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The net energy implications of the energy transition have so far been
analysed at best at the final energy stage. Here we argue that expanding the

analysis to the useful stage is crucial. We estimate fossil fuels’ useful-stage
energy returns oninvestment (EROIs) over the period 1971-2020, globally
and nationally, and disaggregate EROIs by end use. We find that fossil fuels’
useful-stage EROIs (~3.5:1) are considerably lower than at the final stage
(~-8.5:1), due to low final-to-useful efficiencies. Further, we estimate the
final-stage EROI for which electricity-yielding renewable energy would
deliver the same net useful energy as fossil fuels (EROl equivalent) to be
approximately 4.6:1. The EROIs of electricity-yielding renewable energy
systems, based on published estimations, are found to be higher than the
determined EROI equivalent, even considering the effects of intermittency
under arange of energy transition scenarios. Results suggest that the energy
transition may happenwithout a decline in net useful energy, countering
the view that renewable energy systems cannot replace fossil fuels without
incurring a substantial energy penalty.

Whereas energy is fundamental to human societies, only a fraction of
the produced energy (gross energy) is available for productive and
socially beneficial activities (net energy)'. Indeed, some energy needs
tobe consumed by the energy systemitselfto convert a primary energy
source (for example, crude oil) into afinal energy carrier (for example,
gasoline)’. A common metric to quantify the net energy returns of a
givenenergy systemis the energy return oninvestment (EROI), defined
as theratio of the energy delivered divided by the energy invested in
the considered energy system®. Tackling the climate change emergency
requires aconsiderable changein the structure of energy systems and
toreplacefossil fuels by renewable energy sources. Concerns have been
raised recently regarding the net energy* ® and macroeconomicimpli-
cations of the energy transition’ ", because renewable energy systems
have been traditionally thought to have substantially lower EROIs than

fossil fuel-based energy systems'?. Recent works have shown that such
anunderstanding may be misguided, due toinconsistent comparisons
whereby the primary-stage fossil fuel EROIs (fuels extracted, quantified
at the mine or well mouth) are compared to the final-stage renewable
energy EROIs (energy carrier delivered to the end user).

However, the energy valuable to society is energy at the useful
stage (for example, light, motion, heat)™>'°, that is, energy after conver-
sion in an end-use device (lamp, engine, heater and so on) to deliver
an energy service'”'®, We therefore assert that the energy valuable to
society is the net useful energy and that the net energy implications of
the energy transition should be analysed at the useful stage. Indeed,
final energy-stage analysis overlooks the fact that final energy carriers
(for example, electricity, coal and gasoline) have different charac-
teristics and are used with different final-to-useful efficiencies™".
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Fig.1| Energy stages and analysis boundaries. Diagram of the primary, final

and useful energy stages and boundaries used for the final- and useful-stage

EROI calculationsin this study. The primary stage is sometimes referred to as the
point of extraction, or mine mouth (relevant for fossil fuels), and the final stage
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as the point of use. The useful stage may be regarded as the consumption stage,
to the extent that this stage captures the efficiency with which the final energy is
consumed and contributes to the delivery of an energy service.

Therefore, two energy systems with the same final-stage EROI may
deliver very different amounts of net useful energy. Thus, we expand
previous work™ to estimate the useful-stage EROIs of fossil fuels for dif-
ferentend uses (1971-2020), both globally and nationally (153 regions).
Suchestimates allow us to assess, for different end uses, the final-stage
EROI for which electricity-yielding renewable energy systems would
deliver the same amount of net useful energy as fossil fuels (that is,
the final-stage EROI equivalent). When expanding the analysis to the
useful stage, we find that fossil fuel EROIs considerably drop, from an
average of 8.5:1 (final stage) to 3.5:1 (useful stage) at the global level in
2020. Additionally, results show that reaching an EROI ratio of 4.6:1
(the denominator 1is implicit in the rest of this article) would be suf-
ficient for electricity-yielding renewable energy systems to deliver the
same amount of net useful energy as fossil fuels. Comparing this EROI
equivalent value tothe EROIs reportedintheliterature indicates that at
the useful stage, electricity-yielding renewable energy systems present
onaverage higher netenergy returns than traditional fossil fuel-based
systems, even considering the effects of intermittency. Such findings
contradict the conventional narrative, according to which the energy
transition willimply adecreasein the net energy available, and suggest
instead that renewable energy systems may deliver sufficient net useful
energy to provide decent living standards for all.

Analytical approach

There are three relevant energy conversion stages. First, the primary
energy stage refers to energy as extracted from the environment (for
example, crude oil). Second, the final energy stage refers to energy
carriersdelivered to the end user for consumption (for example, gaso-
line or electricity). Third, the useful stage refers to the energy actually
available to the end user to deliver an energy service after conversion
in an end-use device (for example, the motion of a car)'®%°, Analysis
at the useful stage is gaining importance due to the energy transition
(for example, ref. 21), as the effects of electrification and of the shift
towards renewable energy on efficiency may be considerable. Figure 1
showsthe three energy stages and the boundaries used for the final-and
useful-stage EROI calculations (equations (1) and (2)).

The first part of this work builds on previous work by Brockway
et al., which estimated global final-stage EROIs for fossil fuels using
data from the International Energy Agency (IEA) Extended World
Energy Balances (EWEB) and from the Exiobase Multi-Regional Input

Output model*. We expand this work in two main directions. First,
by using a recently developed Multi-Regional Physical Supply Use
Table (MR-PSUT) framework*?** and applying it to the IEA’s EWEB,
we are able to determine fossil fuel final-stage EROIs over the time
period 1971-2020 for a wide range of energy products, at the global
and national levels. Second, using arecently developed country-level
primary-final-useful energy and exergy database” enables us to deter-
mine the average final-to-useful efficiencies for each energy product,
bothatthe economy-wide and end-use (for example, low-temperature
heating, mechanical drive and so on) levels. Then, we are able to deter-
mine fossil fuel useful-stage EROIs for each end use. We define the
final-stage EROIl as:

EROI; = I.Emal energy' output , M
Final energy invested
and the useful-stage EROI as:
EROI, = U'seful energ'y output’ @
Final energy invested
which can therefore be expressed as:
EROI, = gEROI, 3)

where npis the average final-to-useful efficiency with which a given
energy product is used, either economy-wide or for a particular end
use. A few clarifications on the calculated EROIs are noteworthy: (1)
the energy output (numerator) is expressed in gross energy terms
and henceincludes the output that would need to be reinvestedin the
energy sector (gross EROI'**), (2) losses in transportation and distribu-
tionare modelled as decreasing the final energy output (Methods) and
(3) energy investments include energy self consumption when reported
inthe EWEB, such as gasoline producedin arefinery and used in situ by
therefinery, as opposed to external measures of energy returns, which
subtract self consumption from the energy output®.

In this work, EROIs are calculated including both direct energy
requirements (energy use in situ by the fossil fuel industry) and indi-
rectenergy requirements (energy use in the fossil fuelindustry supply
chain). Direct energy requirements are calculated using the MR-PSUT
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Fig.2|Fossil fuel EROI values. a, Final- and useful-stage average EROI by fossil
fuel group at the global level. b, Useful-stage EROI by end-use category by fossil
fuel group at the global level. Calculations consist of a weighted average of fossil

fuels used as fuels, electricity and heat. This explains the non-null value for coal
products used in road propulsion, which represents coal products used in the
form of electricity for road propulsion (that s, in electric vehicles).

appliedtothelEA’s2022 EWEB for the period 1971-2020, and indirect
energy requirements are calculated using a hypothetical extraction
method”*®in combination with Exiobase?*. Energy requirements due
to fossil fuel industry capital investments (for example, equipment,
buildings, infrastructure) are not quantified in this analysis as the gross
capital formation final demand vector is not available by industry of
consumptionin Exiobase. The fossil fuel EROI values we find are there-
forean upperbound excluding capitalinvestments, making our results
conservative. As we use yearly energy flows (annual-flow framework)
instead of energy flows over the lifetime of an installation, estimated
EROIs may be considered a power return on investment®,

Inthe second part of this work, we determine the final-stage EROI
equivalent for which electricity-yielding (implicit in the rest of this
article) renewable energy systems (hydropower, wind power, solar
photovoltaics and concentrated solar power) would deliver the same
amount of net useful energy as fossil fuels. The variation in the net
useful energy available Ae, resulting from investing one unit of final
energyinarenewable energy technology instead of in fossil fuel energy
can be expressed as:

“)

Aeu = €y,re — Cuff>
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wheree, .ande, ;refer, respectively, to the net useful energy obtained
when investing one unit of final energy in the renewable energy tech-
nology and fossil fuel considered. Using equation (2), one can express
the net useful energy output for one unit of final energy invested for
any energy system as:

e, = EROlu — €uy,invested

= EROI; — nes€rinvested 5
= EROI, — 7cs,

where €, inesea Stands for the useful energy invested, €y esieq fOr the
final energy invested (and is equal to unity) and . for the average
final-to-useful efficiency with which final energy is used by the energy
system. Then, if we assume that renewable energy technologies need
to be ultimately sustained using energy from renewable energy tech-
nologies themselves, e, .. can be expressed as:

Cure = EROlu,re — Nelec
(6)
= EROlf,re’Zelec — Nelec»

where EROI; . and EROI,, ., refer to the final- and useful-stage EROI
ofrenewable energy technologies, respectively, and 7. to the aver-
age final-to-useful efficiency of using electricity. Next, e, can be
expressed as:

ey ff = EROly ¢ — ngr, (7)

where n refers to the average final-to-useful efficiency of using fossil
fuel-based carriers. (The alternative assumption that renewable energy
technologies are manufactured with fossil fuels and the methodol-
ogy used to determine ... and nican be found in Methods.) Then, we
determine the final-stage EROl equivalent EROI;, for whichrenewable
energy systems would deliver the same amount of net useful energy
as fossil fuels (that is, null Ae,), as:

EROIl, ¢ — nge +
EROl;eq = u,ffn I’Iff ’Ielec. )
elec

We also estimate the equivalent EROIs by end-use category (Methods
show the adaptation by end-use category of equation (8)). Then we
compare the EROI equivalent values obtained with the EROI values
reported in a recent literature review and harmonization® for wind
power and solar photovoltaics (PV), which are expected to be the
prominent future renewable energy technologies®*. (Supplementary
Information Section 4 explains the methodology ensuring consistency
of the comparison.) Last, we adjust the comparison for the effects of
intermittency by considering the storage requirements and forecasted
curtailment (voluntary reduction of renewable energy production
in times of excess supply) for a range of energy transition scenarios
covering the European Union**, France®, the United Kingdom® and
the United States® (Methods).

