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The evolution of human civilization—from subsistence societies to a globally productive and
interconnected economy—has been fundamentally driven by our evolving ability to harness energy. Each
major transition in our dominant fuel source—from biomass to coal, then to oil and gas—has marked
a pivotal turning point in productivity, economic development, and global well-being. Perhaps our
greatest achievement is lifting large portions of humanity above poverty; today, global productivity
surpasses the threshold needed to universally eliminate poverty more than twentyfold. However, reliance
on fossil fuels has brought serious unintended consequences: rising greenhouse gas emissions,
mounting waste, and accelerating biodiversity loss, threatening the stability of the very systems enabling
prosperity. Addressing these challenges requires a transformation of our energy system as a foundational
step toward sustainability. This paper argues that transitioning toward decarbonized and circular
infrastructures is both technically and economically feasible, requiring investments on the order of 1% of
global GDP—a figure consistent with multiple global assessments. Among available technologies,
photovoltaics emerge as uniquely scalable, mature, and rapidly advancing. With over 2 TW installed
capacity and utility-scale electricity costs below 1.5 cents per kilowatt-hour, solar energy has become
the fastest-developing energy source in history. Promising advancements, particularly perovskite-based
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(EROI) beyond 90. By aligning our productivity with ecological boundaries through innovations in solar
DOI: 10.1035/d5e100039d energy, we have the opportunity to redefine prosperity—making sustainability a source of economic

rsc.li/EESSolar growth, improved public health, global equity, and environmental resilience.

Broader context

Energy has always played a defining role in human civilization, from early agriculture to the modern industrial economy. As the world faces the urgent need to
transition away from fossil fuels and reduce greenhouse gas emissions, solar energy has emerged as one of the most promising tools for enabling a sustainable
and equitable future. This manuscript provides a holistic perspective on the historical, economic, and technological context of solar energy, arguing that its wide
availability, low cost, and high potential for scalability make it central to addressing the environmental and social consequences of fossil fuel dependence. By
linking global productivity, investment capacity, and the energy transition, the paper highlights how solar technologies can power the next chapter of human
development—while pointing out where innovation is still needed to improve long-term sustainability and energy return. This systems-level view is relevant not
only to researchers and engineers, but also to policymakers and stakeholders shaping the future of energy.

Introduction global energy demand has grown dramatically—from roughly
5000 terawatt-hours (TWh) two centuries ago to 175 000 TWh
The rise of human civilization has been driven by a remarkable today,* even as the global population has increased only
growth in productivity, enabled by our capacity to harness and eightfold.>®
utilize energy. Over millennia, we transitioned from Our use of fossil fuels has driven economic development but
subsistence-based societies to a globally interconnected civili- has also created critical environmental pressures. Prosperity
zation capable of producing goods and services at unprece- and greenhouse gas emissions have remained tightly coupled as
dented scale.’ This transformation accelerated with the advent long as fossil fuels dominate the global energy mix. Fortunately,
of engines and mechanized processes during the Industrial the emergence of renewable energy technologies—photovoltaic
Revolution, powered by coal, oil, and natural gas. Since then, panels, wind turbines, batteries, pumped-hydro storage, and
power-to-X—now enables us to decouple economic progress
from environmental degradation. Many of humanity's 21st-
century development goals” are linked to controlling the unin-
tended consequences of our industrial success, such as the
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accumulation of greenhouse gases and solid waste. The energy
transition currently underway offers a historic opportunity to
address these issues, supported by technologies that are not
only cleaner but also increasingly cost-competitive.

This paper examines the role of energy in driving produc-
tivity and shaping human development. The energy infrastruc-
ture is presented as both an extraordinary enabler and
a reflection of civilization's scale, while its unintended conse-
quences—particularly waste and biodiversity loss—are also
considered. Drawing on global data and investment scenarios,
the feasibility and urgency of a transition to sustainability are
assessed, with solar energy identified as a central pillar. By
aligning our productive capacity with the challenges of envi-
ronmental sustainability and global equity, we can move toward
a future that balances prosperity with environmental and social
resilience.

The incredible productivity of our civilization

Industriousness and ingenuity are defining features of global
human civilization. We have realized many aspects of a post-
scarcity society,"” a concept that was considered fiction just
a generation ago. Productivity has steadily increased
throughout history, and never have we been more productive or
more innovative than we are today.

