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In approximately four decades, extracting a barrel of oil or a cubic foot of gas will cost as
much energy as they contain. Thereafter, the net contribution of fossil fuels to the human-
ity’s energy budget will be negative. Meanwhile, over 80% of that budget currently comes
from fossil fuels, despite five decades of substantial investment in renewable alternatives.
Production of cement, steel, plastics, and fertilizer, as well as nearly all of transportation,
construction and agricultural machinery still completely depend on fossil fuels. Within the
lifetimes of billions of people already born, these fundamentals of human civilization will
become unavailable, unless human civilization accelerates replacing fossil fuels with sus-
tainable alternatives two-to-eleven-fold, depending on the chosen approach. If it fails to
decisively and strategically invest its remaining net-energy-positive fossil fuels into this tran-
sition, human civilization appears likely to collapse.

Making this transition on time and on (energy) budget presents an unprecedented chal-
lenge. All earlier energy transitions (dung to firewood, firewood to coal, etc.) involved mi-
nuscule energy fluxes compared to the current global human energy consumption. Still,
their global completion took much longer than the four decades available now. Accelerating
the transition calls for focusing efforts and investment on the best available options. This
study presents a coherent set of criteria to determine what “best” means, along with a com-
parative review of the options based on that set. The criteria include technology maturity
and scalability of both the total resource and its flux (power). From this analysis, solar en-
ergy (coupled with either local thermal energy storage or with global electric grid) appears
to be the most realistic option for the energy transition. Either local storage or the global
grid can mitigate the intermittency of solar energy so it can be used as a reliable baseload
power source. However, the estimated investment needed to complete the global transi-
tion is $701 trillion for local storage vs. $127 trillion for the global grid. The collaborative
global grid approach is far more affordable than energy separatism. In turn, constructing
global power infrastructure will increase demand for international cooperation and human
labor, helping resolve many of humanity’s immediate problems: geopolitical rivalry, the risk
of resource wars, technological unemployment etc.
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+ Fossil fuels’ diminishing energy return on investment makes complete transition to renewable energy a matter

of survival for human civilization.

+ Despite several decades of development and investment, few technologies meet maturity and scalability

requirements of this transition.

» Of these, solar with global power grid appears the most feasible, followed by solar with local thermal energy

storage.
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Shenderov

Over six decades ago cosmologist Nikolai Kardashev
[1] suggested a broad-strokes classification of civiliza-
tions, including the human one. Kardashev’s classification
is based on the energy flux that the civilization controls: its
energy budget. On the Kardashev scale, Type | civilization
would be one controlling the energy its home star sends to
its home planet; Type Il, all energy output of its home star;
and Type lll, the energy output of its entire galaxy.

But Kardashev scale is more than just a speculative
scale to classify virtual aliens. It appears to be a relevant
integral measure of human civilization [2]—and a useful
predictor of its future. Humanity currently controls about 20
TW of power—just over 0.01% of the 174,000 TW of solar
energy continuously hitting Earth [3]. Using Carl Sagan’s
logarithmic approximation for the Kardashev scale, that
makes human civilization roughly Type .73 [4].

Important indicators of civilized life-life expectancy, in-
fant mortality, happiness, food supply, and access to basic
sanitation services all improve with increasing per-capita
energy use [5]. These improvements plateau at between
10 and 75 GJ per person per year. The upper end of this
range corresponds to the current global average per-capita
energy budget. But other indicators continue to advance
beyond 75 GJ per capita.

In 1969, the United States landed humans on the
Moon and started operating World Wide Web predeces-
sor ARPANET while having the highest per-capita energy
budget among major economies on Earth: 75 GJ/yr, the
same as the world average today. Integrated circuits were
invented in the US in 1959, microprocessors in 1971, first
GPS satellites launched in 1978, and IBM PC introduced
in 1981—all while the country where that happened, the
US, enjoyed the highest per-capita energy budget among
major economies. It was during rapid industrialization and
massive energy transition that the first national park (1872)
and the first environmental protection laws (1899—-1900)
in the world were created (also in the US). As the cur-
rent world average energy budget increases, more ma-
jor economies now can afford ambitious projects, with the
Chinese getting potatoes sprouting on the Moon in 2019
(at 100 GJ per capita). Local circumstances (particularly
climate and culture) may allow some countries to initiate
ambitious projects at a much lower energy budgets: for ex-
ample, India in 2023 was the first to land a robotic probe
in the lunar South polar region while the country was at
just 27.3 GJ per capita energy budget. One of the en-
abling factors appears to be India’s very low energy budget
for heating (global average per-capita usage for this pur-
pose is 37.5 GJ, India’s only 6.3 GJ). The other is the rate
of change: India’s energy budget growth rate consistently
exceeds that of any other major economy [6]. At higher
per-capita energy budgets, even small countries like Nor-
way engage in projects of planetary significance: Svalbard
Seed Vault that protects planetary genetic heritage was
started in Norway in 1984, when that country reached 270
GJ/yr per capita. Meantime, NASA in the US established a
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Planetary Defense Coordination Office to track near-Earth
objects that may threaten this planet, and in 2022—at 300
GJ per capita—conducted a successful mission to test an
asteroid deflection approach.