Some caveats should be noted regarding this comparison. First,
the calculations conducted here use an annual-flow framework,
whereas the literature-sourced EROIs use a process-based frame-
work (life-cycle analysis approach). However, the fact that the energy
requirements of capital investments in the fossil fuel industry are
excluded from our analysis mitigates that caveat. Indeed, the use of an
annual-flow framework may distort the results when the energy require-
ments of capital investments are accounted for (particularly in the
caseof anindustry thatis notinasteady state, for which industry-scale
energy flows will account for the industry growth or decline®®). Sec-
ond, the literature-sourced EROIs, which use process-based analysis,
may yield underestimated energy requirements due to truncation
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Fig.3|Final energy requirements breakdown. Average (1995-2015) breakdown
of final energy requirements in terms of direct (energy use in situ) and indirect
energy (energy use by the supply chain) requirements by fossil fuel group, at the
global level.

errors®*, Further studies on renewable energy systems adopting a
hybrid life-cycle analysis (LCA) would be needed to conduct a more
consistent comparison; Gamarra et al.*’ finds, for instance, an increase
between 13% and 33% in energy use when moving from a standard to
ahybrid LCA.

Throughout the main paper, the EROIs we estimate consist of a
weighted average of all fossil usage, whether used as fuels, electricity
or heat. Results considering only fossil fuels used as fuels (for example,
gasoline, gas) are shown in Extended Data.

Fossil fuels’ useful-stage EROI

Figure 2 shows the final-and useful-stage EROIs obtained at the global
level for fossil fuels over time, both economy-wide (Fig. 2a) and by
end-use category at the useful stage (Fig. 2b). (Extended Data Fig. 1
shows the equivalent graph considering only fossil fuels used as fuels).
A few findings can be drawn from this figure. First, Fig. 2a shows that
thereisaconsiderable dropinfossil fuel EROIs when moving from the
final to the useful stage, whichis due to the low average final-to-useful
efficiencies with which fossil fuels are used insociety. Indeed, the aver-
age fossil fuel mix declines from approximately 8.5 at the final stage to
approximately 3.5 at the useful stage in 2020, although the decline is
much more moderatein the case of fossil gas (from 10.7 at the final stage
to9.5atthe useful stage). Supplementary Fig.1shows the useful-stage
EROIs obtained for a selection of countries.

Second, and asaconsequence, the useful-stage EROIs of fossil fuels
are much lower than the final-stage EROIs reported in the literature.
Indeed, we find an average global value in 2020 of approximately 3.5
for the average fossil fuel mix, 9.5 for fossil gas, 7.2 for coal products,
3.0 for oil and gas products and 2.0 for oil products. Further, Fig. 3
shows that the energy requirements are primarily due to direct energy
requirements (energy useinsitu), withindirect energy (energy use by
the supply chain) accounting for a share ranging from 18% (oil prod-
ucts) to 33% (fossil gas) of energy requirements.

Third, whereas final-stage EROIs have moderately decreased over
time (approximately from 9.6 in1971t0 8.5in 2020), useful-stage EROIs
may have slightly increased for the average fossil fuel mix (from 2.9
from 3.5), coal products (from 5.3 to 7.2) and oil products (from 1.96
t02.04). Only for fossil gas can one observe a clear decrease in useful-
stage EROIs over time (from 14.3 to 9.5). These trends are due to the
effect of increasing final-to-useful efficiencies offsetting the decrease
in final-stage EROIs. Such findings contradict the view according to
which fossil fuels have high, although rapidly decreasing, net energy
returns, which may be derived from a primary energy stage analysis
(forexample, refs. 41-44).

Last, Fig. 2b shows that the useful-stage EROIs differ considerably
across end-use categories. Energy returns are particularly high for
heating end uses (particularly, low- and medium-temperature heat-
ing;14.1and 8.0in 2020, respectively) and much lower for mechanical
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Fig. 4 |Renewable energy EROI equivalent. a,b, Final-stage EROIl equivalent
calculated for 2020 (that is, the value above which renewable energy systems
would deliver more net useful energy than fossil fuels) at the global level
alongside literature-sourced EROIls (from ref. 31) of solar photovoltaics (PV)
and wind power economy-wide (a) and by end-use category (b). Dark shades

correspond to the EROl equivalent when indirect energy requirements are
included in fossil fuels’ EROI calculations. Light shades correspond to the EROI
equivalent when indirect energy requirements are excluded. Calculations consist
of aweighted average of fossil fuels used as fuels, electricity and heat.

end uses, such as road propulsion and mechanical work (1.6 and 2.8 in
2020, respectively). The difference in EROIs between end uses is due
to (1) higher average final-to-useful efficiencies for heating end uses
than for mechanical end uses and (2) a very different fossil fuel mix
across end uses, with high EROI fossil gas accounting for amuch higher
share of fossil fuel use in heating end uses thanin mechanical end uses.
Conversely, low-EROI oil products account for a very high share of
fossil fuel use in mechanical uses (particularly, road transportation).

Implications for renewable energy systems
Figure 4 shows the final-stage EROl equivalent values for which renew-
able energy systems would deliver more net useful energy than fossil
fuelsin 2020, alongside the literature-sourced EROIs of solar (PV) and
wind power. (Extended Data Fig. 2 shows the equivalent figure consid-
ering only fossil fuels used as fuels.)

Whenincludingindirect energy requirements, Fig. 4a shows that
the EROI equivalent is as low as 4.6 for the average fossil fuel mix,
9.0 for coal products, 10.6 for fossil gas, 4.0 for oil and gas products
and 3.1 for oil products. Figure 4b shows that the EROI equivalent is
very dependent on the end use considered, much higher for heating

end uses (as high as 14.3 and 10.7 for low- and medium-temperature
heating, respectively) than for mechanical end uses (as low as 4.7
and 2.4 for mechanical work and road transportation, respectively).
Extended Data Fig. 3 shows that only a minor variation occurs in the
EROI equivalent values when changing the origin of manufacturing
energy assumption (Methods), and Extended Data Fig. 4 shows the
evolutionof the EROl equivalent values over time. Figure 4a also shows
that the literature-sourced EROIs of renewable energy technologies
are,inmost cases, higher than the economy-wide EROl equivalent. For
the average fossil fuel mix, oil and gas products and oil products, even
the lowest literature-sourced EROI for both wind power and solar PV
is higher than the EROI equivalent. For coal products and fossil fuels,
over half of the solar PV literature-sourced EROIs are higher than the
EROIl equivalent, and all the wind power literature-sourced EROIs are
higher thanthe EROl equivalent (inboth cases, whenindirect energy is
includedinthe determination of the EROl equivalent). Supplementary
Fig. 2 shows that the main result remains valid when comparing the
estimated EROI equivalent with the EROI estimation for solar PV and
wind power by de Castro and Capellan-Pérez*. These findings suggest
that on average, renewable energy systems currently deliver more
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Fig. 5| National-level EROI equivalent for the average fossil fuel mix. National-
level final-stage renewable energy EROI equivalent (average 2000-2020) to the
average fossil fuel mix (y axis) alongside the share of final energy consumption
from fossil fuel origin in 2020 (x axis). The solid line represents the lowest of the
literature-sourced EROIs (from ref. 31) for solar photovoltaics (PV) (the value for
wind power (12) is outside the scale of the graph). Median values for solar PV and
wind power stand at 11.4 and 23.6, respectively, and are outside the scale of the

graph. The size of the dots are a function of the share of each country’s global
fossil fuel consumption. Calculations consist of a weighted average of fossil fuels
used as fuels, electricity and heat. Republic of Congo, Uzbekistan and North
Koreaare outliers and outside the scale of the graph. EU27, European Union

(27 members, excluding UK); OECD, Other members of the Organisation for
Economic Co-operationand Development.

net useful energy per unit of final energy invested than fossil fuels.
Figure 4b shows, however, that the results are highly dependent on the
end use considered, with the EROl equivalent reaching high values for
heating end uses (particularly for low-temperature heating).

