of solar irradiance. This models can further improve the accuracy of solar
data is essential for predicting solar energy generation irradiance predictions (see Figure (4)).
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Figure (4): Deep Learning Applied on All Sky Camera Images to Detect Clouds from a
Camera Installed at MBR Solar Park (Left) and Projection of Shadows (Right)
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Figure (5): Network of Sky Cameras Installed in MBR Solar Park (Left) and Projection of Shadows (Right)

Figure (6): Cloud Projection and Calculation of Global Horizontal Irradiance from the Network of

Sky Cameras at 200 Meters Spatial Resolution over PV Phases at MBR Solar Park

3. Optimized Energy Management: Real-time data network of sky camera data to study cloud dynamics,
from sky cameras can be integrated into energy atmospheric phenomena, and the impact of weather
management systems to optimize the operation of solar conditions on solar energy generation supported by the
power plants and grid-connected solar installations. By latest Al models to classify sky patterns, detect clouds,
dynamically adjusting the tilt angle of solar panels or and generate future images making use of generative Al.

repositioning solar trackers based on cloud movements,
it may be possible to further optimize solar energy DEWA network of sky cameras is also supported by
production and improve overall plant performance. satellite images to extend the intra-day horizon of the

forecast of solarirradiance. The approach thatis currently

4. Research and Development: Sky camera networks under development by DEWA is using the DEWASOL
canalsofacilitateresearchanddevelopmenteffortsaimed model coupled with a deep learning Al model to predict
at improving the efficiency, reliability, and integration of the future evolution and displacement of cloud cover
solar energy into the power grid. DEWA R&D is using the over the UAE (see Figure (7)).
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Figure (7): Deep Learning Optical Flow Applied to Two Consecutive Images to Forecast Future Evolution of Clouds

Aerosol modeling is crucial for day-ahead forecasts in
MENA's solar energy projects as it accurately predicts
solarirradiance affected by dust events. The implemented
approach is based on WRF Chemistry models which
couples weather and chemistry in the atmosphere. As
shown in Figure (8), there are high spatial variabilities of

solar irradiance under clear sky conditions in the Gulf
region which models that don't explicitly simulate the
dynamics of aerosols can't capture. Intraday forecast
enables optimal planning of operations by mitigating
efficiency losses due to dust, ensuring reliable energy
production, and supporting grid stability.
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Figure (8): DDNI Forecast by WRF (Without Aerosols) and WRF Chem (With Aerosols) for 12/03/2023 08 UTC (a, d),

13/03/2023 08 UTC (b, €), 14/03/2023 08 UTC (c, f) over the Study Region.
WRF and WRF Chem Forecasts are Initialized at 12/03/2023 00 UTC.

In  conclusion, advancements in solar resource
assessment and forecasting towards the integration of
solar energy can enhance the performance, reliability,
and economic viability of solar power generation and
facilitate the transition towards a more sustainable and
resilient energy infrastructure. As solar power becomes

an increasingly significant contributor to the global
energy mix, widespread adoption of the technologies
discussed in this article like forecasting techniques and
grid integration strategies will be essential to realize its
full potential.

DEWA R&D is at the forefront of research on innovative
vacuum deposition techniques tailored for the fabrication
of high-efficiency perovskite-silicon tandem solar
cells. This research aims to take the lead in advancing
solar energy technologies to the next era of efficiency.
The focus is on optimizing film deposition, enhancing
interface engineering, and minimizing defects. Through
strategic collaborations, the path to commercialization
is being accelerated. This commitment extends lbeyond
nameplate efficiency advancements by prioritizing
commercial viability and manufacturability.