So, the correlation between energy budget (and its
growth) and development ambitions appears to hold be-
yond 75 GJ/yr per capita. The spectrum of human am-
bitions can be expected to continue to evolve, as it has
throughout human history. Specifically, and in line with
the accomplishments listed above, it could be expected
that human civilization will allocate an increasing propor-
tion of its resources to the maintenance of Earth and
protecting it from various threats, cosmic and local; and
to planting backup copies of its home biosphere else-
where in case the protection fails [7]. Such transition
to planetary-scale responsibilities requires command of
planetary-scale resources,—in other words, the transition
towards Kardashev Type | civilization.

One of the short-term priorities requiring a massive
energy investment is water management. Terrestrial fresh-
water aquifers and groundwater are already under increas-
ing stress, and relieving this stress requires alternative
sources of water. While desalination and pumping tech-
nologies are very mature, they are also rather energy-
intensive. Desalinating all of 6000 km® humanity is pro-
jected to need annually by 2050 [8] and pumping it an av-
erage of 1000 km inland would require around 94 EJ per
year, not counting the energy invested in building the reg-
uisite facilities. Similarly, deliberate management of car-
bon concentration in atmosphere would likely rely on an
energy-intensive process of direct air capture, or DAC. At
1.8 MWh/C [9], active removal of the 210 GtC that is con-
sidered “excess” carbon from the atmosphere would re-
quire an approximately 3300 EJ total energy investment.
Wastewater treatment is another challenge that will require
massive investments of energy. As energy becomes more
abundant and affordable, waste and agricultural runoff will
become viable sources of phosphate [10], a critical ele-
ment for all plant and animal life, including humans.

Please note that at 1.3% global CAGR [11] the hu-
manity’s projected energy budget (1040 EJ/yr by 2065)
readily meets the energy requirements of these, admittedly
monumental, tasks. This is, of course, still minuscule com-
pared to Kardashev Type | metabolism (using the original
definition, 5500,000 EJ/yr).

At 1.3% CAGR, typical for the current fossil-fueled
growth phase, human civilization of Earth would reach
Kardashev Type | in 700 years. This is far beyond the
conceivable horizons of fossil fuel-based economy, 30—60
years. Sustainable economic growth would require an en-
ergy transition,—in the sense of switching humanity’s en-
ergy budget to sustainable sources—to happen on a time
scale much faster than the overall transition to Type | civi-
lization.

Assuming the transition starts at an energy budget
Npg, and is completed after exponential growth for n years
at CAGR ¢ until a new, higher energy budget N, =
Np(1+6)" is reached. The total energy spent during the
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inversely proportional to CAGR. The energy budget for
transitioning to Type | civilization at 1.3% CAGR corre-
sponds to Type | energy budget for 77 years—for Earth,
that is 4.2 x 10%6 J = 420 B EJ.

While the details of how humanity would channel
so much energy are hard to predict, the most energy-
intensive planet-maintenance activity of a civilization ad-
vancing towards, and beyond, Type | is likely to be trans-
ferring the bulk of its metabolism off the planet. The
metabolism of a Kardashev Type | civilization cannot be
accommodated on the surface of its home planet. For
Earth, such an energy flux would result in a global warm-
ing of 24 °C [7]. This result is independent of a particular
energy source used, but is mandated by Stefan-Boltzmann
law due to the need to dissipate all the waste heat. Thus,
Type | energy budget would necessitate both harvesting
and spending most of the civilization’s energy off the plan-
etary surface. A bulk of this activity will take place one to
four centuries from now. However, the pilot application,—
server farms in orbit,—is already approaching commercial
feasibility [12].

Transitioning the bulk of industry and agriculture to
space is a challenge commensurate with the energy flux
available to solve it. 1 kg in orbit has kinetic energy of
32 MJ, so at 100% yield 100% of the 174,000 TW that
the Earth gets from the Sun would allow orbiting 5.4 Mt
of material per second, or 170 Tt per annum: 200,000 t
per capita. For comparison, rough estimates of the mass
of O’'Neill cylinders—space habitats with their own agricul-
ture, industry and wildlife—are in the range of 10,000—
100,000 T per inhabitant [13],—so, the eventual reloca-
tion of humanity’s industry to space appears feasible from
the energy perspective (after, obviously, a lot of develop-
ment).

The eventual transition of most of human activity to
space is necessitated by the physics of a Type | civiliza-
tion's waste heat disposal,—or, ultimately, by continued
growth. The alternatives to the global energy budget con-
tinuing to increase are stabilization at some level or de-
cline, commonly termed “degrowth”. A recent review of
degrowth studies [14] concludes that “[t]he idea of de-
growth is so far from reality that good empirical studies
are hardly possible.” Empirical evaluation of long-term con-
sequences of a consistent and deliberate planet-wide de-
growth is obviously impossible. Rational data-based com-
parison of long-term risks of growth vs. those of degrowth
(or stagnation) would require empirical data that is equally
unavailable in both cases.

