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Efforts to combat climate change are largely focused on industrialised countries. However, low- and
lower-middle income countries (LLMICs) have rapid population growth and a large potential for
economic and industrial development. As a result, demand for energy will soar in LLMICs over the
coming decades. Here, we consider how local manufacturing of photovoltaics can be an affordable
pathway to a clean, sustainable and reliable energy supply for LLMICs. Local manufacturing could be
cheaper, generate jobs and provide a stable local market for natural resources. Perovskite solar cells are
particularly promising as they are compatible with low-tech processing techniques, making smaller scale
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manufacturing capacity economically viable. Our findings suggest local manufacturing is economically
competitive to importing silicon modules in up to 71 out of 80 LLMICs analysed. Our Case Study of
Ethiopia finds that the technological knowledge, raw materials and legislation required for local
manufacturing are all present. A cost reduction of ~10% compared to GW-scale silicon production is
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Introduction

Before the Industrial Revolution in what are now termed the
developed countries, humanity extracted energy almost exclu-
sively from renewable sources such as biomass, manual labour
and working animals. These sources have a poor energy density
and are effort- and time-intensive, and thus economic growth
was marginal. The rising use of coal as an energy source in the
18th century increased the availability of energy and instigated
the Industrial Revolution.! As a result, populations and econo-
mies grew rapidly, and gross national product (GDP) per capita
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sufficient to make local manufacturing economically viable.

and living standards were raised (Fig. 1a).>® During the 20th
century, coal was supplemented by other fossil fuels such as oil
and gas® and current energy use is 1300 times larger than at the
start of the Industrial Revolution;>” ~85% of this energy is
derived from fossil fuels.® In stark contrast to this is the growth
within low- and lower-middle income countries (hereafter
LLMICs). While populations have grown, energy consumption
(and by proxy GDP per capita) has only started to increase in the
last 25 years, especially in low-income countries (LICs, Fig. 1b),
in stark contrast to growth in the rest of the world and the G7
(Fig. S1, ESIt) during this period. Even in 2016, the per capita
energy consumption in LLMICs was largely on pre-industrial
levels, and mainly derived from traditional biomass.>”

From the middle of the 19th century scientific evidence
started to indicate that the concentration of carbon dioxide
(CO,) in the atmosphere has a profound impact on the
climate.’ However, it wasn’t until the 1990s that it was widely
accepted that CO, emitted through burning of fossil fuels was
causing rapid climate change, which can have catastrophic
effects such as sea level rise and prolonged droughts.'® The
Kyoto protocol, which aimed to operationalise the 1992 United
Nations Framework Convention on Climate Change, was an
early global, coordinated effort to limit emission of CO, and
other greenhouse gases. The Kyoto protocol was adopted
in 1997, but did not enter into force until 2005.'* This was
followed by the Paris Agreement, drawn up during the 21st
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to 2016 values and adapted from ref. 2, 3 and 5-7.

session of the Conference of the Parties (COP 21) in 2015, in
which 195 countries pledged to further limit CO, emissions."?
These pledges were further expanded upon in 2021 (COP26 in
Glasgow), with the aim of reaching global net zero emissions by
2050, which is crucial in limiting global warming to 1.5 °C."*
An increasing number of signatory countries are also develop-
ing Nationally Determined Contributions (NDCs), which are
legally binding pledges to reduce greenhouse gas emissions in
particular ways."*

Consensus within the scientific community is that climate
change is man-made and a significant threat to humanity."?
But how can CO, emissions into the atmosphere be lowered, or
better still, reversed? A first step is to use less energy, for
example through better insulation, fuel-efficient and electrified
vehicles, more efficient appliances and changing consumption
behavior.’® Carbon capture is predicted to play an important
role in the future, actively removing CO, from the atmosphere,
but no proposed technology is close to being deployed at
scale.’® However, measures to reduce CO, emissions do not
tackle the core of the problem, i.e., as long as fossil fuels are
used for energy production, CO, will be emitted. Alternatives
such as geothermal, hydro, wind, and solar power all offer clean
and abundant renewable energy. Of these renewable energy
sources, solar energy has the biggest potential due to its sheer
abundance: every hour the Earth receives solar energy equiva-
lent to the global annual energy demand. By 2050 solar energy
is forecasted to be the largest source of energy, accounting for
20% of total energy and 40% of electricity supplied.”*®

Large scale implementation of solar energy has been ham-
pered historically by relatively high production prices and the
need for large initial capital investment, both for building pro-
duction facilities and installation in the field. Many countries
are reluctant to make these investments and potentially sacri-
fice economic prosperity in the effort to reduce CO, emissions,
especially LLMICs, as their contribution to these emissions has
so far been relatively small compared to the developed world."