Single junction solar cell efficiency has almost reached
the Shockley-Queisser (S-Q) limit, a crucial milestone
during the past 10 years. Consequently, the photovoltaic
(PV) industry is currently exploring innovative technologies
such as multijunction tandem solar cells (TSCs), with
silicon as the bottom cell. Since silicon solar cells benefit
from a well-established mass production technology
and expertise, silicon-based TSCs can enhance cost-
to-performance ratios and leverage balance-of-system
(BoS) costs. TSCs offer a crucial advantage in minimising
thermalization losses caused by absorbing high-energy
photons in single-junction silicon solar cells. These
losses limit the theoretical maximum efficiency of solar
cells. Hence, the top cell incorporates a high bandgap
semiconductor to capture high-energy photons,
yielding high open circuit voltage (Voc), and reducing
thermalization losses.

Conversely, the bottom cell absorbs low-energy photons
transmitted through the top cell, generating electrical
carriers. Consequently, TSCs have the potential to surpass
the S-Q limit by boosting efficiency. Si-based single-
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It's important to note that the commercialization of
perovskite-silicon tandem solar cells depends not only
on their technical performance but also on scalability,
cost-effectiveness, and long-term reliability. In line with
this, a two-phase plan was devised: the first phase
focused on wet chemical deposition for small cells,
followed by the second phase of scaling up to large-
area wafer deposition for industrial applications using
a dedicated vacuum-based cluster tool. Along the way,
there was a need to address optimal cell and module
design, exceeding the efficiency, reliability, and longevity
of conventional PV modules.

junction solar cells, despite their progress, are converging
toward a practical efficiency limit of approximately
27%, closely approaching the theoretical upper limit
of around 30%. However, the advent of tandem solar
cells offers a way for further efficiency improvements.
Tandem cells, composed of multiple stacked layers
with varying bandgaps, enable better utilization of the
solar spectrum. Mass-produced Si-based tandem cells
are projected to start at around 28% efficiency, slightly
exceeding the best-performing single-junction silicon
cells. Market introduction is anticipated after 2025,
marking a significant step toward more efficient and
sustainable solar energy utilization.

Interestingly, perovskite has emerged as a promising
material and has become very popular for its successful
application in  photovoltaics, achieving over 26%
efficiency in just over a decade (Figure 1). The rapid rise
in efficiency and the band gap tuning of the perovskites
in the range of 117 to 2.3 eV through compositional
engineering makes them superior to other materials for
Si-based tandem solar cells. The perovskite/Si tandem



solar cells have been classified into three types according
to their device architectures, such as 2-terminal (2-T),
3-terminal (3-T)and 4-terminal (4-T) configurations
(Figure (2)). In 2-T and 3-T device architecture, the top
perovskite solar cell is monolithically integrated with
the bottom Si solar cell. In contrast, the perovskite and
the Si solar cells are mechanically stacked in a 4-T
tandem solar cell. Recent research has demonstrated
remarkable progress in enhancing the efficiency of
perovskite/Si tandem solar cells. Achieving efficiencies
above 30%, researchers have exceeded the Shockley-
Queisser limit, a significant milestone in photovoltaic
technology. Innovations in materials engineering, device
architecture, and manufacturing techniques have
facilitated these advancements. Notably, modifications
in the carrier transport layers and interface engineering
have substantially improved current density and overalll
performance.

The belief is that vacuum deposition holds the key to
scaling the production of perovskite-silicon tandem
solar cells. Vacuum deposition offers the precision and
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scalability necessary to transition technology from the
laboratory to commercial production and provides
several advantages over traditional solution processing.
Specifically, it allows precise control over thin film
compositional uniformity, thickness and material quality,
which is crucial for consistent device performance across
large-scale production. The controlled environment
minimizes variability and moisture exposure, leading
to more reproducible and stable devices. Additionally,
this technique aligns well with existing semiconductor
manufacturing infrastructure, simplifying integration and
upscaling. Itisintended to actively explore advancements
in deposition techniques like co-evaporation and vapor-
assisted solution processing to enhance film quality and
large-area device performance. In addition to this, the
researchers are collaborating on material engineering
efforts to develop more stable perovskite compositions
with improved tolerance to moisture and heat. Ultimately,
the aim is to seamlessly integrate perovskite deposition
with silicon solar cell production lines, enabling cost-
effective and widespread adoption of this highly efficient
technology.