This incredible development is illustrated with two examples
- average per capita gross domestic product (pp GDP) and
surplus agricultural production. Fig. 1a displays the average pp
GDP since the beginning of the Common Era,® measured in
units of extreme poverty, defined as $2.15 per day per person by
the World Bank.” Remarkably, for nearly 1000 years global
productivity has been sufficient to lift everyone above the
extreme poverty threshold, if wealth would be more broadly
distributed. Today, we produce over 20 times this amount on
average. Also shown is the 10$ line, sometimes used to define
poverty,® which was crossed in the mid-1940s. However,
productivity is unevenly distributed with around 700 million
people still living in extreme poverty," and nearly half the
world's population subsisting on less than $6.85 a day.” To
elevate half the global population to this level would require
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only about 7.5% of our global productivity. Notably, countries
like Somalia or the Central African Republic show productivity
levels similar to the world average 500 years ago, while highly
developed nations like the US, Germany, or Singapore operate at
values three to five times the global average and up to 100 times
the world average 500 years ago.

A similar scenario emerges when examining agricultural
productivity, as shown in Fig. 1b. This figure estimates how
many additional individuals one agricultural worker can
feed.””"* Historically, two people could produce enough food
for three, resulting in a large portion of the population engaged
in food production. However, industrial farming has trans-
formed this dynamic. In the United States today, for instance,
a single agricultural worker can produce enough food to feed
approximately 100 people.”® Nevertheless, disparities persist
across countries. In industrialized nations, fewer than 5% of the
population can feed the rest, while the global average increases
this ratio to one in four people. Low-income countries still
resemble pre-industrial societies, with a ratio of two out of three
people involved in agricultural production.

The central role of energy for advancing productivity

The utilization of tools has been a cornerstone of enhancing
human productivity throughout history. Among the myriad of
tools that have impacted our civilization, none has been as
transformative as the engine. Engines have enabled us to
harness chemical and physical energy to power increasingly
sophisticated machinery. While mechanical energy from wind
and water had long supplemented human and animal labor—
particularly in milling, pumping, and early manufacturing—
fossil-fueled machines eventually supplanted these sources as
the dominant force behind industrial work. Today, machines
have permeated every facet of our existence, fundamentally
revolutionizing our way of life.

Machines are at the core of our remarkable productivity
growth. As productivity surged, so did our voracious appetite for
fuels to power our machines.'® Two centuries ago, fuel primarily
served purposes of heating and illumination.”” The global
energy demand at that time stood at approximately 5000

100 F :
o @ o
o X
— =
) g 16
@ Ay o)
8— T <«—USA f
O —
Q 2 10} £ o
= 13
S >
8 (@] «— ltaly MW‘"M -
Q) = average
Qg
£ I
S5 O [ aesasss
c Qa
1 ‘ . .
1020 1920 2010 2019

year (log scale)

Fig.1 Left — average global per capita gross domestic product (pp GDP) in units of the extreme poverty limit since 1 A. C. E. The right part of the
graph shows the values for all countries, with the width of the line indicating total GDP. Both axis are in logarithmic scale. Right — number of
individuals that one agricultural worker can feed over time. Note the two y-axis, one for the USA and lItaly (left) and one for world average and

low-income countries (right).
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terawatt-hours (TWh). Today's energy demand is 35 times
higher, at 175 000 TWh,* while the global population has only
grown by a factor of eight.>® This dramatic shift in energy
demand altered fuel preferences significantly. Throughout
earlier history, biomass was the predominant energy source, but
the Industrial Revolution heralded the rise of coal. By 1910, coal
supplanted biomass as the leading fuel source, constituting
55% of global primary energy* and serving as the linchpin of
electrification with the inception of the first coal power plant in
1882.' While coal usage continued to climb, it faced rising
competition from oil and natural gas. Modern oil wells in the
United States were established during the 1860 s and quickly
led to kerosene displacing whale oil as the primary illuminant
and lubricant.”® The discovery of vast oil reserves in Persia in
1907,** coupled with the invention of oil cracking in 1913,*
ushered in an era of abundant and inexpensive fuel. This, in
turn, accelerated the transition from coal to oil and natural gas,
a shift persisting until 1973 (ref. 21) when oil and gas reached
their zenith at 58% of primary energy consumption. Even today,
oil and gas remain the dominant energy sources, collectively
supplying roughly half of our primary energy needs. However,
their share in final energy use—particularly in electricity—is
beginning to decline as renewables scale and electrification
expands across sectors. A comprehensive overview of the
evolution of fuel costs and consumption is shown in Fig. 2a-
C-16,23

