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a b s t r a c t 

Energy on our planet is central to the functioning of our ecosystem and modern human society. This work at- 

tempts to put the various renewable and non-renewable energy sources at our disposition into context with extant 

and future human energy consumption. The 79,000 TWyr of solar energy hitting the earth’s surface annually con- 

stitutes the largest readily accessible energetic resource available on earth and the source from which most other 

(notably fossil) available energy sources are derived. Using the lens of reasonably assured recoverable reserves, 

we compare the percentage of this solar energy that can be converted to useable energy (electricity) to the poten- 

tial of other renewable (wind, hydroelectric, geothermal, ocean thermal, waves, tides, biomass) and conventional 

reserves (coal, oil, gas, nuclear) and primary demand. We find that solar photovoltaics are capable of meeting 

100% of extant global primary energy demand more than 12x over, wind 2x over even after reasonable con- 

straints posed by land use and conversion efficiency. Under a fully electrified future scenario, solar power could 

meet global energy demand 27x over, and wind 5x over. 
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ntroduction 

This article is an update on two previous evaluations produced for
he IEA Solar Heating and Cooling Program in 2009 and 2015 respec-
ively [ 1 , 2 ]. 

Fig. 1 recalls the results presented in the latter, 2015, evaluation
hereby the volume of each sphere is proportional to energy reserves
nd consumption. This simple graphical representation directly conveys
he vast potential of the solar resource [3] compared to other renewable
esources [4–12] , fossil energy reserves [ 13 , 14 ] and nuclear reserves
15–22] . 

Applying the same intuitive infographic template as in our pre-
ious publications, this article attempts to provide a more effective
esource comparison context by placing the focus on and quantify-
ng reasonably exploitable reserves within an economic lifecycle time
orizon. We aim at reaching an audience of policy and industry de-
ision makers at all levels by succinctly presenting and contrasting
he potential of energy options available to the planet without the
lter of sometimes incomplete, out-of-context, and often conflicting

nformation. 
Key to this context is the metric selected to quantify the sources of

nergy: their Reasonably Assured Recoverable Reserves (RARs) [23] . The
ARs represent the amount of energy that can be reasonably extracted
t present given current technical and economic conditions. For con-
∗ Corresponding Author 

E-mail address: rperez@albany.edu (R. Perez). 

ttps://doi.org/10.1016/j.seja.2022.100014 

eceived 20 December 2021; Received in revised form 14 March 2022; Accepted 15 

vailable online 16 March 2022 

667-1131/© 2022 The Authors. Published by Elsevier Ltd. This is an open access ar

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
entional finite resources, it is a function of the total resource of a given
nergy source, but also, and more importantly, the percentage of this
esource that has been identified and can be economically extracted
oday – itself depending heavily on the technologies at hand to do
o. 

For renewable resources, we extend the definition of ‘reasonable re-
overable reserves’ to the amount that could reasonably be produced
iven acceptable land occupation and conversion efficiency constraints.
e extend the time frame over which renewables are assessed from a

ne year to a 30-year lifecycle yield, a measure that is more consis-
ent with the long-term reserve numbers used for conventional finite
esources (30 years represent a commonly used cycle for economic as-
essments and planning.) 

All energy reserves and consumption are reported in Terawatt-years
TWyr) – see appendix for conversion to other commonly reported en-
rgy units. Given the 30-year time frame considered for renewables and
onsumption we will refer to TWyr over 30 years as TWyr 30 . 

esults 

Fig. 2 present the new RAR estimates. We discuss each element of
he figure, starting with demand-side consumption, and following with
ll the supply-side finite, and renewable sources. 
March 2022 
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Fig. 1. 2015 estimated finite and renewable planetary energy reserves (Terawatt-years) [2] . Annual yield is shown for the renewable resources [3–12] . Total 

recoverable reserves are shown for the finite resources [13–22] . Yearly potential is shown for the renewables (the volume of each sphere is proportional to the 

corresponding reserve). 
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1 The conversion natural gas volume to natural energetic content depends on 

the quality of the natural and the mix of constituents (e.g., butane, ethane, etc.) 