Hence the comparison is necessarily based on mod-
els rather than empirical evidence. A particularly relevant
model [15] connects the dynamics of civilization’s gener-
alized output with those of its population size and collec-
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tive technologically-relevant knowledge available to it. The
model has three steady states for a human society, only
two of them stable: a civilization climbing the Kardashev
scale, and an empty planet left after its civilization has
faded away. The third state, stagnation, is inherently un-
stable: any external perturbation gets amplified by the sys-
tem’s inherent positive feedback loops and sends the sys-
tem to one of the two stable states. Significantly, the con-
trolling variable in Jones’s model was knowledge per per-
son: a high-knowledge civilization maintains its knowledge
by expanding it. A reversal of this dynamic, i.e. contrac-
tion of a civilization’s noosphere, does not appear to have
a natural lower limit. Unlimited contraction is collapse. No-
tably, this result [15] was obtained even without account-
ing for the perishable nature of knowledge: once created,
knowledge was assumed to last indefinitely. Incorporat-
ing the transience of technologically-relevant knowledge
would make the stagnant equilibrium even more precar-
ious. The available choices appear to be growth or col-
lapse.

This is supported by macroeconomic data. The global
gross domestic product, GDP, estimated at $107 trillion
and growing on average at 3.2% annually, is supported
by an energy budget that also grows—but slower, at only
1.3% CAGR [11]. This reflects decreasing energy inten-
sity of economic growth. Some authors discuss absolute
decoupling of economic growth from energy budget: con-
tinued growth of economy while energy consumption con-
tracts [16]. It is, however, likely limited to service-oriented
local economies. Globally, in the last 40 years, the annual
growth rate of global GDP was negative only twice: in 2009
and 2020 [11]. The annual growth rate of the global en-
ergy budget [17] was also negative only in those same
two years. Globally, the energy use efficiency has been
increasing in parallel with overall increase in humanity’s
energy budget [18].

Meantime, some net-zero scenarios of humanity’s en-
ergy budget development assume that it can be reduced
40% by 2050 compared to 2020 [19], equivalent to —1.3%
CAGR. This is comparable to 2009, when global GDP also
contracted by 1.3%. If it is sustained for 40 years, such
contraction would shrink the world economy from $107 tril-
lion to $43 trillion. In comparison, a positive 1.3% energy
CAGR supports 3.2% GDP growth, to $377 ftrillion in 40
years. The cumulative difference between the two scenar-
ios over the 40 years is $5090 ftrillion, equivalent to 47.6
years of the current global GDP.

According to 2024 data from the Energy Institute’s
“Statistical Review of World Energy” [20] the total energy
used in the world in 2024 was approximately 620 Exa-
joules (EJ). Of that total, about 110 EJ—19%—was used
in the form of electricity [21].

By different estimates, between 78% and 84% of the
energy human civilization currently uses is derived from
fossil fuels: for example, 2021 data show a 31.2% contri-

322



Shenderov

bution from oil, 27.2% from coal, and 24.7% from natural
gas [22].

Historian Vaclav Smil points out that production of the
“four pillars of modern civilization: cement, steel, plastics,
and ammonia” currently requires fossil fuels [18]. Manu-
facturing these is responsible for about 17% of humanity’s
energy budget, 105 EJ per year. No substitutes to the cur-
rent methods of production have been tested for suitabil-
ity (economic as well as environmental) at the necessary
scale.

Transportation currently uses around 20% of global
primary energy consumption—and almost two-thirds of oil.
Trucks and buses are 96% fossil fuels-based, aviation and
shipping 100%, and even rail transport uses 52% fossil
fuel energy directly, and 60% of the other 48% is electricity
generated with fossil fuels,—for the total of 81%.

But the largest energy end-use is heating—industrial
and buildings. According to IEA, it accounts for about 50%
of global primary energy consumption [23]. Only 20% of
that, or 10% of the total, is electric—the rest (as well as
most of the electricity) comes from fossil fuels.

It is therefore important to estimate fossil fuel reserves
available to support human civilization. A recent review
[24] does not support the popular complacent view that
“the world seems to be awash in oil” [25]. Instead, it clearly
shows that fossil-fuel extraction is an activity with rapidly
diminishing returns. For example, Figure 4 in [24] shows a
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declining trend in oil reserve discovery since 1965. Since
1986, oil extraction increasingly exceeds new oil discovery.
By 2017, the ratio of extracted-to-discovered oil was con-
sistently over 5-fold [24]. Please note that oil exploration
bans (which currently distort the picture by further reducing
the oil-discovered-to-oil-produced ratio) were not enacted
anywhere until 2018.

And what is declining is EROI: energy return on in-
vestment. That is the energy produced per unit of energy
invested in production. Production of oil liquids requires an
increasing fraction of energy they contain, currently 15.5%
(EROI = 6.45) and projected to reach half of the gross en-
ergy output by 2050 [26]. An especially pronounced effect
is expressed as EROI of oil discovery in Figure 1 of [27]:
it fell from 1229.48 in 1919 to 5.02 in 2007. That matches
well with [24]—and with the striking difference between the
level of effort needed to obtain oil in early 20th century vs.
early 21st (Figure 1, below).