3572 | Energy Environ. Sci., 2022, 15, 3571-3582

(a) The evolution of global energy consumption, population and GDP per capita for 1800-2016 and (b) in LICs for 1980-2016. Data is normalized

However, as renewable energy becomes significantly cheaper
than fossil fuels, economic pressures will favour low carbon
energy sources. In an increasing proportion of the world, solar
cells (photovoltaics (PV)) are now cheaper than fossil fuels.>
LLMICs may benefit especially from solar energy as it provides
an opportunity to enable rapid economic growth, while main-
taining low CO, emissions. These countries face a task unlike
any in human history: increasing prosperity while mitigating
environmental impact. However, developing countries can
capitalize on their abundant renewable energy resources to
design an effective energy transition strategy without having
to modify existing and expensive electricity infrastructure.

Opportunities in LLMICs

Currently, the Organisation for Economic Co-operation and
Development (OECD) classifies 27 countries as low income
and 55 countries as lower-middle income, the majority of these
countries are in Africa and South Asia. This classification is
based on per capita gross national income (GNI); less than
$1045 for LICs and $1045-$4095 for lower-middle income
countries (LMICS) in 2020.>" Besides low GNI, LLMICs often
have low socio-economic development and are economically
vulnerable to external shocks.>” As of 2019, 60% of people living
in LICs and 38% of people living in LMICs worked in the
agricultural sector, and only 40% of the general population in
LICs and 89% in LIMCs had access to electricity.>*** Per capita
energy demand in LLMICs is up to 50 times lower than in
developed countries.>®> However, with an average economic
growth of 4% per year>** and an expected population increase
from 4 billion today to 4.5 billion in 2030,> energy demand in
LLMICs is anticipated to increase significantly over the next
decades. To explore this potential more closely, below we
examine in detail the situation of Ethiopia, one of the most
populous LICs (see Case Study).

This journal is © The Royal Society of Chemistry 2022
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As countries have developed historically, they have progressed
from traditional biomass to fossil fuels to more advanced energy
sources, such as nuclear, hydro, wind and solar energy. It would
be an enormous advancement for LLMICs, both economically
and environmentally, to leapfrog fossil fuels and move to a low-
carbon energy source,”® much like how many of these countries,
having limited landline telephone infrastructure, moved directly
to mobile phones instead. LLMICs are eager to exploit renewable
energy sources, as is evidenced by the collective pledge of the
least developed countries (LDCs) to achieve 100% electricity
from renewable sources by 2050.>” The LDCs are 46 countries
identified by the United Nations based on their socio-economic
development and vulnerability to external shocks, of the 46
countries on the list all but one (Tuvalu) are LLMICs. Individual
LLMICs, like Ethiopia, have made further individual pledges.'*

Fossil fuels are unevenly distributed geographically. For
example, less than 2% of proven fossil fuel reserves are located
in LDCs and half of the LDCs have no reserves at all, making
electricity derived from (imported) fossil fuels relatively
expensive.”®?° Solar energy potential on the other hand is
evenly distributed around the world and abundant in almost
all LLMICs (energy output per area differs only by a factor of
4 between the sunniest and least sunny country in the world).*®
Most LLMICs have a higher potential solar power output per
module than China (the country with the most total installed
PV),>! Germany (most PV per capita)®' and India (cheapest PV,
itself a lower middle income country)®° (Fig. 2). Typically, more
power generated per module means lower electricity costs.
Furthermore, the seasonal dependence of the power output is
low in almost all LLMICs, making it a reliable source of energy
year-round. This reliability limits the need for costly energy
storage and backup power. For rural populations relying on
off-grid PV, storage is especially important to provide electricity
for lighting at night.**

View Article Online
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An advantage of PV is that it is well suited for off-grid power
generation that could circumvent the need for a centralised
energy infrastructure - infrastructure that would be very costly
due to the population distribution in LLMICs. For off-grid
application, there would be no need for DC inverters, which
can bring the price of PV down. However, the cost of storing
electricity is still a big financial hurdle for rural populations in
LLMICs and requires further advances.®® Access to electricity
has also been demonstrated to have large social and environ-
mental impacts on rural communities, positively impacting
health, education of children, and empowering women by
helping them to increase their income, social development and
health.>**> PV based systems have also helped increase the
productivity of farmers and reduce deforestation.*® Taking
these factors into consideration, PV adoption in LLMICs is
extremely promising, but will require an alternative adoption
approach than developed countries.