that vary throughout the world. Here we took a mid-range conversion factor of 

37 MJoules (10.25 kWh) per m 

3 of natural gas. 
orld energy consumption 

The International Energy Agency [24] reports that, after a COVID19-
nduced slump of 4% in 2020, the world’s total final energy consump-
ion (TFEC) has fully recovered and is set to exceed its 2019 peak by
.5%. Depending on the reference, estimates for 2021 global annual
FEC ranges from 18.53 TWyr [ 25 , 26 ] to 20.13 TWyr [27] . The IEA esti-
ates a middle-range value of 19.11 TWyr that we have retained for this

rticle. Projecting expected [business as usual] 40–50% TFEC growth
ver the next 30 years [ 24 , 28 , 29 ], cumulative energy consumption over
he period should amount to 660 TWyr 30 . In Fig. 3 , we plotted the
volution of world primary energy demand spanning our three source
ublications. 

inite sources of energy 

oal energy reserves (1010 TWy) 

The reported coal RARs have evolved from 900 TWyr in 2009, down
o 830 in 2015, back up to the nearly 1,010 TWyr we report in this paper
25] . The sizeable increase from our 2015 estimate is traceable primar-
ly to a large increase in identified reserves in the Asia Pacific region
 + 40%) likely resulting from a better resource characterization parallel-
ng a steady increase in regional demand. The new estimate also includes
0 TWyr worth of peat [30] that was not accounted for in our earlier
ublications. 
2 
etroleum energy reserves (340 TWyr) 

Following a sizeable increase of reported reserves between our 2009
nd 2015 estimates – 250 to 335 TWyr, with much of the gain coming
rom large offshore discoveries in South America – petroleum RARs have
eveled and now stand at 340 TWyr [25] in part thanks to declining spot
rice for the commodity. 

atural gas energy reserves (220 TWyr) 

Natural gas RARs have remained steady, increasing by less than 5%
ince our first evaluation. They currently stand at nearly 190 trillion m 

3 

25] , with an estimated 220 TWyr 1 energy content. 

uclear energy reserves (170 TWyr) 

Uranium RARs have been reassessed downward since our 2015 eval-
ation from 185 TWyr down to 170 TWyr. The chief reason for this is
he resource’s exploitation price point. Indeed, uranium exploitation is
ighly dependent on this price point [15–22] driven itself by antici-
ated global demand. The market price of uranium has been decreasing
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Fig. 2. RARs of renewable and finite energy resources. The area of the circles represents reasonably assured recoverable energy reserves from both finite and 

renewable resources over the next 30 years. These areas can be compared with total demand (earth image) over that same period 

Fig. 3. World Energy Demand growth spanning our 2009, 

2015 and present evaluation, as estimated by the IEA [24] , 

BP [25] and Knoema [27] . 
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teadily through 2019 because world demand for that metal had not
rown as previously expected. This market has since recovered some-
hat ($120/kg as of this writing) but still stands well below the price
oint upon which our previous estimates were based ($250/kg). Here
e set the RARs of uranium, including reasonably assured and inferred

tockpiles, recycled and prognosticated stockpiles, as well as speculative
nd super-speculative (phosphate) reserves at the maximum price-point
eached over the last five years ($180kg). Interestingly, setting the price
oint at last year’s price would have yielded reserves about half of the
alue we report today. 
3 
We explained in our 2015 evaluation that uranium RARs also fun-
amentally depend upon the technology applied to extract them as
ell upon the associated reprocessing cost. The present estimate as-

umes existing fission technology and no reprocessing of spent fu-
ls exploitable by technologies with widespread societal and geopo-
itical acceptance (given the inherent proliferation risk) at compet-
tive market prices. Full recycling and utilization of current stock-
iles at the current price point would amount to uranium RARs ex-
eeding 5,000 TWyr. Also, importantly, our nuclear assessment does
ot include the fusion of hydrogen (with its quasi-infinite resource)
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r  
ince its economic commercial utilization is many years away at
est. 

enewable sources of energy 

olar Energy (8,300 TWyr 30 ) 

An important consideration we apply here to properly quantify re-
ewable reserves is an extension of the term ‘reasonable’ underlying
ARs beyond pure extraction/exploitation economics. This considera-

ion is especially relevant to solar since we have in the past reported the
otal amount of energy impinging annually on the earth’s continents.
f course, whereas it would now be economically reasonable to deploy

olar (PV) over most of the continental surface area [31] , it would be
nreasonable to assume that the entire space would be covered by PV.
n focusing on the energy available, we had also not accounted for the
nergy conversion efficiency at hand. While it is likely to increase in the
uture, we assume here a current state-of-the-art footprint conversion
f sunlight to electricity of 20% 