Humanity has transitioned from one energy source to
another, more energy efficient one several times [2]. For
most of its history, humanity relied on energy sources with
very low EROI: the muscle power of humans and domes-
tic animals, firewood, dung, and other forms of biofuel.
Progress was slow: most humans were busy most of the
time getting the energy needed for survival, margins were
very slim—so luxuries like libraries, laboratories and ob-
servatories were rare and vulnerable to any mishap.

: ...'..';ﬂ* ¢ . G-

Figure 1. Oil extraction in 1901 (left) and in 2018 (right). Image credits: (left) public domain image by Frank J. Trost,
courtesy Wikimedia; (right) free stock photo by Geoffrey Whiteway, courtesy Free Range.
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Three centuries ago, humanity began transitioning to
use an energy source with much better EROI: coal. This
started the Industrial Revolution, breaking humanity free
from the Malthusian trap: a stagnant society where hu-
mans compete for limited resources, and a population in-
crease leads to poverty and famine. Malthus’ model [28],
proposed in 1798, seems to describe medieval Europe—
centuries before Malthus—rather well. However, if this de-
scription still held true in England in 1766, Thomas Robert
Malthus, the sixth child born in a middle-class family that
year, may not even have been born at all. His chances of
surviving long enough to concoct his theories—and get-
ting educated enough to do so—would have been slim.
The reason Malthus could create his theories is that be-
fore he was born, human use of coal had rendered them
wrong.

Then, just over a century ago, humanity began tran-
sitioning to oil. Like coal, oil has been accumulating for
hundreds of millions of years, concentrating the sunlight
that fed the photoautotrophs of ancient Earth. Its EROl was
even higher than coal’s.

Civilization blossomed. Human population more than
quadrupled in a century, while living standards shot up
(quite unevenly, but for practically everyone, and practi-
cally everywhere). Modern humanity—the most numer-
ous, prosperous, healthy, peaceful, educated humankind
that ever inhabited this planet—created General Relativ-
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ity and Quantum Mechanics, landed on the Moon and
built the World Wide Web—using fossil fuel energy. Within
this fossil-fuel-dominated phase, several energy transitions
took place. Figure 2, below, lllustrates the first one of
these. During 1700—-1900 CE period, the increase in avail-
able energy was largely due to global transition to coal as
the main energy source. In contrast, the 1950-2020 CE
interval was largely fueled by hydrocarbons: oil and gas.
The annual growth rate of humanity’s energy consumption
from the onset of agriculture to the beginning of the coal
era (i.e. during the “Malthusian trap”)—averaged 0.019%.
With coal, it reached 0.7%. With oil and gas (and, later,
nuclear), it reached 2.5%.

The other transition within the fossil-fuel-dominated
period is shown in Figure 4 in [24]. It illustrates that from
1880 to the 1973 oil shock world oil production increased
at an average rate of 7.3% per year,—and at 1.3% per year
from 1983 to 2019. The abrupt decline between 1973 and
1983 may have been largely due to the temporary fallout
from the Middle East conflict and other transient reasons;
however, the absence of full recovery of the growth rate in
the subsequent 40+ years is probably due to more perma-
nent factors, with dropping EROI of oil recovery likely play-
ing the leading role. The projections from available data
by [29] indicate the end of useable—net-energy-positive—
oil in 3—6 decades, with natural gas and even coal not far
behind.

1950 FAL I 2050

Year Ct

Figure 2. Global human energy use; data from [30]. 0—coal phase; x—oil and gas phase.
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The renewable post-fossil energy technology options
include nuclear fusion, geothermal, hydroelectric, nuclear
fission, wind, and solar. Their utility as fossil-replacement
energy sources is determined by several criteria. First, the
available reserve of the resource should support human-
ity’s global energy budget beyond the transition period.
Secondly, the available flux of net energy at the source
should suffice to support the energy budget both during
and after the transition. Thirdly, technology should be suf-
ficiently mature to allow evaluating the time and resources
required for its scale-up to the target baseload capacity,
as well as its costs and benefits—financial [31], social and
environmental.

Nuclear fusion is projected to outperform all alterna-
tives on criteria ## 1 and 2. However, it fails spectacularly
on #3 [32]. There is no publicly available data to evalu-
ate the feasibility and the timeline of a transition from the
existing economy to a fusion-powered one. The first fu-
sion reactor design, TOKAMAK, was proposed in 1950;
by 1969, plasma temperature of 1 keV was reached on
the tokamak T-3. In 2021, Zap Energy, Inc. again demon-
strated plasma temperature of 1 keV. In 2022, a “Fusion
Breakeven” was announced, yet again [33], as a “science
breakthrough”. In fact, the experiment [34] used 301.5 MJ
of electric energy and yielded 3.15 MJ of thermal energy
(none of which ever made it back to electricity, at any con-
version efficiency at all). Similar examples are too numer-
ous to list here, prompting publications like “The Fairy Tale
of Nuclear Fusion” [32]. There is no evidence to support
any scenario requiring massive deployment of nuclear fu-
sion any time soon [35]. In the 30—60-year time frame, it is
not a contestant.