Current state of PV adoption

The global PV market has been dominated by silicon-based
technologies ever since the first modules became available in
the 1950s. However, silicon for PV purposes needs to be
extremely pure (>99.9999%), requiring a costly refinement
process.®” In addition, expensive materials such as silver and
transparent conductive electrodes are used, which has meant
that for a long time the cost of energy from PV was significantly
more expensive than fossil fuels. Fortunately, due to economies
of scale, technological learning in the production supply chain,
efficiency improvements and intrinsic material cost reductions,
silicon PV now supplies some of the cheapest electricity in
history, according to a report by the International Energy
Agency.*® Though it must be noted that so far this is only
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Fig. 2 Average practical daily potential power output (PVOUT) and seasonality index (highest monthly PVOUT divided by lowest monthly PVOUT) for
LICs (black dots) and LMICs (red dots) compared to China, Germany and India (blue dots), and Ethiopia, the subject of the Case Study (green dot). Data
obtained from the “Global Solar Atlas 2.0, a free, web-based application is developed and operated by the company Solargis s.r.o. on behalf of the World
Bank Group, utilizing Solargis data, with funding provided by the Energy Sector Management Assistance Program (ESMAP). For additional information:

https://globalsolaratlas.info.>?
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true for large-scale projects with cheap access to capital and
exploiting high-quality resources. The solar industry has shown
a massive 40% annual growth over the last 10 years, but new
innovations are needed to sustain this growth and further
reduce costs.*® The electricity network will have to be adapted
extensively to accommodate variable renewable energy, and
supply reliable power, bringing about additional costs. Recent
disruptions to supply chains as a result of the COVID-19
pandemic pose a further challenge, with rising materials,
labour and freight costs slowing down implementation.*® The
rapid growth of renewable energy is likely to alter the balance of
power between states, which could bring about geopolitical
decisions that influence the deployment of renewable energy.*!
Therefore, clustering PV manufacturing in a few geographical
places poses a risk to supply and energy security. Diversifying
PV manufacturing geographically will be critical for sustaining
deployment rates.

The big question for LLMICs is how to exploit PV in a low-
cost and targeted fashion. Although solar energy is in abundance,
cheap access to capital is an issue,** and the electricity infrastruc-
ture is limited. PV is cheapest when deployed at utility scale, but a
well-developed electricity grid with sufficient storage capacity is
required to distribute electricity efficiently. In LMICs 89% of the
population has access to electricity,> but in LICs this is only 40%>*
and grids are costly to maintain and expand due to low population
density and demand.*® Instead, much effort has been dedicated to
provide electricity for cooking, heating, lighting and irrigation to
rural communities through small-scale solutions. These projects
rely heavily on external funding and are still too expensive to be
widely adapted by rural communities at cost price.** However, PV
has already shown to be an attractive technology when there is a
high return of investment. With the help of PV powered water
pumps, farmers can get two or three harvests per year and grow
crops in places that were not previously arable.*® It is thus evident
that once PV is cost-effective it could revolutionize farming pro-
duction. One of the most rapidly developing technologies in the PV
world is the perovskite solar cell (PSC), which is more versatile
than silicon, compatible with low-tech manufacturing processes
and can potentially achieve higher efficiencies. Will this help to
make low-carbon electricity more widely available in LLMICs?

Perovskite solar cells (PSCs)

Lead halide perovskites possess excellent optoelectronic
properties and are relatively easy to process,*® which has
allowed PSCs to achieve record efficiencies that are comparable
to established silicon technologies within only a decade of
their conception.”” The tunability of optoelectronic properties
through compositional engineering allows for the fabrication
of more efficient multi-junction devices, further bringing down
costs. Models predicting the levelised cost of electricity (LCOE)
for PSCs (including tandems) vary wildly depending on future
efficiency and lifetime, ranging from no difference in price up
to a 60% cost reduction compared to silicon.***° Although a
potential reduction in cost is promising, investors will hesitate

3574 | Energy Environ. Sci., 2022, 15, 3571-3582

View Article Online

Energy & Environmental Science

to risk investing heavily in an unproven technology, when there
is no large advantage over the incumbent technology. Adding to
this the fact that import tariffs can make up as much as 40% of
retail prices in LLMICs,*" it is unlikely that the cost of PSCs
alone will revolutionize the deployment of renewable energy
in LLMICs. However, PSCs have another benefit, i.e. their
extraordinary ease of processing. PSCs can be processed from
solution or vapour using low-tech, high-throughput coating and
printing fabrication methods,” in stark contrast to the high-
tech, low-throughput fabrication of silicon. The analysis
below will focus on PSCs as they have achieved the highest
efficiencies,” are generally seen as the most disruptive®*>* and
are closest to commercialization out of the emerging photo-
voltaic materials.”> However, several other emerging photo-
voltaic technologies, such as organic, kesterite and quantum
dot solar cells, offer similar advantages in ease of processing,
and the analysis below is also largely valid for these technologies.
Successful deployment of PSCs could function as a blueprint for
the roll-out of other emerging photovoltaic technologies.