Recently, the solar team at the DEWA R&D Center
announced a breakthrough, achieving an efficiency
surpassing 30% (lllustrated in Figure (4)) for perovskite/
Silicon tandem solar cells utilizing a 4-terminal
configuration. This accomplishment was made possible
by modifying the carrier transport layer of the top
perovskite solar cell, leading to a notable increase
in current density and a significant enhancement in
overall efficiency to 21.41%. As shown in Figure (3), the
team fabricated perovskite solar cells by modifying the
electron transport layer and mechanically stacked the
same perovskite solar cell device (w/o metal electrode)
as a filter on the Si solar cell for the 4-T tandem
configuration, which delivered an efficiency of 8.86%.
Combining these two efficiencies, the team achieved
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an efficiency of 30.27% for the 4-T perovskite/Si tandem
solar cells measured in-house. The recent achievements
indicate that the perovskite/silicon tandem solar cells
have significant potential to enhance energy vyield
compared to traditional Silicon technology.

Unfortunately, 4-T tandem cells cannot be readily
adopted for commercial PV deployment as they would
effectively require doubling the amount of wiring and
inverter connections. Therefore, the team is directing
their efforts toward developing 2-terminal  and
3-terminal perovskite solar cells that can be used in
exactly the same way as existing conventional modules.
This requires careful bandgap tuning and novel module
wiring approaches.
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Figure (1): NREL Efficiency Chart lllustrating the Highest Efficiency for Perovskite Solar Cells is 26.1%,

and for Perovskite/Silicon Tandem Solar Cells is 33.9%

Figure (2): Schematics of 2-T, 3-T and 4-T Perovskite/Silicon Tandem Solar Cell

The stability of perovskite materials in the presence of
moisture and light is a significant concern. Additionally,
scalability and manufacturing consistency remain
key hurdles in commercializing tandem solar cells.
The researchers are actively exploring encapsulation
strategies, interface  engineering, and  material
compositions to improve stability and prolong device
lifespan for hot desert climatic conditions. Similarly, for
scaling up perovskite/Si tandem solar cells, the solar

team is procuring a cluster tool consisting of automated
high-quality thin film deposition techniques such as two
low-temperature and one high-temperature thermal
evaporators, an atomic layer deposition, radio frequency
type magnetron sputtering, load-lock and main
processing chambers and glove box. Additionally, the
team has procured coating and printing technologies
like spin-coater, blade-coater, slot-die coater, and
screen-printer to scale up the tandem solar cells.
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Figure (3): Four terminal tandem solar cells

fabricated at DEWA R&D.

In the initial stage, the focus was on fabricating
Mé Si wafer-based perovskite/Si tandem solar
cells, and the team plans to fabricate M10 wafer-
based tandem solar cells and their module sizes as
a second step. The researchers are collaborating
with academic and industrial research centres,
including CSEM Switzerland, ISC Konstanz, UAE
University, and the Chinese Academy of Science.
This is to develop the right technology and the
right assessment tools that can provide reliable
insights into the performance of various solar cell
technologies in Dubai's conditions.

Projections suggest that tandem PV technologies are
poised to capture a market share exceeding $10 billion
by 2032. However, determining a realistic timeline for
the successful market introduction of perovskite/silicon
tandems remains a challenge. Currently, both emerging
start-ups and established players in the PV sector are
actively exploring this technology, pursuing diverse
fabrication methods and module configurations as
documented in published studies or announced by
companies.

Over time, the photovoltaic sector has gathered
considerable knowledge and proficiency in both thin-
film and silicon-based deposition, needing extensive
and expensive developmental endeavours over an
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Figure (4): In-House Measured Photovoltaic Performance of

4-T Perovskite/Silicon Tandem Solar Cells

extended period. A great deal of this gathered know-
how can now be utilized to optimize perovskite/
silicon tandem techniques. However, consistent,
and significant investment is crucial for the effective
market introduction of this innovation. Furthermore,
it is crucial to underscore the significance of process
robustness during the scaling-up of technologies. This
entails ensuring consistent reproducibility of different
batches in depositing the perovskite absorber
layer, implementing effective passivating layers
and contacting materials. Eventually, the optimal
deposition method should strike a balance between
achieving high solar cell performance, high throughput,
and ensuring reproducibility on large-area substrates.