Geothermal energy is classified into low-temperature
and high-temperature: below and above 130 °C [36]. The
upper limit for low-temp thermal global resource is re-
stricted by the total heat loss over the total area of the
planet: 4.4 TW thermal global resource at temperatures
of 130 °C and lower, that is, 22% of humanity’s current
energy budget. Furthermore, this heat is emitted over the
area of 510 million km?, with the average density of just
0.087 W/m2. For comparison, the average Sun power
reaching Earth surface is 342 W/m?, and even wind power
can be harvested at 1 W/m? (see below). Low-grade heat
cannot be effectively transmitted over long distances (or
effectively converted into electricity for transmission). That
means that utilizing this diffuse resource is only possible
in-situ, while the demand for low-grade heat is mostly lo-
cated prohibitively far from the heat sources [37]. For most
of the Earth surface, the power density of geothermal heat
flux is so low that it cannot support baseload concentrated
in cities and factories. Criterion #2 is not met.

High-temperature geothermal, hot enough for more
efficient electricity generation, is concentrated in zones of
active volcanism [36]. Unlike low-grade heat, electricity can
indeed be transmitted over long distances. But the world-
wide potential of high-temperature geothermal energy is
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estimated at just 240 GW. This is only 1.2% of the cur-
rent 20-TW global energy budget. The already installed
geothermal electric generation capacity is 16.3 GW [38],
likely the low-hanging fruit with the most easily accessible
resource. Again, criterion #2 is not met.

Hydroelectric energy potential is estimated at 19.5
EJ/yr, or 2 TW [39]. Both for primary generation and
pumped storage, “estimated potential is restricted to
mountainous regions with reasonable water availability
and high hydraulic heads” [40]. Criteria ## 1 and 2 are not
met.

Nuclear fission: terrestrial reserves of uranium are
estimated at 6-8 MT [41], with fissile U-235 constituting
just 0.711% of that amount. At 82 TJ/kg of theoretical en-
ergy content of U-235, that amounts to 3500—4700 EJ.
Compared to even the current energy budget of humanity,
620 EJ/year, this is not a sustainable mainstream energy
source. The approximately 60 KT of uranium mined annu-
ally yield just 9.4 EJ/yr of electric output.

Reserves of uranium in seawater are estimated at 4.5
GT; its extraction from the ocean, considered “unthinkable”
as recently as 2010 [42], is approaching commercial feasi-
bility [43]. Please note, however, that the total energy con-
tent of U-235 in this vast resource—2.6 x 10% EJ—is about
half the energy sent to Earth by the Sun in a year (5 x 108
EJ). It would sustain a 1.3% CAGR globally for over 300
years before its EROI, in turn, begins to significantly de-
cline.

U-238 is 140 times more abundant than U-235, in both
crust and seawater [41], so transforming it into a fission-
able material could significantly increase the amount of
energy extractable from natural uranium. When irradiated
by neutrons (which can be initially obtained from U-235
fission), U-238 converts into Pu-239—a fissionable mate-
rial that can be used as nuclear fuel. Pu-239 fission, in
turn, yields neutrons that could be used to convert addi-
tional quantities of fertile U-238 into fissile Pu-239. The
breeder reactors enabling such effective use of natural ura-
nium could theoretically increase the total extractable en-
ergy to 3.6 x 108 EJ. This value is close to the total energy
transition budget at 1.3% CAGR from the current status to
Kardashev Type | level—4.2 x 108 EJ. However, despite
many decades of attempts to scale up the breeder tech-
nology, only two breeder-type reactors are in commercial
operation in the world as of March 2026. Therefore, the
percentage of natural uranium that will, after all inevitable
losses in this multi-step process, ultimately be consumed
in the reactors cannot be reliably estimated due to lack of
operational data (despite the first breeder reactor having
been constructed in 1951). Similarly, the overall EROI of
such operation—including uranium extraction from seawa-
ter, operating the breeder and using the irradiated fertile
material to fuel the same or a different breeder—cannot
be estimated with available data.

Thorium—Th-232—is believed to be more abundant
than uranium in Earth crust [44]. However, it is not present
in seawater in appreciable quantities, and its terrestrial re-
serve is estimated at 6 MT. In a breeder reactor, Th-232
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converts into U-233—a fissionable material that can be
used as nuclear fuel. U-233 fission, in turn, yields neutrons
that could be used to convert additional quantities of fertile
Th-232 into fissile U-233 fission. With energy content of
79 TJ/kg, terrestrial Th-232 can add up to 0.5 x 108 EJ
to the 0.5-0.6 x 108 EJ in U-238—if both of these are
used in 100% efficient breeder reactors, which don’t yet
exist. If such fuel cycle were developed, the terrestrial ura-
nium and thorium could fuel a 1.3% annual growth for up
to 240 years, according to formula (1). During this period
seawater-derived uranium, and/or other energy sources,
can be developed. Germany, US, UK, France, Japan, India
and Russia all at some point had breeder reactor devel-
opment programs [45]. China, India and Russia continue
this development [46]. Nuclear fission with breeding and
seawater extraction can conceivably meet all three rapid-
scalability criteria.