Next, Fig. 5shows the average final-stage EROl equivalentin each
country alongside the country’s share of fossil fuel use in final energy
consumption. In addition, the lowest value of literature-sourced
EROIs is shown as solid line for solar PV (the value is 12 for wind power
and outside the scale of the graph). The figure shows that the lowest
literature-sourced EROI for solar PV and wind power are higher than
the EROI equivalent values calculated for almost all countries. There-
fore, renewable energy can be expected to return more net useful
energy than fossil fuels in almost all countries (with the caveat that
the final-stage EROIs of renewable energy are not determined for each
country but taken from the existing literature). Extended Data Fig. 5
shows with the equivalent graph broken down by fossil fuel group that
this situation is mostly due to the low EROI equivalent values for oil
products—the values are higher for coal products and fossil gas.

Whether the energy requirements of dealing with intermittency
should be included in EROI calculations has been heavily discussed** 5.
Such energy requirements are a feature of the broader energy system
and cannotbe ascribed to asingle technology**® and have so far been
excludedintermittency from the analysis. However, we recognize that
the implications of intermittency may be substantial, and therefore,
we quantify these effects using arange of published energy transition
scenarios covering the European Union**, France®, the United King-
dom? and the United States” (two scenarios by region). To do so, we
estimate the curtailment and storage fractionsimplied by each energy
transition scenario, which stand for the fraction of renewable energy
output (from solar PV and wind power) that needs to be curtailed and
stored, respectively. Table 1 shows the curtailment and storage frac-
tions obtained for each scenario. The approach taken is conservative
as we ascribe storage requirements exclusively to renewable energy
technologies (Methods).

Figure 6 shows that for all the energy transition scenarios con-
sidered, the results are robust to the consideration of the effects of
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Table 1| Curtailment and storage fractions obtained for
each energy transition scenario analysed

Region Scenario Curtailment (%) Storage (%)
European Union Distributed energy 3 147
European Union Global ambition 3 9.9

France MO-reference 3.1 8.6

France M23-reference 11 6.7

United Kingdom Leading the way 01 30.0
United Kingdom System transformation 2.4 18.8

United States Mid case 70 16.6

United States High demand 14.2 24.8

The curtailment fractions for EU scenarios are assumptions, as no data were available.

intermittency, which are moderate. Indeed, the intermittency-adjusted
literature-sourced EROIs remain higher than the EROl equivalent above
which renewable energy systems return more net useful energy than
the average fossil fuel mix. Thisis, however, not the case whenlooking
specifically at fossil gas and coal products, particularly for solar PV

(the EROIs of wind power remain higher than the EROl equivalent val-
uesinmost cases and scenarios). The renewable energy EROIs decline
particularly in the case of the US ‘High Demand’ scenario®, which pre-
sents a storage and curtailment fraction of 24% and 14%, respectively.
This scenario, which combines a high increase in electricity demand
with a 95% decarbonization of the power sector and no deployment
of emergent technologies, stands however on the high end of storage
and curtailment requirements, as shown in Supplementary Fig. 3 and
Supplementary Table 4).

Overall, the findings obtained contradict the view that the energy
transition willimply a decrease in the net energy available to society.

Further considerations

A few caveats and limitations are worth mentioning. First, the energy
transition may entail adifferent composition of end-use devices than the
oneswe assumed. Forinstance, a quick uptake of heat pumps may sub-
stantially increase the average final-to-useful efficiency of electricity.
As an example, Extended Data Fig. 6 shows how the final-stage EROI
equivalent of renewable energy systems decreases to a value of 2.2
under the assumption that heat pumps will replace low and medium-
temperature (up to 100° C) heating processes (except cooking).
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However, thereis atrade-off betweenincreased efficiency and energy
investments, as switching to more efficient end-use devices and electri-
fying end uses may entail additional (up-front) energy requirements.
Analysing potential synergies between the transition to a renewable
energy system and the uptake of more efficient end-use devices is
essential to fully capture the net useful energy implications of the
energy transition.

Second, the present analysis is static and does not take into con-
sideration the dynamic effects of the energy transition. Renewable
energy systems require much larger up-front energy investments
than traditional fossil fuel systems (for which the operational energy
requirements are much higher). Dynamic effects may therefore result
inasituationinwhichthe netuseful energy available to society tempo-
rarily drops as energy investmentsin the energy system take place and
thenrecover once the majority of investments are done**. Hence, this
study only provides insights on the net useful energy implications of
the energy transition in the long term, once the up-front investments
have been made. For example, the literature-sourced EROI values we
use suggest energy payback times in the range 0.7-3.1and 0.9-1.9
years for solar PV and wind power, respectively. However, we note that
the results of our study suggest that the energy payback time may be
lower when quantified at the useful stage (Methods). Extended Data
Fig.7 shows that at the useful stage, the energy payback time decreases
substantially (by 23%) when substituting the average fossil fuel mix.

Third, the future evolution of the EROl of renewable energy tech-
nologies will be crucial. Whereas some studies have argued that their
energy returns are likely to decrease over time as the best locations
are used first**°, technological factors canalso play animportant role
in offsetting such effects’. For instance, the capacity factors of wind
turbines and efficiencies of solar modules have substantially increased
inrecentyears®*. A consideration of these effects is crucial for further
work that attempts to dynamically assess the net energy implications
of'the energy transition.

Conclusion

This work has shown that the EROI of fossil fuels drops considerably
when moving from a final stage (approximately 8.5) to a useful stage
analysis (approximately 3.5). The low overall EROI value at the useful
stage, however, hides large differences across fossil fuel groups and
end uses, with average useful stage energy returns being much higher
for heating compared with mechanical end uses. In addition, we find
that fossil fuel useful-stage energy returns have remained fairly con-
stant on average over time (except for fossil gas) and may even have
slightly increased. Such findings contradict the conventional narrative
according to which fossil fuels present very high, although rapidly
decreasing, energy returns.

Next, we find that the EROl equivalent value for which electricity-
yielding renewable energy systems deliver the same net useful energy as
fossil fuelsis aslow as 4.6, due to the substantially higher final-to-useful
efficiency of electricity compared to those of fossil fuel-based energy
carriers. This value is, however, highly variable across the fossil fuels
and end uses considered. We also find that most literature-sourced
EROI values for electricity-yielding renewable energy technologies
are higher than the EROI equivalent we have calculated, even when
adjusting the values for the implications of intermittency using awide
range of energy transition scenarios. This result suggests that renew-
able energy may deliver more net useful energy than their fossil fuel
counterparts for the same amount of final energy invested.

Our study hasimportantimplications. First, most energy-economy
models thatadopt anet energy perspective may find overly pessimistic
implications of the energy transition by overlooking the effects of the
differencein final-to-useful efficiencies across energy carriers, which
strongly favour the energy returns of electricity-yielding renewable
energy technologies. In some cases, primary-stage EROI values for
fossil fuels are even mixed with final-stage values for renewable energy.

Conducting the analysis at the useful energy stage appears crucial to
understand fully the net energy and economic and social implications
of the energy transition.

Second, our results suggest that renewable energy systems have
high enough energy returns to allow the energy transition to happen
without a long-term decrease in the net useful energy delivered to
society, even accounting for the implications of intermittency. Further
work conducting a dynamic analysis would be needed to assess the
short-termimplications of the energy transition. Considered alongside
recentliterature on the energy requirements of providing decent living
standards®* %, these findings suggest that renewable energy systems
can provide sufficient net useful energy to allow everyone to have
decent living standards. However, identifying ambitious mitigation
pathways ensuring a quick phase-out of fossil fuels while meeting
decent living standards for all remains an urgent challenge.

Methods

Calculation of fossil fuels’ final-stage EROIs

Fromthe International Energy Agency’s (IEA) Extended World Energy
Balances (EWEB), we construct a Physical Supply Use Table (PSUT)
framework?* (for calculations at the global level) and a Multi-Regional
Physical Supply Use Table (MR-PSUT) framework?* (for calculations at
theregionallevel). Such frameworks represent the Energy Conversion
Chainin terms of physical energy flows, from the primary extraction
of energy resources to the delivery of final energy carriers to end-use
sectors. The set of basic matrices that constitute these frameworks
are the resource matrix R, which represents the primary extraction
of energy, the use matrix U, which represents the use of energy prod-
ucts by each energy industry, the supply matrix V, which represents
the supply of energy products by each energy industry, and the final
demand matrix Y, which represents the final demand of energy carri-
ersby end-use sector (for example, road, ironand steeland soon). The
vectors of total output by industry g and of total output by product q
stemdirectly from this set of matrices and are defined, respectively, as
the sum acrossindustries of the Vmatrix and of the sum across energy
products of the R and V matrices. Previous work by Heun et al.”> and
Aramendia et al.* provides further clarification on the PSUT structure
and on subsequent calculations.

Then, input-output matrices are specified following the indus-
try technology assumption, which is the most appropriate for
describing the energy industry, due to numerous cases of joint and
by-production®. Particularly, we define the set of matrices shown in
Table 2.

Thenextstepistodetermine the vector of final energy intensities
by energy industry, that is, the consumption of final energy required
for each energyindustry to deliver one unit of energy output. Todo so,
we splitthe use matrix Uinits feedstock component Ug., (representing
energy products used for transformation processes by industry) and
its energy self-consumption component U, (representing energy
products used for energy purposes by the energy industry).

Then, we determine the vector of final energy consumption by
unit of energy output (each coefficient standing for a given energy
industry), as:

€eiou = E_I(U:ioui)) )
where the hat notation refers to a diagonalized vector, for example,
a matrix with coefficients in the diagonal equal to the vector’s coef-
ficients and coefficients outside the diagonal equal to zero, and where
irefers to a column vector filled with ones. Next, we determine the
vector of final energy requirements for the production of one unit of
each energy product as:

-1
m'=el DI-A)", (10)
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Table 2 | Input-output matrices definition and coefficients
meaning

Matrix Matrix name Matrix coefficients meaning

definition

7= Ug—l Direct requirement matrix  Coefficient (k, ) represents the

(product-by-industry) needed input of product k to produce

one unit of output of industry L.