The importance of affordable fuel availability for our
productivity is depicted in Fig. 2d. The upper section of the
figure shows our estimate of the proportion of global GDP spent
on the predominant fuels—coal and oil. The lower part of the
figure illustrates the progression of per capita GDP. While fuel
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expenditure is just one of several factors influencing the
dynamics of per capita GDP growth, some correlations are
remarkable. Notably, the economic boom following World War
II, particularly in the United States, was accompanied by
a significant surge in fuel demand as well as an even greater
abundance of cheap oil. Between 1950 and 1970, the equivalent
of global economic output allocated to oil and coal purchases
decreased by two-thirds. This period coincides with a substan-
tial increase in global per capita GDP. Conversely, during the oil
crisis in 1973 and the economic crisis of 2008, fuel expenditures
spiked, and per capita GDP growth stagnated.

As we enter the third millennium, a third energy transition is
underway, marked by a shift towards carbon-free fuels. The
cornerstones of this transition are solar and wind energy. These
renewable energy sources possess characteristics that are very
different from those of the fossil fuels of the 20th century. First
of all, they are free. Although the conversion of renewable fuels
into electricity still requires the construction and operation of
generators — solar panels and wind turbines - these generators
incur minimal additional costs once established. Given the
historic correlation between affordable fuel and heightened
productivity, free renewable fuels should have the potential to
trigger a productivity leap. Secondly, unlike fossil fuels, sunlight
and wind are universally accessible. Historically, regions rich in
coal and oil became economically prosperous, and wars were
waged over access to these resources.*»*® Conversely, areas
lacking access to conventional fuel sources faced limited pros-
pects for prosperity or had to align with resource rich nations in
various economic or strategic ways. In contrast, solar and wind
power can provide energy autonomy and prosperity to every
corner of the globe: the third energy transition has the potential
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Fig. 2 Historic development of fuel use and investments into fuel until 2021. (a) Global primary energy demand and supply by source. (b)
Normalized global primary energy supply by source. (c) Price of oil and coal in terms of kWh energy supply in the last 600 years. (d) Fraction of
global GDP spent on oil and gas (upper part) and relation with GDP development (lower part).
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to make the world more equitable and more peaceful.” Thirdly,
sunlight, which also drives wind, is virtually inexhaustible, and
it is the sole extra-terrestrial resource within our grasp. In just
one hour, the sun provides the Earth with an amount of energy
that sustains humanity's needs for an entire year. The sun will
continue to do this for another five billion years. No other
energy source can rival this abundance. Furthermore, the fact
that sunlight is an extra-terrestrial resource implies that our
planet is not a closed system, and that we have the capacity to
counteract entropic effects on a planetary scale. Consequently,
the third energy transition has the potential to meet even
a rapidly expanding fuel demand and to enable unprecedented
levels of prosperity.

The global realization of this third energy transition presents
a challenge. Unlike oil and gas—which are energy-dense, stor-
able fuels—solar and wind energy are variable and must first be
converted into electricity, a secondary energy carrier. While
fossil fuels can be stored and transported relatively easily,
electricity must be transmitted over distances and either used
immediately or stored through additional technologies. This
necessitates a distinct energy infrastructure centered on
expanded transmission networks, grid-scale storage systems,
and power-to-X solutions for converting surplus electricity into
storable fuels or chemicals. Achieving this transformation is
essential to fully realizing the benefits of renewable energy and
represents a pivotal step toward sustainability—the next phase
in our civilization's development.

The energy infrastructure as a monumental accomplishment

This article highlights the monumental accomplishment that is
our energy infrastructure. The industrial revolution marked
a paradigm shift in human productivity, transitioning from
manual labour to machine-driven and fuel powered processes.
Energy became the agent of our productivity. Karl Marx's theory
suggests that labour transforms raw materials into commodi-
ties, with the commodity's value increasing in direct proportion
to the labour hours invested.”” In a highly automated economy,
this transformation is amplified through machine utilization
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and energy deployment. This amplification greatly enhances
individual productivity and constitutes the enabler of our
capacity to undertake monumental projects of increasing scale.

The historic evolution of the dependence of value creation
and energy use is exemplified by developments in England and
Wales, the cradle of the Industrial Revolution. Illustrated in
Fig. 3 on the left, per capita GDP*® charted against per capita
primary energy consumption® is shown. Between the 16th and
the 19th century, both energy use and productivity experienced
minimal change. With the advent of industrialization, energy
consumption surged and with it commodity production and
overall prosperity. Until the 20th century, the rate of increase in
per capita GDP relative to energy consumption remained fairly
constant. This suggests that during this period, energy
primarily facilitated processes akin to manual labour rather
than fostering innovative methods. This dynamic changed in
the early 20th century, and especially after World War II.
Breakthroughs in manufacturing techniques and the advent of
the digital revolution catalysed a significant leap in produc-
tivity.>® Post-1950, the efficiency of energy use in boosting per
capita GDP outpaced pre-1900 levels by more than tenfold,
indicating a fundamental shift in how energy was harnessed to
drive economic growth.