Wind: harvestable “wind production saturates at a
deployment density of 1 MW/km?2”, or 1 W/m? [47], “be-
cause large-scale deployment will substantially depress
wind speeds beyond local scale”. The global wind power
potential estimate in the paper [47] is 557 TWh for onshore
(with 41% of global landmass allocated to wind farms) and
315 for offshore generation. However, it is calculated as-
suming fivefold higher harvestable wind production than
the saturation limit due to wind speed depression effect.
Taking that effect into account, the global annual wind
power potential is 174 TWh, or 628 EJ. While this value
theoretically meets the current energy budget, it offers nei-
ther a growth potential beyond that, nor excess capacity to
support the transition to 100% renewables.

Furthermore, it is well known [48, 49] that harvest-
ing wind energy at continental scale would drastically
change wind speeds in the boundary layer of the lower
atmosphere—which interact with, and affect, wind patterns
at higher altitudes. Since wind patterns determine climate,
the climate effects of massive wind farm deployment need
to be assessed before committing to such deployment.

Solar: 50% of the Earth surface is illuminated by the
Sun at any given time, and cloud cover reduces PV out-
put 4-10-fold. The seasonal variation of wind’s capacity
factor could, to an extent, be negated by coupling wind
with solar—whose own seasonal variation are almost pre-
cisely opposite to wind’s, at least in Germany [50]. How-
ever, there are indeed periods of “Dunkelflauten”, the Ger-
man word for “dark wind lulls”, when neither wind nor
solar are sufficient to support the baseload locally—thus
requiring either local storage or power trading with suffi-
ciently remote localities to be outside the “Dunkelflaute”
zone. Despite several decades’ worth of research efforts,
no consensus exists on what storage capacity would be
needed to support baseload wind, or combined wind/solar,
power generation at full baseload capacity. Even in fa-
mously windy Texas, and even in the best spots, 48-hour
lulls are not uncommon [51]; in 2024, Europe suffered a
10-year longest one at 12 days. Obviously, shutting down
Europe for 12 days in a row is not acceptable (even once
every 10 years). Therefore, a reliable power supply from
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wind-solar mix would have to be coupled with at least 2
weeks’ worth of storage—or, again, with some alternative
sources free from the effects of the local “Dunkelflaute”.
The available storage options are reviewed in the next sec-
tion.

The Sun is by far the most sustainable energy source
on Earth, at the average solar power reaching Earth sur-
face is 342 W/m?—a resource 2.5 orders of magnitude
more abundant than wind, 3.5 orders of magnitude more
concentrated than geothermal, and inexhaustible on the
relevant timescale. The higher power density limits the
environmental impact of solar per unit harvested energy.
There are two mature technologies to harvest solar power,
photovoltaic (PV) and concentrating solar power (CSP)—
the former is more widely deployed at the moment and
hence well down the experience curve, while the latter
temporarily stores thermal energy as heat and is therefore
compatible with both local use directly for heating and for
conversion into electricity as needed [52]. Like wind, using
solar for baseload power requires some way of mitigating
its inherent intermittency and geographic variability [53].

Intermittency of a power source must be mitigated to
rely on that source for baseload power. This could be done
by storing excess energy for later use or by utilizing other
power sources—or by combining the two approaches. No
mature storage technology has been demonstrated to be
scalable to the necessary extent within the target time-
frame. Mitigating variability of wind/solar energy mix op-
timized for minimum blackout time and using up to 12 h of
local storage would still lead to hundreds of hours of un-
met demand annually [53]. Avoiding Dunkelflaute-related
disruptions using 100% wind/solar energy mix increases
the required storage to 15 days of average load. Please
note that analysis [53] used the current load numbers,
where electricity accounts for only 20% of total energy bud-
get. Replacing the other 80%, currently coming from fos-
sil fuels, with renewables would increase the load approxi-
mately fivefold relative to that used in [53]. This is the value
assumed in the analysis below.

Pumped hydro and batteries: according to the Inter-
national Hydropower Association [54], pumped hydro stor-
age facilities worldwide, accounting for over 80% of global
storage capacity, can store approximately 9000 GWh of
electricity, or 0.035 EJ. At 20 TW global power consump-
tion, this covers 27 min of backup power. For compari-
son, the 2000 GWH worldwide capacity of batteries [55]
amounts to 6 min of energy storage. In other words, to
get to 15-day storage capacity to avoid most Dunkelflaute
blackouts within local microgrids, —25.5 EJ worldwide,—
the storage capacity needed is 707 times capacity avail-
able in pumped hydro, or 32,000 times the one available in
batteries. Pumped hydro was first used in 1907, so most
of the suitable terrain has already been taken, and further
buildout would require flooding extensive territories. Ma-
ture battery technologies use lithium, with accessible re-
serves estimated at 98 Mt and theoretical power density
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of 40.1 MJ/kg Li—so theoretical capacity of lithium bat-
teries using all accessible lithium would be 4 EJ, enough
to support the current global energy budget for 2 days,
8 h. Aluminum-ion and sodium batteries, although far more
scalable due to abundance of aluminum and sodium, so far
show performance unacceptable for grid use.