D =Vq! Market shares matrix Coefficient (k, [) represents the share
of product [ by industry k in total
supply of product L.

A=17D Direct requirement matrix  Coefficient (k, [) represents the

(product-by-product) directly (excluding supply chain)
needed input of product k to

produce one unit of product [.

Matrices’ names, definitions and equations are taken from Aramendia et al.*.

where T stands for the transpose of a vector or matrix. Then the EROI
foreach energy productis simply calculated asthe inverse of the coef-
ficientcorrespondingto the given productin the vector m. These calcu-
lations are conducted alike both when using the global PSUT framework
(single world region) and the MR-PSUT framework, yielding in the first
case the global final-stage EROIs by energy product and in the second
case the final-stage EROIs for the manufacture of agiven productina
given country (in the multi-regional framework, the names of energy
products are specified according to the region of production). Next,
we aggregate these EROIs to determine average values for five fossil
fuel groups (average fossil fuel mix, coal products, oil products, fossil
gas and oil and gas products) using the shares of use of each energy
productwithin each fossil fuel group, which we calculate directly from
the IEA’'s EWEB for both the global and national levels.

Itis worth noting that for all these calculations, we are limited by
theaccuracy of the IEA’s EWEB, which are compiled using national-level
data and may include second-order or derived statistics. A caution
note regarding the EROIs determined for oil and fossil gas is that the
IEA does not report distinctly the energy requirements of processing
gas, which are instead reported in ‘Oil and gas extraction’. Hence, we
arenotableto ascribe these energy requirements exclusively to fossil
gas, and they are instead evenly split between oil and gas. This makes
potentially the EROIl of oil somewhat underestimated and the one of fos-
silgasslightly overestimated but does not affect the EROl determined
for oil and gas as a category.

In practical terms, the PSUT framework is constructed using the
IEATools®® and ECCTools® R packages, input-output calculations
(including product-level EROI calculations) are conducted using the
Recca®’ R package and the aggregation of EROIs by fossil fuel group is
conducted using the EROITools®* R package.

Accounting for losses and energy self consumption

Toaccount for transportationand distribution losses as afactor reduc-
ing the final energy output (equation (1)), we model losses as an addi-
tionalindustry. More specifically, for each energy product p, we create
a‘losses’industry that represents thelosses of product preportedinthe
IEA'sEWEB. Forinstance, in the case of electricity, a ‘Losses (of Electric-
ity) industry is added, that takes as input ‘Electricity (before Losses)’
and produces ‘Electricity (after Losses)’. We then apply equation (10)
tothe product ‘Electricity (after Losses)’.

The IEA’s EWEB does not differentiate between final energy
purchased by the energy sector and energy self consumption by the
energy sector (for instance, refineries traditionally use a portion of
their output insitu for their own needs®) inits Energy Industry Own Use
(EIOU) flows. Hence, both final energy purchased and final energy self
consumption (when reported in the IEA’s EWEB) are included as final
energy investments in our EROI calculations. We note that there is no
agreement on how self-consumption energy flows should be accounted
forin net energy analysis.

Including energy self consumption as energy investments (inter-
nal measure of energy returns), as we do (following recent works®>*°),
may yield a ‘more comprehensive measure of the total energy return
from a production pathway’?®. Conversely, excluding energy self
consumption from energy investments (external measure of energy
returns) may yield a measure more representative of the potential of
the energy systemtoincrease the net energy supply to society**°. Some
authorsargue that energy self consumption should be excluded from
energy investments, as it represents energy that would not have been
available to humanity anyway if the energy system considered was
notoperating®. On the other side, excluding energy self consumption
from energy investments may yield extremely high values of EROl in
the case of highly self-sufficient systems®®, overlooking their energy
requirements. We note that both options comply to a well-established
frameworkin net energy analysis aslong as the assumptions are made
clear and transparent>?,

Calculation of useful-stage EROIs

After the seminal work of Ecclesia et al. for the whole Portuguese
energy system®, our work attempts the first estimation of fossil fuels
useful-stage EROIs, disaggregating by fossil fuel group and end use,
both at the global and national levels. We do so using a recently devel-
oped country-level primary-final-useful energy and exergy data-
base”. To obtain the useful-stage EROl values, we determine both the
economy-wide and end-use specific average final-to-useful efficiencies
of each energy product, globally and by country. The country-level
primary-final-useful database is structured as a list of national PSUT
matrices in which end-use conversion devices (cars, heaters and so
on) are considered industries (alongside conventional primary energy
extraction and energy processing industries) and final demand sec-
tors consume useful energy products (for example, high temperature
heating, mechanical drive and so on) instead of final energy products
(for example, gasoline, electricity and so on). We note that the PSUT
matrices used in this section stand for those of the country-level pri-
mary-final-useful database and therefore differ from those used in
the section ‘Calculation of fossil fuels final-stage EROIs’, which are built
fromthe I[EA's EWEB. The present section describes the determination
of average final-to-useful efficiencies for each energy productineach
country and of their global average, both economy-wide and by end
use. (The method for conducting final demand sector specific calcula-
tionsis described in Supplementary Section 6, alongside an example
inSupplementary Fig. 9).

Economy-wide useful-stage EROIls. To determine the average
final-to-useful efficiencies for each energy productin each country,
we first introduce the amended national U, V and Y matrices, which
correspondrespectively to the Uand V matrices from which only the
end-use conversion devices have been kept asindustries (so, anindus-
try refers to an end-use device in what follows) and to the Y matrix
fromwhich only final demand for useful energy products are kept (so
it excludes, for instance, exports of final energy products). (Energy
products used for non-energy uses are also excluded for the definition
of U, Vand Y.) The q' vector stands for the amended q vector calcu-
lated from the Uand Y matrices and the g’ vector for the amended g
vector calculated from the V matrix. We also introduce the vector of
total input by industry f calculated from the U matrix by summing
inputs across industries. Then we define the use shares matrix b as:

p’=0'q" an

where each coefficient d; / stands for the share of product [ used as
input to industry k. We also introduce the vector containing the

final-to-useful efficiencies of each end-use conversion device n:

(12)
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Next, the national average final-to-useful efficiency for each energy
product p canbe determined, as:

~k
_ Z:ieﬂ di,pni
h=—"—="

Zieﬂ di,p

where 7 stands for the subset of industries corresponding to end-use
conversion devices. To determine the global average final-to-useful
efficiency for each product, we compute the shares of use of each
energy product by country using the IEA’s EWEB and use these shares
to calculate the weighted average final-to-useful efficiency at the global
level. Then applying equation (3) using the final-stage EROIs previously
calculated (inverse of equation (10)) and the average final-to-useful
efficiencies yields the useful-stage EROI for each energy product, in
each country and at the global level.

End-use specific useful-stage EROIs. The end-use specific national
average final-to-useful efficiency for each energy product p in each
end-use cis similarly determined from the matrix b* and the vector n:

~k
_ Eiee di,pni
Mpe=—" =

Ziee diyp

(14)

where ¢stands for the subset of end-use conversion devices that deliver
the specific end-use c. To determine the end-use-specific global average
final-to-useful efficiency, we determine the share of use of each product
by country within a given end-use ¢, using the U matrices. Applying
equation (3) using the end-use specific final-to-useful efficiency then
yields the end-use-specific useful-stage EROI for each energy product,
ineach country and at the global level.

Like for the final stage, the calculated useful-stage EROIs are then
aggregated by fossil fuel group using the shares of use of each energy
product within each fossil fuel group and within each end use for
end-use specific calculations (these are calculated directly from the
country-level primary-final-useful database).

Addition of indirect final energy requirements to EROIs

We determine the indirect final energy required for the production
(including primary extraction and downstream transformation and
refining) of fossil fuels using a hypothetical extraction method**
adapted from previous EROI studies™’® in combination with the
Exiobase Multi-Regional Input Output model**”. Indirect energy
requirements are calculated for the period 1995-2015 (time coverage
ofthe Exiobase model) and thereafter extrapolated for the remaining
years using the average ratio of indirect energy requirements to final
energy output over the period, which is found to be relatively stable
(Supplementary Fig. 6).

Calculations are conducted at the global level only, for each fossil
fuel group (all fossil fuels, coal products, fossil gas, oil products, and
oiland gas products). Note that theindirect final energy requirements
associated with fossil fuelindustries’ capitalinvestments have not been
quantified. Thereasonis that the capital investment vector (part of the
final demand matrix) in the Exiobase model is not disaggregated by
investing industry (that is, the industry where the gross fixed capital
formation occurs), which hinders the quantification of indirect energy
associated with capital investments. Supplementary Section 3 presents
the details of the methodology used to determine theindirect energy
requirements.