Local manufacturing

Low-tech processing opens up an interesting possibility for
LLMICs: local PV manufacturing. Having a local PV manu-
facturing industry would have many advantages for LLMICs,
such as increasing the competitiveness of the local economy,
job generation and reduce vulnerability to external shocks.
In addition, local manufacturing would reduce reliance on
foreign investment and strengthen national sovereignty and
energy security. For silicon, local production has been difficult
due to the need for big capital investments to build large
manufacturing facilities and the lack of specifically skilled
labour required to keep such a facility running.’® Gigawatt
(GW)-scale manufacturing is essential for silicon, as module
cost decreases significantly with manufacturing capacity as a
result of economies of scale.>” A GW-scale PSC factory has been
estimated to be 2-3 times cheaper to build than a silicon
factory of similar output, requiring a smaller initial capital
investment.”®®® Attracting capital is challenging for most
LLMICs"** and many rely heavily on official development assis-
tance (ODA) provided by OECD-member governments.*! Private
investors avoid risk and prefer to work with administratively
efficient host governments that are able to maintain political
and economic stability, enforce laws and contracts, but keep
interventions into business to a minimum.*'

GW-scale manufacturing capacity would overshoot demand
for solar energy leading up to 2030 in all LICs and 80% of
LMICs (Table S2, ESIt). It is therefore important that the cost of
local production is significantly lower, to allow smaller scale
manufacturing. Local production would reduce manufacturing
costs by reducing the amount of money spent on transport and
labour. Transport costs depend heavily on the distance between
supplier and end-user, both for modules and raw materials,
and potential cost reductions are hard to quantify. Labour
accounts for an estimated 13% of module cost for a 1 GW

This journal is © The Royal Society of Chemistry 2022
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manufacturing plant,”® and with the average income being
2.5-40 times lower in LLMICs than in China (the largest
producer of silicon modules), an estimated reduction of
8-12% in module cost can be achieved from using local
labour.>*** A further advantage of local energy production
would be that import tariffs are avoided, which can make up
as much as 40% of retail prices.>" Governments could decide
not to impose tariffs on solar panels to aid their rapid imple-
mentation, but as import tariffs are an important source of
income, this would not necessarily be in a government’s inter-
ests. In fact, import tariffs are a powerful tool that can be used
to protect local industry, and could actually be used by govern-
ments to stimulate local production of PSCs.®® Taking these
factors into account, our conservative estimates are that local
production could lead to a cost reduction between 20% and
40%, as compared to importing modules manufactured in a
1 GW capacity manufacturing facility. For silicon PV, our
projections show that a 20% and 40% cost reduction brings
the competitive annual manufacturing capacity down from
1 GW to 350 MW and 70 MW, respectively (Fig. 3). These lower
capacities would make local production competitive for 30%
and 64% of LLMICs, for 20% and 40% cost reduction respec-
tively (Table 1 and Table S2, ESI{). For Ethiopia, for example,
with a demand for 285 MW capacity, a cost reduction of 22% is
needed to make local production competitive.

Models show that the cost penalty for reduced production
capacity for PSCs is lower than for silicon (Fig. 3).°® For the 20%
and 40% cost reduction scenarios, local production of PSCs
would be competitive for 90 MW and 7 MW annual manufac-
turing capacity, respectively, in turn making local production
competitive in 59% and 89% LLMICs (Table 1 and Table S2,

4
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Fig. 3 Manufacturing cost of silicon and perovskite solar cells, normalized
to 1 GW production capacity, as a function of production capacity. Data
has been adapted from ref. 58. Reference lines for 20% and 40% cost
reduction are given to illustrate at what production capacity the manu-
facturing cost would be the same as for 1 GW non-local production
capacity.
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Table 1 Number of LLMICs, LICs and LMICs for which local PV manu-
facturing is competitive, depending on the cost reduction that can be
achieved. A total of 80 LLMICs were analysed (27 LICs and 53 LMICs).
When solar energy demand is already greater than 1 GW, no cost reduction
is necessary for PV to be competitive

LLMICs (80 total) LICs (27 total) LMICs (53 total)

Scenario Si PV PSCs SiPV PSCs SiPV PSCs
No cost reduction 11 11 0 0 11 11
20% cost reduction 24 47 4 9 20 38
40% cost reduction 51 71 12 25 39 46

ESIt). An 11% cost reduction would already be sufficient to
make PSC fabrication competitive in Ethiopia. These predic-
tions suggest that local manufacturing is competitive in a larger
number of LLMICs and lower cost reduction is required for
PSCs than for silicon. The impact is largest for LICs, with local
production being competitive for 93% of countries at 40% cost
reduction (Table 1). Note that these predictions are purely
based on scalability; the potentially lower module cost of PSCs,
as predicted by models,*®>° would make local PSC manufactur-
ing even more competitive. These cost reductions could be
enhanced further by perovskite tandem solar cells, which
promise higher efficiencies with marginal increase of produc-
tion costs.*

Job generation

Our estimations so far were based on a single manufacturing
PSC plant per country, but several smaller plants could still be
economically viable (100 MW and 10 MW for 20% and 40% cost
reduction, respectively). Smaller plants distributed geographi-
cally within a country or region would have the advantage that
supply can be increased gradually in response to demand. In
addition, more jobs are generated, and local engineering
capacity required for repair and maintenance is established,
enabling these factories to double as recycling plants.