Courtesy: Al Tajir x - SirajPower
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Solar panel technology has emerged as a cornerstone
of renewable energy solutions, offering a sustainable
alternative to fossil fuels. However, the reliability and
efficiency of photovoltaic (PV) modules are contingent
upon their ability to endure diverse environmental
conditions throughout their operational lifespan. The
advent of harsh winters, characterized by significant
temperature drops and heavy snowfall, as well as the
desert climates of the Middle East and Africa region, with
their unique challenges of sand and dust exposure, has
underscored the importance of rigorous performance
testing. Such conditions pose substantial challenges

SAND AND DUST TEST

to solar power generation equipment, necessitating
comprehensive evaluations to ensure their resilience
and functionality. This article delves into the crucial
testing methods designed to assess solar panels'
performance, including wet freezing tests, wet leakage
current tests, static and dynamic mechanical load tests
and specifically, sand and dust module tests suitable
for desert climates. These evaluations are essential in
verifying if solar panels can withstand the rigors of their
environment, ensuring efficient and safe operation under
all conditions.

Among several conducted tests, dust testing plays a
critical role, particularly for installations in arid or desert
regions where dust accumulation can significantly
impact solar panel efficiency. The Method Lal dust test
is a specialized procedure designed to evaluate the
resilience of solar panels against dust accumulation. The
essence of the Method Lal dust test lies in its simulation
of a dust-laden environment, which is achieved by
exposing the solar panel to an airflow containing non-
abrasive powder with a particle size of less than 75 um.
The use of non-abrasive powder ensures that the test
focuses on the impact of dust accumulation rather than
abrasion damage to the panel's surface. A critical aspect
of this test is the preparation and maintenance of the
test dust. To preserve its fine granularity, which is crucial
for the accuracy of the test, the powder must be kept
dry. This is achieved by drying the dust by heating it for 2
hours at a temperature of +80°C before use. Furthermore,
the dust used in the test is limited to a lifespan of 20 tests
to maintain its consistency and reliability.

During the test, the quantity of test dust is meticulously
calibrated to achieve a uniform deposition on the
reference surface within the chamber, specified to be
(600 £ 200) g/m?/h. The test specifies a vertical airflow
direction downwards, creating a scenario where dust
would naturally settle on the panel's surface, as it would
in a real-world environment. For enclosures falling under
specific categories, the pressure within the dust chamber
is varied cyclically. Additionally, the air velocity during the
test is adjusted to ensure a homogeneous distribution
of dust within the chamber, further enhancing the test's
realism and applicability. The relative humidity within the
test chamber is maintained at less than 25%, a condition
that minimizes the likelihood of moisture-related variables
affecting the test outcome. The Method Lal dust test
is a comprehensive evaluation tool for assessing the
resilience of solar panels to dust accumulation.

WET FREEZING TEST
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The wet freezing test is a critical assessment
method that simulates the ingress of moisture
into PV modules, followed by freezing
conditions. Thisscenariois particularly relevant
in regions experiencing cold climates, where
water can seep into the panels and freeze,
potentially causing physical expansion and
damage. The test procedure involves soaking
the solar panel in water and sulbsequently
exposing it to -40°C-85°C temperatures.
This cycle is repeated 10 times to mimic the
natural wear and tear that occurs over time.
The aim is to identify potential weaknesses in
the panel’s design and construction, ensuring
that modules can withstand such conditions
without ~ compromising  their  structural
integrity or performance.

WET LEAKAGE CURRENT TEST

Rad

Figure (1): Wet Freezing Test Equipment
Source: DAS Solar Laboratory

Ensuring electrical safety and performance under wet conditions is crucial for solar panels, particularly due to the risk

posed by rainwater exposure. This consideration becomes even more significant in the Mediterranean climate of Central

and Eastern Africa, where seasonal rainfall patterns can subject solar installations to varying degrees of moisture and

wetness, potentially impacting their operational efficiency and safety.