Then, we normalize the indirect final energy requirements
obtained from input-output calculations by unit of final energy
produced for each fossil fuel group. We determine the final energy
output by fossil fuel group using the IEA’s EWEB, processed with the
IEATooIs®® and ECCTools® R packages by adding all fossil fuel final

energy consumption flows, including electricity and heat from fossil
fuel origin—calculation done with the EROITools*’ package. The ratio
ofindirect final energy requirements by final energy output iEis then
simply calculated and the final-stage EROIl including indirect final
energy requirements EROI; ; for each fossil fuel groupis determined as:

EROI; ;¢ = (EROI; g + iEp) B as)
where EROI; 4 refers to the final-stage EROl including only direct energy
requirements, calculated as described in the section ‘Calculation of
fossil fuels final-stage EROIs’. To determine the indirect final energy
requirements of delivering one unit of useful energy of each fossil fuel
group iE,, we use the average final-to-useful efficiency of each fossil
fuel group as follows:

16)

and the useful-stage EROlincluding indirect final energy requirements
EROI, ;¢ is then calculated as:

-1

EROI, = (EROl; +iEy) 7)

where EROI, 4 stands for the useful-stage EROl including only direct
energy requirements. Toinclude indirect final energy requirements at
the useful stage by end-use category ¢, we proceed in the same way, but
use the end-use c specific final-to-useful efficiency r.in equation (16).

Last, we use the global indirect final energy requirements per
unit of fossil fuel output, both at the final stage (iE;) and at the useful
stage (iE,) as proxy for the indirect final energy requirements per
fossil fuel output in each country. Hence, we calculate the national
EROIs including indirect final energy requirements by replacing the
global EROI with the national specific final- and useful-stage EROIs in
equations (16) and (17), while using the value determined at the global
level for bothiE;andiE,.

Final-stage EROI equivalent by end-use category
Equation (8) can be adapted to each end-use category c as:

EROlu,c,ff — Nfr + Nelec

'Zc,elec

EROlfceq = (18)

where EROI ., refers to the final-stage EROI equivalent of renewable
energy systems for the end-use c, EROI,, . refers to the useful-stage
EROIl of fossil fuels for end-use cand .., to the average final-to-useful
efficiency with which fossil fuels would be substituted by electricity in
the end-usec.

Alternative manufacturing assumption

Alternatively, one can assume that renewable energy technologies
currently need to be manufactured dominantly with fossil fuel energy
so that the net useful energy e, . delivered by investing one unit of
energy inarenewable energy technology becomes:

€ure = EROlu,re e/l

19
= EROlf,re’]elec = Igr, ( )
whichreplacesequation (6). Then finding the value of EROI;,, for which
thevariationinnet useful energy Ae, resulting frominvesting one unit
ofenergyinarenewable energy technology instead of fossil fuel energy
isnullleads to the following expression of EROl equivalent:

EROl,

EROlreq = Nelec

(20)
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which canbe adapted for each end-use category as:

EROI, ¢ ¢

EROlfceq = (21)

n c,elec

Average final-to-useful efficiencies n;and ;.

To determine the average final-to-useful efficiency of using fossil fuels
in the energy system r;, we use as proxy the average economy-wide
final-to-useful efficiency of fossil fuels, determined using the weighted
average (including fossil fuel use as electricity and heat) of the
product-levelfinal-to-useful efficiencies determined asin equation (13).
The average economy-wide final-to-useful efficiency of fossil fuels is
reported in Supplementary Table 2.

Regarding n.,.., we define it as the average final-to-useful efficiency
withwhich fossil fuel-based carriers would be substituted by electricity.
In the country-level primary-final-useful database®, end-use devices
(for example, car engines, light bulbs and so on) convert final energy
carriers into an end-use energy product (for instance, propulsion,
low-temperature heat and so on). For each device, we assume an alter-
native substituting device, which corresponds to the device that would
be used for substituting fossil fuels, according to current trends. For
instance, an internal combustion engine car would be replaced by an
electric car,agasboiler by anelectric heater, etc. We therefore use the
current ‘natural’ replacement of each device and do not consider those
emerging technologies thatare not the dominant substituting devices.
So, forinstance, we do notinclude heat pumps as a substituting device
because their deploymentis currently marginal at the global level and
we assume the substituting device to be an electric heater instead.
(The repository associated with the paper provides a table of devices
alongside the assumed substituting device).

Then we determine the proportion of each energy product
used by each end-use device in each country (and in each end use
for end-use-specific calculations). Next, we apply the final-to-useful
efficiency of the alternative, substituting device in each country to
determine the average final-to-useful efficiency with which each fos-
sil fuel-based energy product would be substituted in each country
(andineachend use for end-use-specific calculations). Last, we deter-
mine the weighted average final-to-useful efficiencies of substitu-
tion by fossil fuel group using the use shares of each energy product
in each fossil fuel group (either within each country or at the global
level). The average final-to-useful efficiencies of substituting each
fossil fuel at the global level are shown in Supplementary Section 1.1,
both at the economy-wide (7...) and end-use-specific levels (7. ¢iec)
(Supplementary Table1).

Effects of intermittency onrenewable energy systems’ EROIs
There are different ways to deal with the intermittency of renewable
energy systems, including demand-side management, overcapacities,
curtailment and storage’’. Here we quantify the potential effects of
curtailment and storage requirements on the EROIl of renewable energy
technologies using energy transition scenarios to 2050 for the Euro-
pean Union**, France®, the United Kingdom®® and the United States™.
Foreachregion, we select two scenarios representing different narra-
tives, representing both a highly ambitious energy transition scenario
relying heavily onrenewable energy technologies for decarbonization.
These scenarios are discussed in more detail in Supplementary Table 3.
Following Barnhart et al.”, we introduce the storage and curtail-
ment fractions ¢ and v, which stand for the share of the electricity
produced fromvariable renewable energy technologies (solar PVand
wind power) that need to be stored and curtailed, respectively. Some
assumptions are needed to derive the storage fractionineach of these
scenarios. First, we assume that all the electricity stored is of variable
renewable energy origin (solar PV or wind power), which is conserva-
tive and tends to overestimate the storage fraction. Second, we regard

as electricity stored the electricity input to stationary batteries, to
EVs when used as vehicle to grid (V2G) and to pumped hydro storage
(PHS). The electricity used as power-to-hydrogen (P2H) is, however,
excluded. Thereasonis that demand for hydrogenis expected to soar
inthe future to decarbonize specific sectors and end uses (for instance,
steelmaking), so that the service provided by P2H cannotbe regarded
asmerestorage (Supplementary Section2 and Supplementary Table 5).
Table 1 shows the curtailment and storage fractions derived for each
energy transition scenario (Supplementary Table 4 shows the detail
by storage technology). More details regarding the determination of
the storage and curtailment fractions for each scenario are available
inSupplementary Section 2. A sensitivity analysis showing the results
whenincluding P2H in storage requirements is also presented in Sup-
plementary Fig. 5.

Wethen use the storage and curtailment fractions determined to
adjust theliterature-sourced EROIs (Fig. 4) to account for the implica-
tions of intermittency. To do so, we use the energy stored on energy
invested (ESOI) concept, which stands for the amount of final energy
stored and returned for one unit of final energy invested in a storage
system’”:

Final energy returned

ESOI = - -
Final energy input

(22)

We then define the EROI of dispatchable renewable energy (that
is, renewable energy once the effects of dealing withintermittency are
considered) adapting previous work from Barnhart et al.”* as:

_ Perourpur + (1 =@ —V)erouput

EROIg gisp = s
disp ef,invested +ef,storage

(23)

where ¢ denotes the round-trip efficiency of the storage system (the
fraction of the energy input returned), & ,.,,. Stands for the final energy
output of arenewable energy technology, €;;yeseq Stands for the final
energy invested excluding storage requirements and &, for the
final energy that had to be invested to store the fraction @ of ey
Noting that:

PEEC putput

ESOl @4

ef,storage =

onecanwrite:

EROI _ PE€ourpur + (1 - @ — V)eroutput
fdisp = PE.€f output

ESOI

ef,output
EROI
_pe+(-9-v)
=
ERol  ESOI

(25)

Noting that storage may be disaggregated in terms of battery-based
(including V2G) storage and PHS, the previous equation may be
written as:

2P+ 1-9-v)

1 PrEx
— +
EROI Zk ESOI,

EROI¢ gisp = (26)

where k stands for either battery-based storage (including V2G) or
PHSand ¢ =} ,¢,.Interms of values, we use the estimates of Sgouridis
etal.”?, thatis,an ESOl value of 11 for battery-based storage and 249 for
PHS-based storage, and around-trip efficiency of 83% for battery-based
storage and 80% for PHS. (These round-trip efficiencies are very close
tothose provided by the US National Renewable Energy Laboratory”;
80% for PHS and 85% for batteries.) We note that an ESOl of 11 is in the
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medium range of the values reported for different technologies by
Barnhartetal.””, and an ESOI of 249 for PHS-based storage is substan-
tially lower than the value (704) reported by Barnhart et al.”>. However,
the values estimated by Pulido et al.”* are much lower (in the range
1.1-2.3; Supplementary Section 2). We therefore conduct a sensitivity
analysis using the values of Pulido et al.”* (Supplementary Fig. 4). Last,
wenote that the approach takenis conservative inregards tothe energy
requirements of PHS, because the PHS infrastructure is already built to
alarge extent, so that the actual energy requirements are much lower
than those considered here. Regarding our results, we note that they
areinline with Raugei etal.”, which finds amoderate increase inenergy
requirements (in the range 5-30%) of solar PV when considering stor-
agerequirements at storage fractions between 7.5 and 30%.