Furthermore, the technological skill level required to run a
small-scale PSC factory is less specialized than for silicon. PSC
fabrication is compatible with roll-to-roll solution processing,
which is often likened to printing newspapers. Increasing
engineering skill levels has been identified as an important
opportunity for LLMICs to achieve economic and social
development.®*"®> A number of LLMICs have invested heavily
in engineering education,®® but accessible engineering jobs are
needed to further develop the sector and prevent a brain-
drain.** PSC fabrication could be a gateway technology to
instigate this desired technological leap. Ethiopia, for example,
has invested heavily in training engineers, but thousands
struggle to find suitable work (see Case Study).®’

A hybrid manufacturing strategy has gained traction
recently, where silicon wafers are imported, but module assem-
bly takes place locally.®® This approach is less capital intensive,
reduces transport costs and import duties and could be an
interesting option for LLMICs. Taking this one step further, a
perovskite layer could be deposited on top of the silicon wafer
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during local assembly, resulting in tandem solar cells with
increased efficiency at marginal extra costs.*® More detailed
studies are necessary to explore further the feasibility of this
approach for LLMICs.

Value addition

Another way LLMICs may benefit from local production of PSCs
is through value addition. Many LLMICs are rich in minerals
soil, and management of natural resources has been high-
lighted as one of the key pathways to boost economic develop-
ment and alleviate poverty.®® However, abundance of minerals
and natural resources can also be detrimental to development.
This phenomenon, often referred to as the ‘resource curse’, is a
subject of ongoing debate.”® In any case, because of the volatile
global commodities market, generating a steady income from
natural resources can be challenging and makes countries
vulnerable to external shocks.®® Value addition is an alternative
way to increase income by converting ore into more valuable
products.”* Not only could this yield a higher value for these
raw materials, the resulting revenue stream is also less vulner-
able to price fluctuations on the international commodities
market. Likewise, import tariffs can be avoided to bring down
the price of the end-product for domestic use. The most
expensive material costs of PSC modules are the metal frame,
transparent conducting oxide coated glass and metal contacts.””
Local sourcing of these components could bring down fabrication
costs significantly, and provide a higher value application for raw
materials compared to export. For example, Guinea, India and
Vietnam have vast aluminium resources. Zambia, Niger, Republic
of the Congo, Rwanda, Papua New Guinea, Ghana, Bolivia and
Uzbekistan have large precious metal reserves’ and Zambia and
Afghanistan have cesium reserves, which finds use in perovskite
fabrication.”” In addition, minerals used in the production of
glass are some of the most common minerals in the earth’s crust
and abundant in many countries.”” However, many of these
countries currently do not possess the required refining industry
to process ore, and whether establishing local refineries at
the expected scales is cost-effective will have to be further
investigated.

Environmental impact

If PSCs are to be widely employed in LLMICs, a significant
amount of effort will have to be invested in managing harmful
materials (during raw material extraction, fabrication and in
the module) and ensuring proper end-of-life measures. If left
unchecked, these chemicals could cause significant damage to
people and local ecosystems. This section will discuss the
environmental challenges for local manufacturing in LLMICs
specifically; for a broader perspective of environmental
challenges we direct the reader to more detailed life cycle
assessments of PSCs found elsewhere.”®”’

Using local raw materials for the production of PSC modules
can have large benefits for LLMICs, but also brings considerably
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environmental impacts. The mining and refining of tin (used
in transparent conducting oxides and electron transporting
materials for PSCs) was found to account for more than 50%
of environmental factors such as acidification and human
toxicity.*>®" Besides regulation waste streams of mining and
refining facilities, another option would be to use zinc based
materials instead of tin, as zinc mining and refining has a
~10 times smaller environmental footprint than tin mining
and refining.®

Currently, the best PSCs are made using solvents such as
N,N-dimethylformamide and chlorobenzene.

Chlorobenzene is predicted to account for 25% of human
toxicity in the production of PSC modules, and could account
for 30-60% of human toxicity in a PSC manufacturing
plant.®>® As these solvents are harmful to humans, protective
measures have to be in place during fabrication to protect
workers and prevent solvent release to the environment.
Capturing and re-using these solvents has been shown to be
more environmentally friendly, but it remains to be seen if this
can be done cost-effectively.® Using non-toxic solvents® or
solvent-free synthesis®® would be another route to solving this
problem.