2 , an assumption we justified and ap-
lied in a recently published article on large scale PV deployment [32] .
etaining the PV deployment assumptions from this article and its as-
ociated land-use web app [33] we assume a reasonable upper limit of
eployment to each land-use category including an implementation of
merging PV deployment strategies such as floating PV [34] and agri-
oltaic [35] . We estimate this upper limit at 6% of the land mass. We did
ot account for any prospective offshore deployment at this time (a to-
al resource twice as large as the continents’), although the practice may
ain acceptability in the future [36] . Note that there are other possible
pproaches to assess deployable solar resource such as the ‘bottom-up’
roject specific practice outlined by UNECE [37] accounting for local-
zed resources and socio-economic conditions. 

From the present assumptions, the 30-year reasonably exploitable
olar reserves amount to 8,300 TWyr 30 , i.e., about 12 times the global
rimary demand over that period. For those interested in exploring other
ontinental or oceanic upper deployment limits as well as PV efficiency
imits, we developed an interactive web app [38] that will modify the
ayout of Fig. 2 accordingly. Notably, the potential of agrivoltaics is
ast as extant agriculture currently covers roughly 38% of continental
urface area [39] . 

The current installed global solar capacity is estimated at 1.25 TW,
ncluding 760 GW solar PV, 6 GW CSP, and 500 GW solar thermal
40] . This translates to an annual energy generation of approximately
.24 TWyr, or about 0.08% of the reasonably exploitable solar potential
n an annual basis 

ind energy (1,500 TWyr 30 ) 

Lu et al [41] . estimated the yearly wind generation potential at 96.7
Wyr per year for locations with economic exploitation level of 20% ca-
acity factor and up. This is fully consistent with our 2015 estimate of
03 TWyr [4] and with a more recent estimate from NREL [42] putting
he total number of exploitable class 3 and up sites at 99.9 TWyr per year
hat we retain for the present evaluation. This includes 64 TWyr of on-
hore wind. This estimate, though economically reasonable, may not be
nvironmentally reasonable in terms of continental footprint. Keeping
ind on par with solar in terms of a reasonably acceptable footprint (6%
f continental mass) we adjusted the onshore wind RARs conservatively
xtrapolating from current wind turbine ground occupancy [43] and op-
rating capacity factors [44] . The offshore portion (36 TWyr) is applied
n its entirety here, noting that similar offshore footprint limitations may
lso be considered in the future. The 30-year exploitable wind RARs thus
2 The bulk of the solar energy resource is assumed here to be used for elec- 

ricity. We recognize that other applications (e.g., active or passive heating) are 

lso possible. 

a  

t  

r  

r  

y

4 
mount to nearly 1,500 TWyr 30 – 2.5 times the world’s primary energy
emand over the period. 

As for solar, it is informative to contrast the wind resource to the
urrently-deployed wind power generation worldwide – 743 GW on-
hore and 35 GW offshore, with an estimated 0.22 TWyr annual power
eneration [40] . This represents 0.2% of the developable potential iden-
ified here. 

eothermal (180 TWyr 30 ) 

in our 2015 evaluation, we placed the exploitable geothermal energy
otential (RARs) at 0.2–3 TWyr per year [9–10] . We noted that this rep-
esented a very small fraction of the total geothermal resource that some
lace at several tens of thousands of TWyr [11] . A recent global evalu-
tion by Aghahosseini & Breyer [45] estimates that the global potential
xploitable with current enhanced geothermal system (EGS) technology
t a competitive price point amounts to 6 TWyr per year or 180 TWyr 30 

ver 30 years – a number we retain for the present evaluation, given
ur interpretation of RARs. The authors state that it may be possible to
ap upward of 100 TWyr per year by 2050 given possible (but not yet
t hand) technology improvements. 

Note that we are focusing here on electricity-generating geothermal
echnologies. The term geothermal often encompass other applications
46] , in particular, ground-source heat pumps that are likely to play
n important part of the planet’s future clean energy mix. However, it
s important to state that their primary energy demand concern, as for
ther (e.g., air-to-air) heat pump systems, will be the electricity needed
o run them more than their ground (or air) heat content input. 

The current geothermal capacity amounts to 15 GW [40] , i.e.,
oughly 0.25% of the potential reported herein. 