Energy payback time at the useful energy stage
Atthefinal energy stage, the energy payback time EPT;may be defined
asthetimerequired for anenergy systemto deliver the energy that had
tobeinvested. Under the approximation that the energy requirements
of renewable energy technologies are entirely up-front and that the
output of renewable energy technology does not decline over time (as
aresult of depreciation), one can express the EPT;as:
ef,invested

EPT; = —

ef,output

@7

where é o, e Stands for the yearly output of final energy wheninvesting
oneunitof final energy in arenewable energy technology and €;;esed
for the final energy invested (equal to unity), following equation (5).
Noting that egoyepur = L.€rouepur, Where L stands for the average lifetime
of the renewable energy technology considered and replacing €;;yested
inthe previous equation, one obtains:

L

EPT: = por

(28)

The energy payback time may also be defined at the useful energy
stage (EPT,) asthe time required to deliver the same amount of useful
energy that could have been delivered by the final energy that was
investedintherenewable energy technology. Assuming that renewable
energy technologies are currently manufactured using dominantly
fossil fuel energy, such definition yields the following equation:

EPTu — ef,invested’]ff

éu,output
_ ef,invested’]ff (29)
éf,output Nelec

= EPT, I
Nelec

where é, oupue Stands for the yearly output of useful energy when invest-
ing one unit of final energy in arenewable energy technology. We note
that n is taken equal to the average final-to-useful efficiency of the
average fossil fuel mix (asit represents the efficiency of manufacturing
renewable energy technologies via fossil fuels) and n,,.. is specific to
the fossil fuel being substituted. Using the set of EROIs provided by
Murphy et al.*' as in the rest of the paper and assuming an average
lifetime of 25 years for both solar PV and wind power, Extended Data
Fig. 7 shows the obtained EPT. The final-stage EPTs are in line with the
range reported by Bhandari et al. 2015 (mean value in the range
1.0-4.1) and Koppelaar 2017”7 (mean value in the range 2.9-3.9 for
solar PV). Further, Extended Data Fig. 7 shows that the EPT of renewable
energy technologies decreases substantially (by 23%) when conducting
the analysis at the useful stage (whenlooking at the average fossil fuel
mix). Therefore, conducting the analysis at the useful stage suggests
that the energy transition may imply a shorter temporal drop in the

net useful energy delivered than a final stage analysis may suggest.
A dynamic analysis remains nevertheless needed to fully understand
these temporal aspects.

Data availability

The IEA’s Extended World Energy Balances were obtained under
license from the IEA. The country-level primary-final-useful energy
and exergy database used is available at https://doi.org/10.5518/1199
(ref.25). The Exiobase Multi-Regional Input Output modelis available
at https://zenodo.org/record/5589597. The generated dataset, which
included fossil fuels final- and useful-stage EROls and the EROl equiva-
lent values for renewable energy, is available via Figshare at https://
doi.org/10.6084/m9.figshare.25311358 (ref. 78).

Code availability
The R code used for this work is fully available at https://github.com/
earamendia/NENERGY-23061207.

References

1. Cottrell, W. F. Energy and Society: The Relationship Between Energy,
Social Change, and Economic Development (McGraw Hill, 1955).

2. Brandt, A.R., Dale, M. & Barnhart, C. J. Calculating systems-scale
energy efficiency and net energy returns: a bottom-up
matrix-based approach. Energy 62, 235-247 (2013).

3.  Murphy, D. J. & Hall, C. A. S. Year in review-EROI or energy return
on (energy) invested: review: energy return on investment.

Ann. N. Y. Acad. Sci. 1185, 102-118 (2010).

4. King, L. C. & van den Bergh, J. C. J. M. Implications of net
energy-return-on-investment for a low-carbon energy transition.
Nat. Energy 3, 334-340 (2018).

5. Capellan-Pérez, I., de Castro, C. & Miguel Gonzalez, L. J. Dynamic
energy return on energy investment (EROI) and material
requirements in scenarios of global transition to renewable
energies. Energy Strategy Rev. 26, 100399 (2019).

6. Slamersak, A., Kallis, G. & Neill, D. W. O. Energy requirements
and carbon emissions for a low-carbon energy transition.

Nat. Commun. 13, 6932 (2022).

7. Sers, M. R. & Victor, P. A. The energy-emissions trap. Ecol. Econ.
151, 10-21(2018).

8. Fagnart, J.-F., Germain, M. & Peeters, B. Can the energy transition
be smooth? A general equilibrium approach to the EROEI.
Sustainability 12, 1176 (2020).

9. Dale, M., Krumdieck, S. & Bodger, P. Global energy modelling—a
biophysical approach (GEMBA) part 2: methodology. Ecol. Econ.
73,158-167 (2012).

10. Dupont, E., Germain, M. & Jeanmart, H. Feasibility and economic
impacts of the energy transition. Sustainability 13, 5345 (2021).

1. Jackson, A. & Jackson, T. Modelling energy transition risk:
the impact of declining energy return on investment (EROI).
Ecol. Econ. 185, 107023 (2021).

12. Hall, C. A., Lambert, J. G. & Balogh, S. B. EROI of different fuels and
the implications for society. Energy Policy 64, 141-152 (2014).

13. Raugei, M. Net energy analysis must not compare apples and
oranges. Nat. Energy 4, 86-88 (2019).

14. Brockway, P.E., Owen, A., Brand-Correa, L. I. & Hardt, L.
Estimation of global final-stage energy-return-on-investment
for fossil fuels with comparison to renewable energy sources.
Nat. Energy 4, 612-621(2019).

15. Percebois, J. Is the concept of energy intensity meaningful?
Energy Econ. 1, 148-155 (1979).

16. Ayres, R. & Voudouris, V. The economic growth enigma: capital,
labour and useful energy? Energy Policy 64, 16-28 (2014).

17. Cullen, J. M. & Allwood, J. M. The efficient use of energy: tracing
the global flow of energy from fuel to service. Energy Policy 38,
75-81(2010).

Nature Energy


http://www.nature.com/natureenergy
https://doi.org/10.5518/1199
https://zenodo.org/record/5589597
https://doi.org/10.6084/m9.figshare.25311358
https://doi.org/10.6084/m9.figshare.25311358
https://github.com/earamendia/NENERGY-23061207
https://github.com/earamendia/NENERGY-23061207

Article

https://doi.org/10.1038/s41560-024-01518-6

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cullen, J. M. & Allwood, J. M. Theoretical efficiency limits for
energy conversion devices. Energy 35, 2059-2069 (2010).

Eyre, N. From using heat to using work: reconceptualising the
zero carbon energy transition. Energy Effic. 14, 77 (2021).

World Energy Outlook 2019 (IEA, 2019): https://www.iea.org/
reports/world-energy-outlook-2019

Way, R., Ives, M. C., Mealy, P. & Farmer, J. D. Empirically grounded
technology forecasts and the energy transition. Joule 6,
2057-2082 (2022).

Stadler, K. et al. EXIOBASE 3: developing a time series of detailed
environmentally extended multi-regional input-output tables:
EXIOBASE 3. J. Ind. Ecol. 22, 502-515 (2018).

Heun, M. K., Owen, A. & Brockway, P. E. A physical supply-use
table framework for energy analysis on the energy conversion
chain. Appl. Energy 226, 1134-1162 (2018).

Aramendia, E., Heun, M. K., Brockway, P. E. & Taylor, P. G.
Developing a multi-regional physical supply use table
framework to improve the accuracy and reliability of energy
analysis. Appl. Energy 310, 118413 (2022).

Marshall, Z. et al. A country-level primary-final-useful (CL-PFU)
energy and exergy database v1.2, 1960-2020. University of Leeds
https://doi.org/10.5518/1199 (2023).

Brandt, A. R. & Dale, M. A general mathematical framework for
calculating systems-scale efficiency of energy extraction and
conversion: energy return on investment (EROI) and other energy
return ratios. Energies 4, 1211-1245 (2011).

Paelinck, J., De Caevel, J. & Degueldre, J. Analyse quantitative de
certaines phénomenes du développment régional polarisé: essai
de simulation statique d’itérarires de propogation. Bibliothéque
Inst. Sci. écon.7, 341-387 (1965).

Dietzenbacher, E. & Lahr, M. L. Expanding extractions. Econ. Syst.
Res. 25, 341-360 (2013).

Stadler, K. et al. Exiobase 3.8.2 Zenodo https://doi.org/10.5281/
zenodo.5589597 (2021).

Carbajales-Dale, M. When is EROI Not EROI? Biophys. Econ.
Resour. Qual. 4,16 (2019).

Murphy, D. J., Raugei, M., Carbajales-Dale, M. & Rubio Estrada, B.
Energy return on investment of major energy carriers: review and
harmonization. Sustainability 14, 7098 (2022).

Gielen, D. et al. The role of renewable energy in the global
energy transformation. Energy Strategy Rev. 24, 38-50

(2019).

Bouckaert, S. et al. Net Zero by 2050: A Roadmap for

the Global Energy Sector (IEA, 2021); https://www.iea.org/
events/net-zero-by-2050-a-roadmap-for-the-global-
energy-system

TYNDP 2022 Scenario Report (April 2022 version) (European
Network of Transmission System Operators for Gas & European
Network of Transmission System Operators for Electricity, 2022);
https://2022.entsos-tyndp-scenarios.eu/

Futurs énergétiques 2050 (Réseau de Transport d’Electricité,
2022); https://assets.rte-france.com/prod/public/2021-11/
Futurs-Energetiques-2050-principaux-resultats_O.pdf

Futur Energy Scenarios (UK Electricity System Operator, 2023);
https://www.nationalgrideso.com/document/283101/download
Gagnon, P. et al. 2022 Standard Scenarios Report: A U.S. Electricity
Sector Outlook (NREL, 2022); https://www.nrel.gov/docs/
fy23o0sti/84327.pdf

Ward, H., Wenz, L., Steckel, J. C. & Minx, J. C. Truncation error
estimates in process life cycle assessment using input-output
analysis: truncation error estimates in life cycle assessment. J. Ind.
Ecol. 22,1080-1091(2018).