The significance of energy for driving productivity and
fostering prosperity also becomes evident when examining the
relation between per capita energy consumption and per capita
GDP across various countries. This correlation is depicted in
Fig. 3 on the right for 143 regions. A discernible positive
correlation exists between energy consumption and produc-
tivity: no country with high energy consumption is globally
impoverished, and no country with low levels of consumption
or access to energy is very prosperous. It should be noted that
the direction of causality between energy consumption and GDP
is complex and likely contains a bidirectional component:
energy availability enables economic growth, yet growing
economies also demand more energy. Furthermore, both access
to and consumption of energy show a positive correlation with
the Happy Planet Index,* underscoring the integral role of
energy not just in economic terms, but also in contributing to
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Fig. 3 Relation between per capita energy consumption and per capita GDP in England and Wales between 1560 and 2000 (left). Relation of per
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overall well-being. Today, energy is the foundation of global
productivity, prosperity and well-being.

The energy infrastructure represents more than just a facili-
tator of our achievements; it is, in itself, a monumental
accomplishment. Fig. 4 summarizes global investments in
terms of portion of global GDP into fuels and hardware for
handling and utilizing energy.*>** Annually, approximately 3%
of the global GDP is dedicated to these investments, with
a growing emphasis on renewable energy sources. This shift
towards renewables on a global scale constitutes an endeavour
that surpasses the scale of the United States’ Moonshot
program by far.** Considering the profound impact of energy
use on the essence of our civilization, one could argue that the
energy infrastructure defines humanity in the 21st century more
than any other achievement.

Yet alongside this monumental accomplishment lies a deep
societal challenge. As automation—powered by abundant
energy—replaces human labor across more domains, the relation
between the creative act and the generation of value becomes
increasingly abstract. In its extreme form, a fully automated
economy could produce commodities entirely devoid of human
involvement, raising critical questions about fair and socially
advantageous wealth distribution. Ensuring that the benefits of

energy-driven automation are shared equitably is essential to
building a just and resilient civilization—and must be considered
as part of the broader sustainability transition.

Prosperity's shadow: waste accumulation and biodiversity loss

A significant drawback of our remarkable productivity is the
inadvertent loss of control over certain product and by-product
streams—an issue that reaches beyond the commonly cited
effects of climate change. As our capacity to harness energy and
mobilize resources has grown, so too has our impact on the
planet's natural systems. These impacts are not isolated inci-
dents but part of a larger, systemic pattern of unsustainable
resource use, driven by the very infrastructure that has enabled
modern prosperity. These streams spiral out of our control,
leading to harmful environmental accumulations, as illustrated
in Fig. 5. For instance, the burning of fossil fuels has driven
a twentyfold increase in CO, emissions since the early 20th
century, raising atmospheric concentrations from 300 ppm?* to
approximately 420 ppm. This escalation has been a primary
force behind climate change, manifesting in altered weather
patterns, global warming, and more frequent extreme weather
events.*® To mitigate these impacts, it is imperative to decar-
bonize the global primary energy sector—and to do so rapidly.*”
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Fig. 5 Global anthropogenic CO, emissions and atmospheric CO, concentration (left). Global average per capita solid waste production and
distribution over countries (middle). Global plastic production and plastic accumulation in the surface ocean (right).
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Moreover, if carbon dioxide can be actively removed from the
atmosphere at scale, it may be possible not only to halt but to
reverse this detrimental trend.*®

Solid waste, distinct from organic waste, is a comparably
recent phenomenon that has significantly gained in relevance
in the last century. Approximately 100 years ago, solid waste
generation was minimal (as depicted in Fig. 5, center). Early
waste management systems, dating back over 8000 years,
primarily dealt with wastewater.*® Before the emergence of mass
manufacturing, most waste comprised wastewater, fecal matter,
and ash.? Other household materials were often scarce and
were therefore typically reused. It wasn't until the late 19th
century that municipal garbage management systems began to
emerge in cities across Europe and North America. By the mid-
20th century, the composition of waste underwent a shift. Waste
was no longer predominantly organic, but materials like plastic,
glass, paper, metals, rubber, and textiles started to appear. By
2005, these materials constituted about two-thirds of municipal
solid waste in the United States.** Today, the global production
of municipal waste has reached approximately 2 billion tons
annually.*” This number compares to 30 billion tons of mass we
manufacture each year,* indicating that in terms of mass nearly
one-seventh of our total production is discarded annually.