TEC (90 TWyr 30 ) 

A recent review by Langer et al [47] . states that the global potential
or Ocean Thermal Energy Conversion (OTEC) is of the order of 30TWyr
er year. However, the authors caution that “OTEC’s economic potential

s unknown as it is still an immature technology with no commercial plant

perating ”. Others place the potential OTEC resource at 12 TWyr per year
48] . While these estimates are commensurate, albeit higher than our
reviously reported 3–11 TWyr per year, they do not represent a realistic

reasonable reserves’ number that can be used to contrast with other
esources given the non-existence of a technology to exploit it. We will
herefore retain the conservative lower previous estimate – 90 TWyr 30 

for the present evaluation, cautioning that the resource may not be
xploitable given the technological unknowns. 

ydropower (90 TWyr 30 ) 

The current installed capacity for hydropower is 1.33 TW, with an es-
imated annual electrical generation of 0.6 TWyr [49] . In our last article
e had reported a potential of 3-4 TWyr per year for hydropower. New

xhaustive evaluations of the world’s hydropower potential indicate a
ignificantly higher potential of 6–8 TWyr per year [ 50 , 51 ]. However,
hese new estimates do stretch the present “reasonable ” definition of
eserves, given the increasingly questionable environmental footprint
f hydro powerplants. Interestingly, we reported that the current hy-
ropower artificial lakes’ footprint in the US could support more than
0 times more solar energy generation via floating PV using the above
0% conversion efficiency [34] . This implies, extrapolating upon the US
esults, that an ultimate 8 TWyr hydro resource would be equivalent to
 solar energy generation potential of 650 TWyr per year, i.e., more than
wice the above ‘reasonable’ solar deployment estimate. For this envi-
onmental ground-occupancy reason, we will maintain the hydropower
easonable reserves at our earlier conservative estimate of 3 TWyr per
ear, or 90 TWyr 30 for the considered 30-year cycle. 
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Fig. 4. Reasonably Assured Reserves of finite resources compared to 30 years’ worth of global energy demand and renewable potential under a full electrification 

scenario (the area of each circle is proportional to the corresponding reserve). 
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iomass (115 TWyr 30 ) 

Our 2015 estimate of 2–6 TWyr per year remains representative of
his source of energy today. More recent studies by Mauser et al [52] .
nd IRENA [53] suggest a slightly reduced range of 3–4.7 TWyr per year,
hereby so-called modern biomass resources [40] are almost equally
ivided between farm wastes & residues (37%) energy crops (33%) and
orestry residues (30%). We hereby retain the median of this range or
.8 TWyr per year. 

Importantly, we must remark that this estimate stretches the defi-
ition of the term ‘reasonable’ applied in this article. To elaborate, we
bserve that in the US, corn energy crops alone occupy enough space
o deploy PV generation amounting to 4.1 TWyr per year. Extrapolating
his number to the entire planet would yield 77 TWyr per year worth of
olar generation, just from the space occupied by energy crops, i.e., 15–
0 times more than the entire potential biomass yield from all sources. 

The REN21 report [40] states that that modern biomass resource ac-
ounted for 5.1% of the TFEC, while traditional [unsustainable] biomass
e.g., direct burning of harvested wood) accounted for another 6.5% of
he FETC in 2019. While the latter is expected to be entirely phased
ut, the existing biomass resource already amounts to more than 50%
f the resource’s developable potential, that is considerably more than
he emerging solar, wind and geothermal resources 

idal energy (9 TWyr 30 ) 

A recent study by Neil et al [54] . reports a substantially higher
.8 TWyr per year tidal potential than we had previously reported
0.3 TWyr per year). However, the study cautions that nearly 80% of
his potential emanates from one location: the Bay of Hudson in remote
orthern Canada, i.e., considerably stretching the ‘reasonable reserve’
ssumption of the present evaluation, notwithstanding the environmen-
5 
al footprint of the technology involving large coastal retaining basins.
ower environmental footprint technologies applying tidal turbines ca-
able of capturing tidal currents have been estimated to have a potential
f less than 0.1 TWyr per year including both tidal and oceanic currents
55] . We will therefore keep our conservative RARs estimate unchanged
or tidal energy. 

Current installed capacity for all types of tidal generation amounts
o 527 MW [40] , i.e., roughly 0.08% of the potential identified here. 

ave energy (6 TWyr 30 ) 

we previously presented a range of 0.2–2 Twyr per year for this en-
rgy source. A review paper by Gunn & Stock Williams [56] reports that
hile the global wave energy potential is 2.1 Twyr per year, only about
.6%, or 0.1 Twyr per year would be exploitable given the existing tech-
ology: Wave Energy Converters (WECS). Here again, we will therefore
eep our previous conservative estimate unchanged. 