Perkins, J. & Suh, S. Uncertainty implications of hybrid approach
in LCA: precision versus accuracy. Environ. Sci. Technol. 53,
3681-3688 (2019).

40.

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gamarra, A., Lechdn, Y., Banacloche, S., Corona, B. & De Andrés, J.
A comparison and methodological proposal for hybrid
approaches to quantify environmental impacts: a case study for
renewable energies. Sci. Total Environ. 867, 161502 (2023).
Cleveland, C. J., Costanza, R., Hall, C. A. S. & Kaufmann, R. Energy
and the U.S. economy: a biophysical perspective. Science 225,
890-897 (1984).

Gagnon, N., Hall, C. & Brinker, L. A preliminary investigation

of energy return on energy investment for global oil and gas
production. Energies 2, 490-503 (2009).

Murphy, D. J. The implications of the declining energy return

on investment of oil production. Philos. Trans. R. Soc. A 372,
20130126 (2014).

Delannoy, L., Longaretti, P.-Y., Murphy, D. J. & Prados, E. Peak oil
and the low-carbon energy transition: a net-energy perspective.
Appl. Energy 304, 117843 (2021).

de Castro, C. & Capellan-Pérez, |. Standard, point of use,

and extended energy return on energy invested (EROI) from
comprehensive material requirements of present global

wind, solar, and hydro power technologies. Energies 13,

3036 (2020).

WeiBbach, D. et al. Energy intensities, EROls (energy returned on
invested), and energy payback times of electricity generating
power plants. Energy 52, 210-221(2013).

Raugei, M., Carbajales-Dale, M., Barnhart, C. J. & Fthenakis, V.
Rebuttal: ‘comments on ‘Energy intensities, EROls (energy
returned on invested), and energy payback times of electricity
generating power plants’-making clear of quite some confusion’.
Energy 82,1088-1091(2015).

Carbajales-Dale, M., Raugei, M., Fthenakis, V. & Barnhart, C.
Energy return on investment (EROI) of solar PV: an attempt at
reconciliation [point of view]. Proc. IEEE 103, 995-999 (2015).
Dupont, E., Koppelaar, R. & Jeanmart, H. Global available

wind energy with physical and energy return on investment
constraints. Appl. Energy 209, 322-338 (2018).

Dupont, E., Koppelaar, R. & Jeanmart, H. Global available

solar energy under physical and energy return on investment
constraints. Appl. Energy 257, 113968 (2020).

Louwen, A., van Sark, W. G. J. H. M., Faaij, A. P. C. & Schropp, R. E. I.
Re-assessment of net energy production and greenhouse

gas emissions avoidance after 40 years of photovoltaics
development. Nat. Commun. 7, 13728 (2016).

IRENA Renewable Power Generation Costs 2020 (IRENA,

2020); https://www.irena.org/publications/2021/Jun/
Renewable-Power-Costs-in-2020

IRENA Global Energy Transformation: A Roadmap to 2050
(2019 Edition) (IRENA, 2019); https://www.irena.org/
publications/2019/Apr/Global-energy-transformation-A-
roadmap-to-2050-2019Edition

Brand-Correa, L. |. & Steinberger, J. K. A framework for decoupling
human need satisfaction from energy use. Ecol. Econ. 141,
43-52 (2017).

Millward-Hopkins, J., Steinberger, J. K., Rao, N. D. & Oswald, Y.
Providing decent living with minimum energy: a global scenario.
Glob. Environ. Change 65, 102168 (2020).

Baltruszewicz, M. et al. Household final energy footprints in
Nepal, Vietnam and Zambia: composition, inequality and links to
well-being. Environ. Res. Lett. 16, 025011 (2021).

Kikstra, J. S., Mastrucci, A., Min, J., Riahi, K. & Rao, N. D. Decent
living gaps and energy needs around the world. Environ. Res. Lett.
16, 095006 (2021).

Vogel, J., Steinberger, J. K., O’'Neill, D. W., Lamb, W. F. &
Krishnakumar, J. Socio-economic conditions for satisfying
human needs at low energy use: an international analysis of
social provisioning. Glob. Environ. Change 69, 102287 (2021).

Nature Energy


http://www.nature.com/natureenergy
https://www.iea.org/reports/world-energy-outlook-2019
https://www.iea.org/reports/world-energy-outlook-2019
https://doi.org/10.5518/1199
https://doi.org/10.5281/zenodo.5589597
https://doi.org/10.5281/zenodo.5589597
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://2022.entsos-tyndp-scenarios.eu/
https://assets.rte-france.com/prod/public/2021-11/Futurs-Energetiques-2050-principaux-resultats_0.pdf
https://assets.rte-france.com/prod/public/2021-11/Futurs-Energetiques-2050-principaux-resultats_0.pdf
https://www.nationalgrideso.com/document/283101/download
https://www.nrel.gov/docs/fy23osti/84327.pdf
https://www.nrel.gov/docs/fy23osti/84327.pdf
https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020
https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition

Article

https://doi.org/10.1038/s41560-024-01518-6

59. Eurostat: Statistisches Amt der Européaischen Gemeinschaften
(ed.) Eurostat Manual of Supply, Use and Input-Output Tables
(Amt fur amtliche Veroffentlichungen der Europaischen
Gemeinschaften, 2008); https://ec.europa.eu/eurostat/web/
products-manuals-and-guidelines/-/KS-RA-07-013

60. Heun, M. K., Aramendia, E. & Marshall, Z. IEATools: Tools for
munging and manipulating IEA extended energy balance data.
R package version 0.1.64 (2021).

61. Aramendia, E. & Heun, M. K. ECCTools: Tools for modifying the
energy conversion chain. R package version 0.1.5 (2022).

62. Heun, M. K. & Aramendia, E. Recca: R energy conversion chain
analysis. R package version 0.1.38 (2021).

63. Aramendia, E. & Heun, M. K. EROITools: Tools for calculating
and aggregating energy return on investment values. R package
version: v.0.1.1(2023).

64. EU Refinery Energy Systems and Efficiency (Concawe, 2012);
https://www.concawe.eu/publication/report-no-312/

65. Moeller, D. & Murphy, D. Net energy analysis of gas production

from the Marcellus Shale. Biophys. Econ. Resour. Qual. 1, 5 (2016).

66. Moeller, D. & Murphy, D. Comments on energy return on
investment (EROI): reconciling boundary and methodological
issues. Biophys. Econ. Resour. Qual. 4,7 (2019).

67. Aucott, M. Comment on article ‘net energy analysis of gas
production from the Marcellus Shale’ by Devin Moeller and David
Murphy. Biophys. Econ. Resour. Qual. 2, 7 (2017).

68. Brandt, A. R. et al. Energy return on investment (EROI) for forty
global oilfields using a detailed engineering-based model of oil
production. PLoS ONE 10, e0144141 (2015).

69. Ecclesia, M. V., Santos, J., Brockway, P. E. & Domingos, T.

A comprehensive societal energy return on investment study of
Portugal reveals a low but stable value. Energies 15, 3549 (2022).

70. Brand-Correa, L. et al. Developing an input-output based method
to estimate a national-level energy return on investment (EROI).
Energies 10, 534 (2017).

71. Heptonstall, P. J. & Gross, R. J. K. A systematic review of the costs
and impacts of integrating variable renewables into power grids.
Nat. Energy 6, 72-83 (2020).

72. Barnhart, C. J., Dale, M., Brandt, A. R. & Benson, S. M. The
energetic implications of curtailing versus storing solar- and
wind-generated electricity. Energy Environ. Sci. 6, 2804 (2013).

73. Sgouridis, S., Carbajales-Dale, M., Csala, D., Chiesa, M. & Bardi, U.
Comparative net energy analysis of renewable electricity and
carbon capture and storage. Nat. Energy 4, 456-465 (2019).

74. Pulido-Sanchez, D., Capellan-Pérez, I., de Castro, C. & Frechoso, F.
Material and energy requirements of transport electrification.
Energy Environ. Sci. 15, 4872-4910 (2022).

75. Raugei, M., Leccisi, E. & Fthenakis, V. M. What are the energy
and environmental impacts of adding battery storage to
photovoltaics? A generalized life cycle assessment. Energy
Technol. 8,1901146 (2020).

76. Bhandari, K. P., Collier, J. M., Ellingson, R. J. & Apul, D. S. Energy
payback time (EPBT) and energy return on energy invested
(EROI) of solar photovoltaic systems: a systematic review and
meta-analysis. Renew. Sustain. Energy Rev. 47,133-141 (2015).

77. Koppelaar, R. Solar-PV energy payback and net energy:
meta-assessment of study quality, reproducibility, and results
harmonization. Renew. Sustain. Energy Rev. 72, 1241-1255 (2017).

78. Aramendia, E. et al. Final- and useful-stage energy returns on
investment (EROI) of fossil fuels, and final-stage EROI equivalent
of renewable energy. Figshare https://doi.org/10.6084/
m9.figshare.25311358 (2024).

Acknowledgements

We acknowledge support for P.E.B. under Engineering and

Physical Sciences Research Council Fellowship award EP/R024251/1
and for E.A. by the School of Earth of Environment of the

University of Leeds, in support for P.E.B.'s fellowship award.