Plastic occupies a unique position in the spectrum of
modern materials. Globally, we have produced approximately
500 million tons of plastic in the last year alone. Many plastic-
based products, such as textiles and consumer goods, have
a lifespan of less than five years, while plastic packaging often
lasts less than a year.** This rapid turnover results in plastic
becoming a significant portion of the global waste stream,
currently accounting for about 12% of it.** A substantial amount
of this plastic waste is not managed eco-friendly, leading to its
accumulation in landfills and marine environments, notably
highlighted by the Great Pacific Garbage Patch.** This situation
poses a severe threat to marine life** and leads to the contam-
ination of the food chain,* as illustrated in Fig. 5 on the right.
To curb this alarming trend of waste accumulation, a shift
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towards a truly circular economy is essential,*® where materials
are perpetually reused and recycled.*

Human productivity has also led to extensive interference
with natural ecosystems, precipitating a drastic decline in
biodiversity that mirrors the effects of a mass extinction event™
(see Fig. 6). The expansion of the human population has
necessitated larger areas for settlements, agriculture, and
grazing, resulting in approximately half of the world's land now
being utilized for these purposes.®® To reverse the trend of
biodiversity loss, a transformation in our land use practices is
imperative. This involves expanding protected areas® and
enhancing conservation efforts,* along with embracing inno-
vative agricultural practices.** Significantly, measures to
preserve biodiversity are in harmony with efforts to combat
climate change.*

Confronting these complex, interwoven challenges will
require more than curbing emissions. It will demand a funda-
mental transformation in how we produce, consume, and
manage material flows—guided by a renewed understanding of
energy's foundational role. Energy lies at the core of our
productivity and our environmental impact alike. Conse-
quently, any meaningful transition to sustainability must begin
with the transformation of our energy system. The following
section explores the scope and feasibility of this transition,
while the subsequent one examines the specific promise of solar
photovoltaics in enabling it.

Transitioning to sustainability as a next step for our
civilization

Recognizing the scale and urgency of addressing the unwanted
consequences of our actions, our path can neither be a contin-
uation on our current trajectory, nor can it be a regression to the
past. The way forward requires us to address the unintended
consequences of our civilization's advancement and reconcile
our striving for prosperity with an environment in equilibrium.
For this purpose, we need to convert linear material streams
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Fig. 6 On the left, the graph illustrates the evolution of human land utilization over the past 10 000 years.>® On the right, the Living Planet
Index5758 serves as a measure of biodiversity loss. This graph spans the last 50 years, detailing the changes across various regions and ecosystems.
It is important to note that the graph employs a logarithmic scale for time; thus, any decreases in the index values indicate a continuing, rather

than a slowing, decline in biodiversity.
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that today result in the accumulation of harmful waste into
circular ones, we need to re-evaluate our economic system to
address global poverty and hunger, and we need to balance
humanities intervention into the environment with the need of
all species on the planet. Among the necessary tasks are the
greatest possible decarbonization of our primary energy sour-
ces, transforming our production of goods into a circular
economy, and limiting our exploitation of ecosystems for the
conservation of populations and habitats to recover our world's
biological diversity. This section delves into the extent of effort
required to facilitate a transition towards sustainability.
Furthermore, it confronts a prevailing concern associated with
this transition: the potential threat to prosperity. Can we
advance towards a sustainable future without compromising
economic growth and quality of life?

What effort is required to realize a transition towards
sustainability?

Various studies highlight the significance of additional efforts
and investments to address the challenges of a transition to
a net-zero energy systems, climate change, poverty, hunger, and
sustainable land use.