Another potential issue with PSCs is that they contain a
water-soluble form of lead, which can leach out if the module is
damaged. As lead can pose significant acute and chronic risks
to health,®” there is a global call for regulations on the use of
lead in products such as petrol and paint.*®* The PSC commu-
nity acknowledged this problem early on and recent develop-
ments of lead-scavenging layers coated on the surface of the
module have shown promise to mitigate the environmental
impact of lead.®® Another option may be lead-free perovskite
analogues.”® However, these have not been able to achieve
comparable power conversion efficiencies and/or they degrade
much faster than their lead-containing counterparts.” In addition,
lead alternatives such as tin or bismuth are not without harm
themselves®® and a recent study showed that iodide ions are even
more problematic than lead (demonstrated in plants).”® In fact,
most LCAs show that lead is not one of the main environmental
concerns,®”®" accounting for only 1-5% of toxicity,”*°> and elec-
tricity generated from PSCs could reduce lead emissions 2-4 times
when compared to fossil fuel derived electricity.”® However, given
the attitude of the general public to lead, it is important that lead is
dealt with appropriately.

It is often unavoidable to use toxic materials in solar cell
technologies (silicon modules use lead-containing solder) and
the main focus should therefore be on mitigating any potential
exposure. This can be achieved through encapsulation and
regulations to guarantee worker and consumer safety, and
responsible disposal of toxic waste. Thin film PV made from
CdTe absorber layers can be used as an example here, where
risks have been managed and controlled successfully for over
two decades.’® Health and safety regulations for handling toxic
waste (e.g. lead acid battery recycling) have historically been
poor in LLMICs.””®® Without protection for workers or the
environment in place, there is a large risk to public health.
If PSCs are treated similarly with little to no regulations it

This journal is © The Royal Society of Chemistry 2022
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would be an enormous health and environmental setback for
an already vulnerable demographic. Steps are made in the right
direction though,’® such as initiatives by the Ethiopian govern-
ment to regulate the use of toxic substances (see Case Study).”
A balance might have to be found between the number and
geographical spread of local production facilities and the effort
to regulate these facilities. It is crucial for LLMICs to take the
economics of protective measures into account. The cost to
society of injuries, deaths and environmental damage caused
by poor protection are much higher than the costs of effec-
tive measures and regulations,'® which should be a strong
motivation for the governments of these countries to take
the necessary steps to protect workers and the environment.
Manufacturers must invest in more extensive protective mea-
sures, which will inevitably lead to extra costs.’°® However,
extra costs could be offset by increased productivity by healthier
and more satisfied workers.'?*"%?

The biggest risk for release of toxic materials comes at the
end-of-life of the module. If the module ends up in landfill,
all toxic materials eventually will be released into the environ-
ment. This is not a problem exclusive to PSCs, as solder in
silicon solar cells contains lead. In addition, the production of
terawatt per year quantities of PV is not sustainable for non-
circular materials. Therefore, it is important that the module is
either refurbished or reused, or its components/raw materials
recycled. Studies on silicon modules have shown that reuse is
more profitable than component or raw material recycling.'®*
LLMICs could profit from reuse by buying up less efficient, but
cheaper, refurbished modules and using them until they fail.
However, this would only shift the recycling challenge geogra-
phically and cannot be the final solution. A program could be
set up where broken modules are sold and shipped abroad for
recycling, or component/material extraction facilities would
have to be constructed in LLMICs. However, profit margins
on recycled materials are small'® as recycled materials are
expected to flood the international market,'* so, with a lack of
incentives, modules may still end up in landfill. However,
for PSCs it may be profitable and technologically feasible for
self-contained cycles to be set up in local markets. Ensuring
end-of-life modules still have economic value would be a big
step towards preventing them from ending up in landfill.

Module replacement has been suggested as a cost reducing
route to implementation for emerging technologies.'’® This
would be most valuable when non-module costs (such as
inverters, switches, support racks and wiring) dominate the
system cost, as is expected for PSCs. Continued technological
improvement is critical for realizing replacement benefits,
which is realistic for PSCs considering they are a relatively
novel technology, perovskite tandem solar cells for example are
still far from reaching their practical limit."® Recycling of PSCs
are simplified by exploiting the solubility of the active material.
Studies have shown that it is possible to revive a degraded PSC
by washing away and recovering the active materials, followed
by purification and re-deposition.'®”'® Recovering organic
solvents used during the recycling process is crucial,”® which
can reduce environmental impacts by 56 to 68%."°° Much work
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remains to be done to make these processes industrially viable
and PSCs will have to be designed specifically with the aim of
making revival possible. The comparatively low-tech processing
of PSCs could make small-scale local recycling factories a viable
option, further generating jobs and boosting local economies.