The wet leakage current test evaluates
the panel's electrical insulation properties
when wet. In the wet leakage current test,
the module is submerged in water and a
system voltage of 1500V is applied for two
minutes to the module. It is necessary for
the water temperature to be 22°C, and the
electrical conductivity of the water to be
over 286uS/cm. Modules pass the test if
their area multiplied by the test resistance
is greater than 40MQ*m2. This test ensures
that the panels do not pose an electrical
hazard during rainy conditions and that their
performance remains consistent, regardless
of moisture exposure.

Figure (2): Wet Leakage Current Test

Source: DAS Solar Laboratory
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Solar panels are subjected to various mechanical stresses throughout their lifespan, from heavy snow loads to strong

winds. Static and dynamic mechanical load tests are designed to assess the panel's ability to withstand these forces. The

static load test simulates constant weight or pressure on the panels, such as snow accumulation, ensuring they can bear

significant loads without structural failure. A positive and negative pressure of 5400 Pa and 2400 Pa was applied to the

frontsheet and backsheet of the panels in
the static mechanical load test. A three-
cycle study was conducted to observe the
deformation, damage, and changes in power
output and performance. Conversely, the
dynamic load test addresses the impact of
fluctuating forces, like wind gusts and seismic
activity, to ascertain the panel's resilience
to such stress over time. Using more than
1000 cycles, 1500 Pa = 100 Pa were applied
sequentially to the frontsheet and backsheet
of the panel to observe its performance. These
tests are crucial for certifying the durability of
solar panels in maintaining their shape and
functionality under mechanical stress.
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Figure (3): Applying 5400 Pa & 2400 Pa Positive and Negative
Pressure to Frontsheet and Backsheet of Panels while
Conducting Static Mechanical Load Test
Source: DAS Solar Laboratory

In conclusion, comprehensive performance testing of solar panels is indispensable for guaranteeing their long-term

reliability, efficiency, and safety. By subjecting PV modules to wet freezing tests, wet leakage current tests, static and

dynamic mechanical load tests, and hail tests, manufacturers can identify and mitigate potential vulnerabilities. This

rigorous evaluation process ensures that solar panels can endure the harsh environmental challenges and extreme

weather conditions they will face over their service life. Consequently, these tests not only enhance the resilience of solar

energy systems but also bolster consumer confidence in solar technology as a durable and reliable energy source for

the future.

Courtesy: Bubble Luxotel Hotel - Wadi Rum, Jordan - SMA Solar Technology:

Solar energy has become a central focus in the MENA
region's quest for sustainability due to its promising
potential to provide clean and affordable energy. With
much support, solar panel manufacturers are helping
to improve the environment by developing clean and
renewable energy technologies while also controlling
emissions from their production and operations. As the
solar industry explores ways to improve the life cycle
sustainability of solar panels, this article will present the
latest consensus and examples of best practices.

Technological advances are the heart of manufacturing
industries’ progress. The PV industry has seen rapid
development of PV technologies and product updates
over the years. PV manufacturers strive for higher
conversion efficiencies and longer product life cycles.
Technical advances are expected to extend the lifespan
of a typical solar panel from 25 years to 30 years, and
30-year power degradation is expected to drop from
18% to just 10%.

These improvements enable solar panels to generate
more electricity and perform better, even in extreme
weather conditions.  Together with constant cost
reduction, these advances are driving interest in solar
PV, making it a renewable energy mainstay for global
carbon neutrality efforts. According to IEA, the cumulative
installed capacity of solar PV will surpass hydropower,
natural gas, and coal, becoming the largest source of

installed capacity globally by 2027.