The McKinsey scenario for a net-zero transition between 2020
and 2050 (ref. 59) emphasizes a shift in investment towards low-
emission assets, with an estimated additional annual expenditure
of about 0.7% of global GDP. This is in the context of a total
projected investment of $275 trillion, or 7.6% of global GDP over
the period. In line with McKinsey, the Bloomberg New Energy
Finance (BNEF) study for the same period® estimates a total
investment of $194.2 trillion, indicating a need for an additional
approximately $2.5 trillion per year on average for low-emission
energy assets. BNEF does not specify what portion of these
investments could be funneled from existing sources and how
much additional effort is needed. The International Energy
Agency (IEA) proposes a scenario where investments in clean
energy would rise from $1.2 trillion in 2020 to $4.2 trillion by
2030, totaling about $110 trillion. The IEA notes an additional
investment requirement in the energy sector of 1% of global GDP
by 2050.°* The United Nations Conference on Trade and Devel-
opment (UNCTD) mentions the need for $7.3 trillion annually
through 2030 to address several goals including carbon reduction
and universal access to energy. The investment gap for this
pathway is given with 320 billion USD, which is equivalent of 1%
of GDP of 71 listed economies.®

UNCTD's analysis for addressing climate change, biodiver-
sity loss, and pollution indicates total investment needs of $5.5
trillion annually between 2023 and 2030, with a funding gap of
337 billion USD or 1.3% of GDP for upper-middle and high-
income countries.®® The United Nations Environment Program
(UNEP) and the Economics of Land Degradation (ELD) initia-
tive®* highlight the need for increasing investments in nature-
based solutions to more than $700 billion annually by 2050,%
representing less than 0.5% of global GDP, to meet biodiversity
goals. The UNCTD combined pathway to eliminate global
hunger and malnutrition, increase the consumption of
sustainable aquatic protein, keeping global warming below 1.5 °©
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C while protecting biodiversity, reverse deforestation and the
degradation of carbon-rich ecosystems, and restore soil health
projects annual investment needs of $7.6 trillion for trans-
forming the food system in developing economies, with an
investment gap of 420 billion USD or about 1.1% of GDP for the
included economies. The Food and Agriculture Organization
(FAO) estimates $265 billion annually (0.3% of global GDP) is
required to achieve zero hunger.®® To eradicate global poverty,
a Project Syndicate article suggests a one-time investment of
$1.5 trillion.”” No estimates were found regarding the invest-
ment required to transition toward a zero-waste society.

A report on SDG 7 from 2018 cites annual investment needs
of 52 billion USD through 2030 to achieve universal access to
electricity. UNCTD also projected investment needs for trans-
forming the food system® with the goal to eliminate hunger and
malnutrition, increase the consumption of sustainable aquatic
protein, keep global warming below 1.5 °C and protect biodi-
versity, reverse deforestation and the degradation of carbon-
rich ecosystems such as peatlands and mangroves, and
restore soil health. Investment needs were estimated at 7.6
trillion dollars annually for all developing economies, with an
investment gap of 420 billion USD, or about 1.1% of GDP for
these economies. A study by McKinsey calculates the cost to
convert degraded land to cropland at 300 billion USD.”®

The transition to a zero-waste society has, to the best of our
understanding, not been the subject of detailed economic
studies. Cost and saving potential have been investigated in
a study of the United Nations environment program from 20237*
which proposed that the benefits of ending plastic pollution
would account for cost savings of 4.5 trillion USD until 2040 (or
about 0.22 trillion annually), through reduced damage to
human health and the environment, reduced liabilities risks
and litigations, as well as the creation of 700.000 additional jobs
and savings in direct public and private cost. A report from
Chatham house” cites cost of municipal solid waste manage-
ment with an increasing trend of $38 billion in 2019 and $61
billion in 2040 if the issue is not addressed.

Common to all reports is that the cited additional efforts to
resolve humanities grand challenges correspond to between
0.3% and 1.3% of global GDP (see Fig. 7), and lies hence within
our capabilities. A part of these investments could be covered by
a carbon tax which increases as greenhouse gas emissions
reduce. One study proposed a tax of US $34 to US $64 per metric
ton in 2025 which an escalation to US $77 to US $124 in 2030.7

What is the return on this investment?

The choice of the term “investment” in this context is deliberate
and meaningful. Common discourse often employs the word
“cost” when discussing sustainability initiatives, implying
a forfeiture of capital. However, this perspective overlooks the
intrinsic value of key sustainability assets such as solar panels,
wind turbines, electric vehicles, biofuels, and cutting-edge
agricultural technologies. These are not mere expenditures;
they are investments yielding tangible financial returns. For
instance, solar panels and wind turbines, which serve as elec-
tricity —generators, typically achieve payback within

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Summary of the projected investments to address the chal-
lenges outlined in this paper. The bars in the lower row correspond to
additional efforts, beyond existing plans and funding schemes that are
necessary to achieve the respective goals. Dots in the upper section
mark the total investments, including existing ones. Dots marked with
a star refer to one-time investments, the remainder correspond to
annual investments until 2050.

approximately a decade, although this period can vary based on
geographic location.”*”®

More importantly, these investments in sustainability go
beyond immediate financial gains. They represent a strategic
modernization and enhancement of our current infrastructure.
As underscored in various reports cited earlier, such moderniza-
tion efforts hold the promise of delivering extensive long-term
advantages across economic, environmental, and social
spheres. This broader impact redefines the notion of investment
in the context of sustainability, highlighting its multifaceted
benefits that extend well beyond simple economic metrics.