Outlook

LLMICs will need cheap and stable (both in a geopolitical and
technological sense) energy sources to accommodate rapid
economic development for their fast-growing populations.
PV is set to play a significant role in providing LLMICs with
abundant, reliable, renewable and clean energy, due to the high
yield and low seasonal variability of solar energy in these
countries. Silicon solar cells currently dominate the PV market
and a rapid reduction in costs has made PV more affordable,
even in LLMICs when a rapid return of investment can be
achieved. PSCs promise to simplify PV manufacturing, allowing
for further adoption in LLMICs, with the main benefit being the
possibility of local production. For silicon this is more challen-
ging due to the economies of scale required to achieve a compe-
titive cost, large capital investments and the need for highly
specialized labour. PSCs can be made affordable in LLMICs at
much smaller scales, close to where the modules will be used.
This will impact LLMICs directly according to three key devel-
opment indicators: (i) average gross national income per capita -
widespread access to a reliable source of energy will facilitate
an increase in production; (ii) human assets - PSCs require a
skill level that connects well with existing programs in LLMICs
to train qualified engineers, and so PSCs could act as a gateway
technology to boost engineering experience and branch out to
other sectors; (iii) economic vulnerability - through value
addition the economy of LLMICs can be diversified, making
them less reliable on the export of commodities. It is thus
evident that PSCs have the potential to have a positive impact
on the lives of people in LLMICs. However, pressing toxicity
issues in both the fabrication process and the end-product will
need to be addressed to protect already vulnerable human and
ecological communities. Recycling of modules and materials
will be critical to minimize costs and maximize sustainability.
Compatibility with cradle-to-cradle approaches should not be
an afterthought, but an upfront focus of the PSC field.

Ethiopia case study

Ethiopia saw a steady increase in population during the last
century, increasing from ~ 19 million in 1950 to ~ 115 million
in 2020, and is forecasted to exceed 200 million by 2050.> GDP
per capita started to increase around the year 1995, simulta-
neously with energy becoming more readily available (Fig. 4a).
Nevertheless, 75% of the rural population, which accounts for
80% of the total population, does not have access to electricity,
and traditional biomass accounts for 90% of final energy
consumption.”"'® The annual per capita energy use (<1 MW h)
is amongst the lowest in the world.> Yet, the Ethiopian
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government has expressed ambitions to become a middle
income country within 20-30 years. It is evident that this will
require extensive industrialization, which in turn demands an
abundant and reliable supply of energy. As Ethiopia is not an
oil producing country, it will need to look to other sources of
energy to reach these ambitious goals."'" The implementa-
tion of renewable energy sources offers a viable solution to
Ethiopia’s energy question. Ethiopia’s ambitions are illustrated
by the country’s national energy policy,'*> its Nationally
Determined Contributions to the Paris Agreement to reduce
emissions with 68.8% by 2030,""* and the backing of a joint
LDC initiative to generate all electricity from renewable sources
by 2050.%”

Ethiopia has large potential for hydropower, wind and solar
energy. Hydropower is currently the main renewable energy
source in Ethiopia, harnessing the energy of the many rivers
that originate in the Ethiopian highlands. Hydropower also
plays an important role in the future energy plans of the
Ethiopian government, accounting for more than 50% of the
increased generating capacity of renewable energy by 2030, with
the completion of the Grand Ethiopian Renaissance Dam.'***¢
However, overreliance on a single source of power carries a high
risk,"® and a diversified power mix, including storage,"'” will be
key to achieving reliable electricity.

Solar power is most abundant in the dry season, but, with a
seasonality index of 1.58 (country range 1.26-2.18), it is a
reliable source of energy all year round. In addition, the
photovoltaic power output exceeds 4.0 kW h kwp ™' for 98%
of the country (average 4.695 kW h kWp'), making it an
economically viable source of energy for almost the entire
country (Fig. 4b).>* The total annual solar energy reserve is
estimated to be 2000000 TW h.''® Harvesting just 0.005% of
this energy would be enough to satisfy fully all electricity
demands: (~7 TW h, note however that today electricity
accounts for <10% of total energy consumption, but is expected
to be 45% by 2040).>*>"* With only 0.02 TW h of solar energy
generated in 2019,* it is clear that there is enormous potential for
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growth of the PV sector. It is estimated 18 TW h will be generated
annually by PV in 2040 based on existing policy frameworks
and announced policy intentions. A more ambitious number of
41 TW h was estimated for a more progressive energy policy.'**
This growth will be achieved largely by improving access to
electricity.''*""*""%>° However, progress on off-grid technologies
is much slower, which is widely attributed to barriers imposed by
import taxes and bureaucracy.'™ This threatens to disadvantage
disproportionally the inhabitants of rural areas, in particular
women, who are usually responsible for household energy provi-
sion when the main fuel is biomass. A study among rural women
in Ethiopia’s Tigray region showed that access to solar power
positively impacted income, social development and health.*®
Access to electricity in rural areas can thus play an important
role in achieving Ethiopia’s goal of becoming a middle income
country.