As the main driver of low-carbon development, solar
panel manufacturers are integrating low-carbon and
sustainable development into their production and

operating practices, a connection that is more directly

LIFECYCLE SUSTAINABILITY
OF SOLAR PANELS

SOLAR OUTLOOK REPORT 2024

JASOLAR

To enhance sustainability, various methods are being
pursued, including technological innovation, sustainable
development management, life cycle assessments, and
collaboration. Leading PV manufacturers like JA Solar
have successfully employed these methods, resulting in
a significant reduction of in-operation Greenhouse Gas
Emissions Intensity (Scope 1+ Scope 2) by 20% in 2021 and
33% in 2022, based on data from actual production and
operating facilities[1]. This article focuses on three key
aspects that PV manufacturers can leverage to enhance
the life cycle sustainability of solar panels.

connected with the life cycle sustainability of solar
panels.

Sustainable development management involves
establishing a robust management structure within the
company to effectively achieve the goal of life-cycle
sustainability for solar panels. This entails assigning clear
responsibilities, roles, and authority to individuals or teams
overseeing sustainability initiatives. The management
structure should include dedicated personnel responsible
for implementing and monitoring sustainability practices
throughout the organization's operations. Additionally,
it involves integrating sustainability into the company’s
strategic planning, budgeting, and decision-making
processes.

Establishing o robust management structure focused
on sustainability ensures prioritization of sustainability
goals, effective resource allocation, and transparent
progress tracking. This proactive approach fosters a
culture of sustainability within the organization and
enables continuous improvement towards achieving life
cycle sustainability for solar panels and other products.
Some of the best operators have gone from participating
in environmental work to setting up a dedicated



administrative structure to promote the development of
plans, objectives and policies related to environmental,
social and governance issues. Taking JA Solar as an
example, the company has established a sustainable
development governance structure having the board,
executives and employees involved in the management
and practice of sustainability, ensuring sustainable solar
panel life cycles are taken at every step: raw material
acquisition, manufacturing, shipping, deployment,
disposal or recycling.

Life cycle assessments (LCAs) and collaboration play
crucial roles in ensuring the sustainability of solar
panels throughout their life cycles. LCAs are vital tools
for evaluating the environmental impacts of products
throughout their entire life cycle, from raw material
extraction to manufacturing, use, and disposal. For solar
panels, LCAs consider various factors such as energy
consumption, greenhouse gas emissions, water usage,
land disturbance, and recycling associated with each
stage of the panel's life cycle. By conducting LCAs,
manufacturers can gain a comprehensive understanding
of the environmental footprint of their solar panels and
identify opportunities for improvement. LCAs help in
making informed decisions to design and produce
solar panels with lower environmental impacts. This
includes optimizing manufacturing processes, sourcing
sustainable materials, reducing transportation emissions,

The journey towards achieving life cycle sustainability
for solar panels requires a collaborative effort among
all  participants of the industry. As solar energy
assumes an increasingly vital role in the global quest
for sustainability, ensuring the environmental integrity
of solar panel production and operation becomes
paramount. Through technological innovation, rigorous
life cycle assessments, and sustainable development

References:
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and implementing efficient end-of-life strategies such
as recycling. Additionally, LCAs provide a basis for
comparing the environmental performance of different
solar panel technologies and guiding policy decisions to
promote sustainability in the solar energy sector.

Collaboration among stakeholders along the solar
panel supply chain is essential for achieving life cycle
sustainability. This includes collaboration between
manufacturers, suppliers, distributors, installers,
policymakers, and consumers. They can collaborate
to share knowledge, resources, and lbest practices
to address sustainability challenges more effectively,
which would foster innovation in product design,
production processes, and lbusiness models that
prioritize sustainability. For example, manufacturers
can collaborate with suppliers to source sustainable
materials, optimize production processes, and reduce
waste. Installers can work with manufacturers to improve
installation practices and maximize energy efficiency.
Consumers can also play a role by making informed
choices and supporting companies that prioritize
sustainability. Overall, collaboration fosters transparency,
accountability, and collective action, ensuring that
all parties are committed to sustainable practices

throughout the life cycle of solar panels.

management, stakeholders can mitigate environmental
impacts and promote long-term sustainability. By
adhering to transparent, evidence-based practices and
fostering collaboration across the solar panel supply
chain, progress can be made towards a future where
solar energy plays a pivotal role in addressing energy
needs while minimizing its environmental footprint.