McKinsey's analysis projects that the net-zero transition will
drive economic growth, create new job opportunities, foster
innovation in clean energy technologies, and enhance envi-
ronmental sustainability. The potential economic gains from
adhering to the Paris Climate Accord are estimated to be $26
trillion by 2030. Additionally, innovations like carbon farming
could offer cost savings, while the broader transition could lead
to a more equitable distribution of economic benefits,
improving social equity. In terms of job creation, the transition
is expected to result in a net gain of jobs globally by 2050, with
approximately 202 million direct and indirect jobs gained and
187 million lost. Notably, renewable power and new energy
sectors like hydrogen and biofuels are anticipated to see
significant job gains. However, sectors with high emissions will
undergo substantial transformations with job losses in indus-
tries like coal production and internal combustion engine
vehicle manufacturing.

The International Energy Agency (IEA) highlights the health
benefits and economic growth potential of the transition.
Improving access to clean energy and reducing air pollution are
expected to save about 2 million lives per year by 2050,** with the
majority of these benefits occurring in emerging market and
developing economies. Additionally, the transition is estimated
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to create a net surplus of 10 million jobs and provide
a substantial boost to global GDP growth of 0.4%. Beyond these
sector-specific impacts, the transition presents broader societal
benefits. For instance, eradicating poverty is linked to a more
peaceful world, as violence and poverty are correlated. On the
other hand, failing to address climate change could lead to
significant reductions in global GDP, between 11 and 20% by
2050,>77 depending on the warming scenario.

The future of photovoltaics

The move towards sustainability demands a transition in our
energy system. In the previous sections, the significance of the
energy infrastructure and the requirements of a future system
were discussed. This paragraph highlights how photovoltaics, as
the most rapidly scalable and widely accessible renewable tech-
nology, can contribute to this task and what challenges lie ahead.

Solar energy, due to its global abundance, technological
maturity, and rapid scalability, represents a cornerstone of the
coming energy transition. Sunlight is the major source of energy
on our planet with more than 170.000 TWh reaching Earth each
year, and solar panels provide the most direct and efficient way
to transform this resource into electricity. Solar energy is the
fastest developing energy technology in human history and it
has become the “least costly option for new electricity genera-
tion in a significant majority of countries worldwide”, according
to the IEA.”® The lowest recorded bid for a Power Purchase
Agreement was in 2021 in Saudi Arabia reaching 1.04 ct kW
h™'.7 Solar PV is projected to overtake wind in 2027 and hydro
in 2029 to become the largest renewable energy generator.*® The
installed capacity has surpassed 2 TW, is projected to continue
to grow quickly, and may even reach a hundred TW by the end
of the century,® providing half of humanity's primary energy
needs. Solar conversion efficiency, the most significant tech-
nical figure of merit, has surpassed 47% for multijunction solar
cells under concentrated light and 29% for single junction solar
cells without concentration in the lab,** with commerecial silicon
modules surpassing 25%.* Multijunction solar cells are ex-
pected to exceed the 50% mark, while large-scale silicon/
perovskite multijunction solar modules have been released
commercially, and offer a path to beyond 30% conversion effi-
ciency.®* Given the continuing high level of innovation in the
field, solar energy can be expected to continue the extraordinary
learning it has been able to do in the past.*

As it does not require combustion to operate, solar energy
provides essentially carbon free electricity, resolving a key issue
with our dependence on fuel. However, energy is needed for
fabricating these solar panels, and this energy is associated with
carbon dioxide emissions, hence a transition to solar energy
comes with an implicit and non-negligible carbon budget.®®
Research and development opportunities for photovoltaics
beyond continuing the improvements in cost and efficiency lie
in reducing embodied energy and improving other sustain-
ability metrics like recyclability.®” Beyond their impressive effi-
ciency improvements, perovskite photovoltaic technology offers
opportunities here. Perovskite solar cell fabrication requires
a fraction of the energy needed of making a silicon solar cell.®®
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Fig. 8 Energy return of investment (ERQOI) of different energy tech-
nologies according to ref. 89 and 90. Photovoltaics is represented by
current silicon technology, in addition two hypothetical scenarios for
perovskite modules are shown. The first is a stable module with 15%
efficiency and a ten-year lifetime. Such a module could achieve EROI
values of 50 or beyond. The second scenario assumes that the glass of
this module can be reused once; this would raise EROI to 90 and
beyond.