The currently installed capacity of wave power generation only
mounts to 2.3 MW [57] . 

iscussion 

This latest evaluation reports reasonably assured recoverable reserves

or both renewable and finite sources of energy that, we believe, are
ore realistic to inform decision-making than the numbers we had pre-

iously published. Whereas for conventional finite resources, the term
reasonable’ can be directly inferred from technology and price-point
onditions, this term requires additional subjective interpretation for
he renewables as it also embeds technological, logistical, and environ-
ental deployment factors. 

Solar remains by far the largest energy source reasonably accessible
o tap for the planet, even after the considerable efficiency and footprint
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esource-to-RARs limitations applied since our last report. Wind, with a
ess drastic reduction applied, remains a very large second, capable of
eeting the world’s demand several times over. 

Finite fossil fuel reserves, quantified on economic grounds only (i.e.,
ot accounting for their environmental impacts) have remained roughly
nchanged since our last evaluation. This is not the case for uranium
eserves that have been reevaluated downward on price point consider-
tions. 

Importantly for all finite resources, fast-growing and increasingly
heaper renewable resources (wind and solar) are becoming influential
t setting energy exploitation price points downward [31] . This can only
mply that the RARs of finite resources are bound to diminish on a pure
business-as-usual’ basis (compounding any likely impact of also includ-
ng the pricing of environmental externalities such as carbon taxes). 

The present evaluation will presumably evolve in the future as new
echnologies come into play, possibly for nuclear – microreactor tech-
ology – if the current nuclear exploitation price point can be reduced,
ut most likely for renewables – solar, in particular, with conversion ef-
ciency improvements and a possible exploitation of offshore solar re-
ources not counted herein. Geothermal as well could witness sizeable
ARs increase if anticipated technology improvements materialize. 

lectrification 

An increasingly important consideration when comparing renew-
bles, nuclear and fossil reserves is the type of energy these sources
eliver in addition to their energy content. Renewables such as wind
nd solar, as well as nuclear are quantified in terms of electrical energy
eserves, whereas fossil reserves are quantified in terms of their primary
nergy from combustion (their embodied energy). Given the electrifica-
ion trends underlying the climate response of the world’s economies
transportation, building sectors, in particular) [58] this distinction is
ecoming increasingly relevant. Indeed, an electric quantity of energy
an be worth nearly three times its primary combustion value equivalent
n terms of end-use application (Internal combustion engines vs. electric
otors for transportation, and combustion vs. heat pumps for building
eating [32] ). In addition, the electric equivalent of fossil fuels’ primary
eserves is limited by power plants’ efficiency (at best state of the art,
5% for coal, and 60% for combined cycle gas and oil [59] ) Fig. 4 . com-
ares the energy sources’ RARs in the extreme case of full electrification.
his leads to a considerable reduction of both fossil energy RARs and
he world’s energy demand that is currently almost 80% non-electric
60] . In this limit case scenario, the solar resource, under current as-
umptions, would supply ∼ 27 times the world’s demand. Ergo, 0.22%
f continental area covered with photovoltaics would be sufficient to
ntirely meet the world’s energy demand. 

onclusion 

This update on our previous evaluations produced for the IEA fully
ubstantiates that the solar resource is the planet’s largest resource by
ar, even after accounting for reasonable deployment restrictions and
resently achievable conversion efficiencies. Together with wind, it is
he only renewable resource presently capable of meeting the world en-
rgy demand with considerable room to grow. We make the case that
he relative size of the solar resource compared to conventional finite
ossil and nuclear reserves can only be enhanced in the future as energy
emand evolves to become more electric and as conversion efficiencies
mprove and new deployment strategies (e.g., ocean-based floating PV)
ake shape. 

eclaration of Competing Interests 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 
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PPENDIX: Energy units conversion table 

1 TWyr = 8.76 × 10 12 kWh 
= 31.54 EJ (exajoules) 
= 29.89 quads (quadrillion BTUs) 
= 753 Mtoes (Millions of tons of oil equivalent) 
= 1076 Mtocs (Millions of tons of coal equivalent) 
= 830 km 

3 of natural gas equivalent 
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