Thermal, chemical and gravity-based energy stor-
age: Getting 15 days’ worth of storage through massive
deployment of high-temperature, and hence low-loss, heat
storage in concrete (TES) would require (at 67% roundtrip
efficiency) 38 GT concrete. This appears reasonable com-
pared to the annual global production of this material (30
GT). An even lower-technology, lower-cost and higher-
scalability solution may replace concrete blocks with sand,
gravel or crushed rock beds [56]. Please note that the au-
thors of [56] chose high-purity quartz, whose global re-
serves were estimated at just 73 million tons-negligible for
the scale of interest. However, general-purpose sand and
gravel might be suitable as well, and their worldwide an-
nual production is about 50 GT.

Heat-based energy storage systems inherently out-
perform gravity-based ones: a ton of concrete heated to
1000 °C stores the same amount of energy (1 GJ) as
the same ton of concrete lifted 100 km up. Please note
that while chemical storage media theoretically offer even
higher energy densities (18.8 GJ/ton for ammonia and
120 GJ/ton for hydrogen), handling difficulties for hydro-
gen and low roundtrip efficiency for ammonia have so far
proved insurmountable obstacles to scaling up these stor-
age approaches despite decades-long development ef-
forts [57, 58].

Colocation of CSP generation and 17-hour storage
has been demonstrated at utility scale [59, 60]. PV facilities
and wind farms could be equipped with storage by convert-
ing existing coal-burning power stations into thermal stor-
age facilities: a 100 x 100 x 50 m3 concrete, or sand, heat
battery would convert each of the approximately 2500 ex-
isting coal-burning power stations with average 1 GW rated
capacity into a 15-day, 1-GW Dunkelflaute TES backup fa-
cility. A facility like this would be sufficient for 60 km? of
20% efficient PV at 25% capacity factor (or 4000 km? of
wind farms with 25% capacity factor).

Scaling the local storage approach to resolving the
Dunkelflaute issue at the 15-day reliability level and pro-
jected 2065 global energy budget of 33.5 TW would re-
quire 12 x 10'2 kWh of storage. Assuming 50 $/kWh [61],
the storage part of the system would cost of $600 trillion
(without accounting for the experience curve discount).

Electric grid: energy transition is expected to require
a massive buildup of electric grid in the next 40 years. Esti-
mates range from 80 to 152 million km of distribution lines
[62, 63]—100—-200% of the current total. However, these
estimates do not take into account the diminishing EROI
of fossil fuels and the resultant need to completely transi-
tion to renewable sources. The output of solar, wind and
nuclear generation is nearly completely electric. Hence,
while the existing electric grid distributes about 19% of hu-
manity’s energy budget [17], the post-transition grid may
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have to carry 100%. Furthermore, assuming 1.3% CAGR,
in 40 years the energy consumption itself will grow by 68%,
to 33.5 TW. Compared to the current electricity consump-
tion of 3.6 TW, this reflects 9.3x electric grid capacity in-
crease. This 830% growth is equivalent to 640 million km
of grid (assuming retaining the current per-line load capac-
ity).

Meeting this goal in 40 years would require an av-
erage pace of 16 million km of distribution lines built an-
nually. For reference, 15 million km of transmission lines
were added worldwide between 2013 and 2023 [63], for
1.5 million km annual average. Of the 15 million km total,
12.5 million km was in the emerging markets and devel-
oping economies, primarily China and India. Meantime, in
2023 the US built only 88.5 km of high-voltage transmis-
sion lines—and 405 km of power lines of all kinds [64].
The US grid had an average annual outage time of 8 h
[65]. Power availability appears to be the main determi-
nant in development of energy-intensive industries, from
metallurgy and cement-making to cryptocurrency mining
and data centers,—already severely limiting business de-
velopment options in Virginia, Texas and other states in the
us [66].

The long-range HVDC part of the global grid will con-
nect to local distribution networks. In 2025, the total cross-
border HVDC line length was approximately 12,000 km,
and their total rated capacity just 30 GW [67]. However,
HVDC transmission lines up to 3300 km [68] and under-
sea power cables up to 630 km [69] are already in use. For
reference, the shortest distance between Africa and South
America is 2900 km—potentially completing a global grid
connection.

The world’s longest overland HVDC power line is
rated at 12 GW and is 3300 km long. It was constructed in
3 years for under $6B [68], for $1.8 M/km. Assuming 100%
electrification of the 33.5-TW projected 2065 energy bud-
get, approximately half of that power will be spent on the
night side of the planet. That would require transmitting
16.8 TW of power over distances on the order of 10,000
km: a quarter of Earth’s circumference. This figure is an
upper bound: it does not account for grid path optimiza-
tion. These assumptions yield 16.8 TW x 10,000 km x
$6B/(12 GW x 3300 km) = $25 trillion for the HVDC part
of the global power grid, with total length of over 8 million
kilometers (rather than the .55 million kilometers assumed
in [62]).