Furthermore, a substantial part of this energy is embodied in
the glass. Provided the major challenge of long-term field
stability for perovskites is overcome, this technology has the
potential to boost the energy return of investment (EROI) of
photovoltaic technology substantially, particularly if it can be
combined with the reuse or recycling of glass (see Fig. 8).

Reclaiming the purpose of productivity

Humanity's achievements are remarkable. We have consistently
demonstrated remarkable industriousness and ingenuity that
has allowed us to realize monumental achievements like con-
structing the pyramids, putting a man on the moon, and erad-
icating smallpox. The scale of investment in these civilization-
defining projects is substantial, representing a significant
portion of our overall productivity. Throughout history, we have
committed to these grand undertakings and to advancing our
civilization.

The global energy infrastructure stands as one of humanity's
crowning achievements, though it is hardly ever perceived as
such. In terms of scale, it rivals the most ambitious projects in
human history, and in impact it is arguably without equal. The
energy infrastructure has not just been an achievement in itself;
it has been the basis for every major project for at least the last
century. Energy has been the catalyst for an extraordinary surge
in productivity and economic growth. Energy has created
unprecedented prosperity. Yet energy has also facilitated great
destruction and suffering. A surge in productivity has enabled
immense resource allocation to warfare with devastating
outcomes. Through our mastery of energy, we have become
Shiva - but we have also become Brahma. Now we need to
become Vishnu.

Unintended consequences are the shadow of our ingenuity.
They manifest themselves in uncontrolled waste streams,
resulting in the accumulation of carbon dioxide in the atmo-
sphere, the proliferation of plastic pollution in our oceans, and
a significant, unchecked decline in biodiversity. The escalating
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loss of control of our environmental impact is becoming the
major threat to society in the 21st century. Confronting this
challenge is a task of monumental proportions. Overcoming it
is the next step in our development as a civilization.

Looking into the future, we must ask ourselves what we want
the purpose of our remarkable productivity to be. Recognizing
our challenges, our way forward can neither be a continuation
nor a regression of our current trajectory. Following an argu-
ment by Yuval Noah Harari, our civilization has emerged
through our ever-increasing control of the environment, of
plants and animals.”* Advancing our civilization, we now must
claim control of our shadow®” and, hence, ourselves. Achieving
this control is at the core of the transition to sustainability.

The most important tool in taking this next step is our
remarkable productivity. The transition to sustainability
requires substantial efforts, yet none that are beyond us.
Investments at a scale similar to past monumental projects
would allow us to solve climate change, biodiversity loss,
poverty and hunger within one generation. Furthermore, we will
start to receive paybacks from these investments almost
immediately. We will see direct financial returns from our
investment through the mass installation of the cheapest and
cleanest energy technologies,* we will save millions of lives,*
trigger economic growth, create 10 million jobs,* conserve
environmental treasures, and make the world a cleaner, safer,
and more peaceful place.?

Among the available renewable technologies, solar energy
stands out as a uniquely scalable, mature, and cost-effective
solution. With over 2 TW of installed capacity and record-low
utility-scale electricity costs,* solar photovoltaics have become
the fastest-developing energy technology in history.®* Solar
energy can help decouple energy generation from greenhouse
gas emissions, reducing our environmental footprint and
contributing significantly to the mitigation of climate change.

Realizing the full potential of solar energy depends on
continued technological progress. While established silicon PV
is nearing theoretical efficiency limits in lab environments,
performance improvements and cost reductions remain
possible at the industrial scale. Beyond optimizing existing
technologies, tandem solar cells hold potential for further effi-
ciency gains, surpassing current single-junction limits. As solar
energy deployment grows, additional considerations become
increasingly essential. Implementing effective recycling strate-
gies to achieve cradle-to-cradle sustainability, reducing
embodied energy and carbon footprint through optimized
manufacturing processes to enhance energy return on invest-
ment, developing robust storage solutions, advancing grid
integration technologies, and exploring innovative power-to-X
pathways are vital for ensuring consistent, reliable, and adapt-
able energy delivery. These technical developments must be
matched by educational investments to train a skilled workforce
capable of supporting and accelerating the energy transition.

Humanity has flourished when we utilize our efforts and
productivity to a better future. Never have we been more capable of
doing so, and never has the need been more important than today.
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