In the Middle East region, the PV industry is experiencing
robust growth. However, the power generation of PV power
plants is significantly affected by soiling loss, presenting
a notable industry challenge. To address this issue and
enhance power generation while conserving water resources
and reducing manual O&M costs, PV cleaning robots have
gained traction within the industry.

In this measurement approach, the PV plant is divided
into three areas with identical conditions prepared,
designated as the cleaning area, comparison area, and
standard area. The cleaning area is regularly cleaned using
the intelligent PV cleaning robot, while the comparison
area remains completely uncleaned. The standard area
remains uncontaminated by dust, maintaining cleanliness
throughout.

There are 6 PV modules installed in the robot cleaning row.
They are connected to individual power optimizers, power
analyzers, and electronic loads in order to monitor their
performance for comparison. By comparing the data from
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Nevertheless, due to variations in geographical locations,
environmental conditions, and dust impacts, the
effectiveness of PV cleaning varies. How can the efficacy of
cleaning robots be assessed? This paper introduces three
evaluation methodologies to address this question.

the power optimizers, power analyzers, and electronic loads
over a period of time, power generation data for the three
areas can be obtained, and the increase in power generation
brought by the cleaning robot can be calculated.

In a 50 MW PV cleaning project in a coal mining subsidence
area in Ching, surrounded by several coal mining areas, the
plant is significantly affected by coal ash. By equipping it
with cleaning robots, the cumulative power generationin the
cleaning area is 130,802.5 kWh, while in the comparison areq,
it is 115,455.4 kWh. After eliminating the original deviation
rate, the increase in power generation is calculated to be
14.03% in a year.

Time Cleaned Array
May 2020 8,855.78
June 2020 11,337.34
July 2020 12,040.52
Aug 2020 1,986.24
Sep 2020 12,629.1
Oct 2020 8,898.63
Nov 2020 7,758.39
Dec 2020 8,429.9

Jan 2021 9,889.4
Feb 2021 8,644.46
Mar 2021 1,699.9
Apr 2021 10,995.9
May 2021 6,568.79

Comparison Array Increased Generation Tate
8,063.3 10.57%
10,482 8.90%

M,427.05 6.1%
1,423.06 5.67%
10,979.6 15.76%
7,492.06 19.51%
5,051.76 54.32%
6,739.39 25.82%
8,166.4 21.84%
7,515.43 15.76%
1,007.4 6.29%
9,916.79 11.62%
6,178.27 7.06%

Table (1): Electricity Generation from May 2020 to May 2021 (unit: kWh)
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SHORT-CIRCUIT CURRENT REDUCTION COMPARISON APPROACH

This measurement approach, which has many variations,
compares a pair of PV reference devices, one of which
is routinely cleaned by a robot and the other of which
soils naturally at the same rate as the PV array. The
short-circuit current reduction due to soiling or maximum
power is directly measured to calculate the difference in
power generation. This is a simple analysis method that
can assist in rapid evaluation.

As Figure (1) illustrates, the rooftop PV plant in the south
of China is heavily impacted by metal dust. By measuring
the current of cleaned and adjacent naturally soiled
areas, it was found that the power generation increase
rate in moderately polluted areas is 25.45%, while in
heavily polluted areas, it is 36.38%.

Figure (1): The Modules on the Rooftop PV Plant were Covered with Metallic Dust, Leading to Rusting.

Regular Cleaning by Robots Significantly Improved the Situation of the Modules — Source: Sunpure

OPTICAL PRINCIPLES APPROACH

This approach is the most recommended one since it's
easy to operate and observe the results in a short time
with a high level of accuracy. Based on optical principles,
this method detects soiling particles on a collection
surface according to their effect on either the reflection
or transmission of light. This method utilizes an optical
dust monitoring system (e.g., DUST 1Q) to measure light
transmission losses. By installing optical dust monitoring
systems 