Assuming 100% electrification, the distribution net-
works will have to be upgraded to connect 33.5 TW of load
by 2065. Average costs of such upgrades are estimated
at 237.23 $/kW for circuit upgrades and 887.62 $/kW for
substation upgrades, for a total of 1124.85 $/kW [70]. At
33.5 TW total, this yields $38 trillion for the local distribu-
tion grid costs. The estimate is the same for both the global
grid option and the local storage option. Therefore, the up-
per bound estimate for the total cost of the intermittency-
compensated baseload transmission system is $63 trillion
for the global grid option and $638 trillion for the local stor-
age option.
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Neither the global grid nor the local storage sce-
nario above includes generation costs. For 100% coverage
by PV generation at 26% capacity factor, 33.5 TW aver-
age consumption requires 129 TW installed capacity. For
utility-scale solar PV generation at 500 $/kW [71], this will
cost $64 ftrillion. This increase would equally apply to ei-
ther scenario, for the total of $127 trillion for the global grid
and $701 trillion in case of local storage.

Accelerated grid construction will further increase de-
mand for copper, aluminum, steel and insulation plastics.
Scenario-based modeling of grid development suggests
that this increased demand can still be met [72]. However,
even the most ambitious of the scenarios considered in
[72] only anticipates approximately 27.6 TW of renewable
electric generation capacity by 2050. This Net-Zero Emis-
sions by 2050 Scenario still does not cover 100% transi-
tion of all human energy needs to intermittency-mitigated
renewable sources by 2065. Further research is needed to
assess the availability of critical metals for the 2050-2065
grid development period.

There appear to be three marginally realistic scenar-
ios of mainstream baseload energy development beyond
fossil fuels. The first is rapid global deployment of nuclear
breeder technology while developing scalable techniques
for recovering uranium from seawater. The second is the
combination of solar with thermal storage. The third is so-
lar with a global power grid. The second and third ap-
proaches can be combined.

The first, nuclear, scenario appears the least attrac-
tive option of the three. Its scalability depends on politi-
cal climate, while technology maturation, deployment and
safe utilization challenges remain substantial despite many
decades of development.

The second, solar/local TES, option appears easier to
scale up, at least initially. The option to convert coal-firing
power plants into power storage facilities may be useful in
some localities during the transition period. In remote loca-
tions, local storage may continue to be optimal for a longer
term.

The third option, solar/global grid, will likely develop as
a way to reduce the storage requirements and associated
costs. While for a few remote locations the local storage
option may prove a more economical solution than a long,
dedicated HVAC transmission line, in the long run (as the
grid develops) these will almost certainly become rare ex-
ceptions.

The overall investment estimates for the solar-based
scenarios—$127 trillion for the global power grid option
and $701 trillion for local storage—are the upper bounds
for the distribution network including intermittence mitiga-
tion means. The actual values may be driven significantly
lower by market-based solutions.

Of the current global GDP ($107 trillion/yr), about $1
trillion is spent on electricity generation and about $.5 tril-
lion on distribution [73]. The estimated total investment
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needed over the next 40 years is $64 trillion for genera-
tion and $63 trillion (grid option) to $638 trillion (storage
option) for distribution. That corresponds to $1.6 trillion an-
nual investment in generation, 60% increase over the cur-
rent level; and $1.6 trillion to $16 trillion annual investment
in intermittency-mitigated distribution, which is threefold
higher than the current rate for the grid option—and thirty-
fold for the storage option. The overall pace of investment
in energy transition will have to increase two-to-eleven-
fold, depending on the chosen approach. This includes
an approximately tenfold acceleration of constructing local
electrical distribution grids. In the near future, much of this
investment appears likely to be focused on developing sup-
ply chains for critical materials (copper, aluminum, steel,
plastics for insulation and, in case of local storage, suitable
storage materials) and components (cable, switching gear,
transformers etc.). The solar/global grid scenario strongly
favors international cooperation. Developing countries’ de-
velopment, and everybody’s competitiveness in the inter-
national marketplace, will continue to critically depend on
availability, reliability and price of power. The more coop-
erative will likely get a decisive competitive advantage (as
they had throughout human evolution). Energy separatism,
on the other hand, will likely incur steep cost penalty.

As a final note, the issue of energy utilization, or load
upgrades,—especially for the “four pillars of modern civi-
lization: cement, steel, plastics, and ammonia”, as well as
transportation and heat—is beyond the scope of this pa-
per. It will be considered separately.
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CAGR compound annual growth rate

DAC direct air capture, extracting carbon diox-
ide from ambient air

EJ Exajoule, 108 J

EROI  energy return on investment (the ratio of
energy delivered to energy spent to deliver
it)

GDP gross domestic product

GtC Gigaton (10° tons) of carbon

GW Gigawatt, 10° W

GJ Gigajoule, 10° J

IEA International Energy Agency

TW Terawatt, 102 W

The current global energy budget (620 EJ/yr) divided

by the current global population (8.3 billion people) yields
75 GJ/yr per capita energy consumption: 620 x 108
J/yr/8.3 x 10° people = 74.7 x 10° J/yr/person ~ 75 GJ/yr
per capita.

The current global energy budget (620 EJ/yr) divided

by the number of seconds in a year (3.154 x 107) yields
20 TW global average power consumption:

620 x 10" J/yr/3.154 x 107 s/yr = 19.66 x 10'2 J/s

~ 20 TW.
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