The main bottleneck for wide-scale implementation of off-
grid solar power is the high costs and bureaucracy associated
with importing solar modules.'*® A solution to this problem
could be local production. As silicon plants need large capital
investment and highly specialized labour, local production is
considered unviable. However, for alternative technologies,
such as PSCs, local production may be cost effective and
technologically feasible. Our analysis shows that a cost reduc-
tion of ~11% would make local PSC manufacturing competi-
tive with GW-scale silicon manufacturing (Fig. 3). To establish
whether this is also technically feasible for PSCs, we studied the
labour requirements for both the 18 and 41 TW h scenarios,
where either 20% or 100% of newly installed capacity comes
from PSCs (Table S3, ESIt). The largest number of engineers
required for these scenarios is ~10000, which is less than the
total number of unemployed engineers (Table S3, ESIt). This
means that enough qualified personnel would be available in
the years leading up to 2030 to satisfy the demand from the PSC
sector fully, even for the most labour-intensive scenario. Job
generation may be a strong argument for multiple small plants
instead of larger scale facilities. Considering silicon is already
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an established technology, the 20% scenario is more likely
than the 100% scenario. Our analysis shows both 10 MW and
100 MW plants are feasible options based on available labour
and population distribution. Policy makers would have to
consider whether to prioritise cost, or whether also to factor
in considerations relating to regional development.

Ethiopia possesses a range of raw materials that could
be used for value addition. Ethiopia has reserves of iron
(68.4 million metric tonnes), nickel (17 million metric tonnes)
and manganese (0.2 million metric tonnes), which could be used
to fabricate stainless steel metal frames. Furthermore, silica
sand (3.4 million metric tonnes) and feldspar (500 thousand
metric tonnes) can be used to fabricate glass panels, and gold
(>200 metric tonnes)'*" for metal contacts (cheaper metals,
such as silver and copper, have also been found, but exact
quantities are unknown).'®* Taking this mineral wealth into
account, the 10 years development plan published in 2020
recognizes mining as an important focus area, alongside energy
and manufacturing. Refining minerals requires large amounts
of energy, having access to cheap solar energy could make local
refining more viable. There is thus much potential for synergy
between the mining sector and PSC fabrication."”® Although
ore processing infrastructure in Ethiopia is currently limited,
with the presence of a sheet glass factory'** and the first iron
ore processing plant scheduled to be operational by 2024,
the first steps towards local production are being made.

Another important factor in determining the suitability of
local PSC fabrication is effective legislation and control of the
toxic materials used in fabricating PSCs (such as lead and
solvents). This to protect both factory workers during fabrica-
tion and consumers when using the PSCs. Worker protection is
beneficial for society as a whole,'” but the effect on manu-
facturing costs depends on an interplay between the costs of
safety measures and increased productivity as a result of more
motivated workers and less time lost due to health conditions.
A survey among Ethiopian manufacturing industry workers
revealed that a large majority believed their productivity would
be increased by better safety regulations.'”® An analysis of
livestock markets in Ethiopia’s Somali region found a cost-
benefit ratio of 1.5 for sanitary regulations compliance costs."*”
In 2018 the Ethiopian government published a proclamation
recognizing the importance of hazardous material management.
The aim is to create a system that controls the generation,
storage, treatment, recycling and reuse, transportation, dis-
posal and movement of hazardous material, to prevent harm
to human and animal health and the environment.”® If PSC
plants follow the rules set out in the proclamation, enforced by
regular inspections, exposure of workers to toxic materials
would be kept to a minimum during the production and usage
stages. Another challenge occurs, however, when the panel
needs maintenance or reaches its end of life. To prevent toxic
materials from ending up in landfill, an extensive repair and
recycling network will have to be set up, with the advantage of
creating more high quality jobs. As it has been shown that PSCs
can be revived by replacing the light absorbing material,"®” end
of life modules will still hold significant value for recycling and
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people could be persuaded to return their modules for financial
compensation.

To summarize, local PSC fabrication is promising in Ethio-
pia as there is enough demand for energy, skilled labour and a
sufficient amount of large population centres to facilitate PSC
plants. A number of useful minerals are present, and first steps
are being taken to process ore locally. Lastly, appropriate
legislation is already in place to deal with toxic materials.
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