The contributions of P.GT. and J.B.N. were supported by the Centre
for Research into Energy Demand Solutions funded by UK Research
and Innovation (grant number EP/R035288/1). We would like to thank
John Barrett and Tiago Domingos for their feedback on an early
version of the manuscript.

Author contributions

E.A. and P.E.B. designed the study. E.A. conducted the
calculations and analysis. Z.M., M.K.H., P.E.B. and E.A. constructed
the country-level primary-final-useful energy and exergy
database used as input data. P.E.B., P.GT. and J.B.N. supervised
the study and provided regular feedback and support. E.A., P.E.B.,
P.GT., J.B.N., M.K.H. and Z.M. contributed to writing and revising
the paper.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41560-024-01518-6.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41560-024-01518-6.

Correspondence and requests for materials should be addressed to
Emmanuel Aramendia.

Peer review information Nature Energy thanks David Murphy, Graham
Palmer and Marco Raugei for their contribution to the peer review of
this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative

Commons Attribution 4.0 International License, which permits

use, sharing, adaptation, distribution and reproduction in

any medium or format, as long as you give appropriate credit

to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made.
The images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated otherwise
in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you
will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Energy


http://www.nature.com/natureenergy
https://ec.europa.eu/eurostat/web/products-manuals-and-guidelines/-/KS-RA-07-013
https://ec.europa.eu/eurostat/web/products-manuals-and-guidelines/-/KS-RA-07-013
https://www.concawe.eu/publication/report-no-312/
https://doi.org/10.6084/m9.figshare.25311358
https://doi.org/10.6084/m9.figshare.25311358
https://doi.org/10.1038/s41560-024-01518-6
https://doi.org/10.1038/s41560-024-01518-6
https://doi.org/10.1038/s41560-024-01518-6
https://doi.org/10.1038/s41560-024-01518-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41560-024-01518-6

a Average mix Coal products Fossil gas
301
154
204
_\/% \..--‘_n'“-.\ 1.
10~ -
10- M PO USRS
0 -
Oil and gas products Oil products

N ’] M e

Energy Return On Investment

- 6 7

4 -
7 ik e sl ke At 1 O A A N I O O A OO

O -
T T T T T T 0 L T T T T T T T T T T T T
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Year . Year
Energy stage — Final ---- Useful
Low Temperature Heating Medium Temperature Heating High Temperature Heating

Rail Propulsion Road Propulsion Mechanical Work

Energy Return On Investment

0 04 0

19I70 19I80 19I90 20IOO 20I10 20I2O 19I7O 19I8O 19I90 20I00 2OI10 20I20 19I70 19I80 19I90 20I00 20I10 20I20
Year
Product Group — Average mix ---- Coal products --- Fossilgas - - Oil and gas products ---- Oil products
Extended Data Fig. 1| Fossil fuels Energy Return On Investment (EROI) values when used as fuels only. a, Final- and useful-stage average EROI for the five fossil fuel

groups, at the global level. b, Useful-stage EROI by end-use category for the five fossil fuel groups, at the global level. Calculations consist of a weighted average of fossil
fuels used as fuels only.

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-024-01518-6

a
° [ ]
25+ ]
<
o °
£
a °
0 201
£
j °
(©) )
g 151 o 2
kol o %
o ° °
3 L]
= - L]
(] 10 e o
LE LN
® see Renewable energy
g 54 EROI equivalent to
2] o
o Average fossil
c - fuel mix
[
0- . Coal products
. Fossil gas
b Low Temperature Heating Medium Temperature Heating High Temperature Heating . Oil and gas
. Qil products
Indirect Energy
L] L]
€ ° ° . . Excluded
o 0.0 .. :.
£ X oo [ . Included
7 & e ®e
9 :0. & %
£ %) ®s 0%
8 . . Reported EROls
c
5 Vi e Solar PV
o
4 Rail Propulsion Road Propulsion Mechanical Work e Wind power
=2
<
c
w 30 4
)
=)
o]
»
8 20+ . A l
i 2 2 K . 2 o .
o) o o) & Qo o K4
8 e o @ - T ® o0
2 $ £ s L2 L2 )
1] S R 2 J 2 8 2
I ® © *° T © °
gs) ° 8 ©
JHHE:HEn ] . H::HN

Extended Data Fig. 2| Renewable energy Energy Return On Investment
(EROI) equivalent to fossil fuels used as fuels only. Final-stage EROl equivalent
(thatis, the value above which renewable energy systems would deliver more net
useful energy than fossil fuels) calculated for 2020 at the global level alongside
literature-sourced EROIs (from*°) of solar photovoltaics (PV) and wind power,

a,economy-wide, and b, by end-use category. Dark shades correspond to the
EROIl equivalent when indirect energy requirements are included in fossil fuels’
EROI calculations. Light shades correspond to the EROl equivalent when indirect
energy requirements are excluded. Calculations consist of a weighted average of
fossil fuels used as fuels only.

Nature Energy


http://www.nature.com/natureenergy

Article https://doi.org/10.1038/s41560-024-01518-6

10.0 1
€
k)
2
=
g 751
e
[0)
£
[}
2
P 5.0
(e}
S
2
Q
he
5 : l
o
c
i
0.0
T T T T T
All Coal Gas 0&G Oil
Manufacturing Energy . Fossil fuel . Renewable
Extended Data Fig. 3 | Comparison of manufacturing assumptions. Variation (Equation (6)) versus the fossil fuel-based manufacturing assumption
inthe final-stage Energy Return On Investment equivalent (that is, the value (Equation (20)). Calculations consist of a weighted average of fossil fuels used as
above which renewable energy systems would deliver more net useful energy fuels, electricity, and heat. Values calculated for 2020 at the global level.

than fossil fuels) when using the renewable-based manufacturing assumption
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Extended Data Fig. 4 | Renewable energy Energy Return On Investment
(EROI) equivalent over time (1971-2020). Final-stage EROIl equivalent for
renewable energy systems (that is, the value above which renewable energy

systems would deliver more net useful energy than fossil fuels) over time at
the globallevel, a, economy-wide, and b, by end-use. Calculations consist of a
weighted average of fossil fuels used as fuels, electricity, and heat.
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equivalent for each fossil fuel group. National-level final-stage renewable Republic of Congo, Uzbekistan, and North Korea are outliers and do not appear
energy EROl equivalent (average 2000-2020 shown on y-axis) to each fossil fuel inthe graph. Inaddition, values above 40 (which appear for a few countries
group alongside the share of final energy consumption from the specific fossil due to inconsistent energy consumption data), are excluded for coal products.
fuel group in2020 (x-axis). The EROl equivalent values are compared to the Calculations consist of a weighted average of fossil fuels used as fuels,
literature-sourced EROIs (from*°) for solar photovoltaics (PV) and wind power electricity, and heat.

insolid (lowest value) and dashed (median value) lines. The size of the dots are
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Extended Data Fig. 6 | Renewable energy Energy Return On Investment
(EROI) equivalent assuming the use of heat pumps. Final-stage Energy Return
On Investment (EROI) equivalent (that is, the value above which renewable
energy systems would deliver more net useful energy than fossil fuels)
calculated for 2020 at the global level under the assumption that heat pumps

will substitute low and medium (up to 100°C) heating processes, except cooking.

Renewable energy EROIs reported in the literature are displayed alongside.

a,Economy-wide, and b, by relevant end-use category (low and medium-
temperature heating). The results for the remaining end-use categories do not
change. Dark shades correspond to the EROl equivalent when indirect energy
requirements are included in fossil fuels’ EROI calculations. Light shades
correspond to the EROl equivalent when indirect energy requirements are
excluded. Calculations consist of a weighted average of fossil fuels used as fuels,
electricity, and heat.
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photovoltaics) substitutes the average fossil fuel mix (avg), coal products, fossil max=2.38. EPTu,gas: min=0.61, Q1=0.96, median=1.17, Q3=1.67, max=2.14.
gas, oil and gas products (OG), and oil products. Final-stage energy payback EPTu,0G: min=0.70, Q1=1.11, median=1.34, Q3=1.93, max=2.46. EPTu,oil:
times are calculated from the EROl values reported in [30], using an average min=0.79, Q1=1.24, median=1.50, Q3=2.16, max=2.75.

Nature Energy


http://www.nature.com/natureenergy

	Estimation of useful-stage energy returns on investment for fossil fuels and implications for renewable energy systems

	Analytical approach

	Fossil fuelsʼ useful-stage EROI

	Implications for renewable energy systems

	Further considerations

	Conclusion

	Methods

	Calculation of fossil fuelsʼ final-stage EROIs

	Accounting for losses and energy self consumption

	Calculation of useful-stage EROIs

	Economy-wide useful-stage EROIs
	End-use specific useful-stage EROIs

	Addition of indirect final energy requirements to EROIs

	Final-stage EROI equivalent by end-use category

	Alternative manufacturing assumption

	Average final-to-useful efficiencies ηff and ηelec

	Effects of intermittency on renewable energy systemsʼ EROIs

	Energy payback time at the useful energy stage


	Acknowledgements

	Fig. 1 Energy stages and analysis boundaries.
	Fig. 2 Fossil fuel EROI values.
	Fig. 3 Final energy requirements breakdown.
	Fig. 4 Renewable energy EROI equivalent.
	Fig. 5 National-level EROI equivalent for the average fossil fuel mix.
	Fig. 6 Effects of intermittency on renewable energy EROI.
	Extended Data Fig. 1 Fossil fuels Energy Return On Investment (EROI) values when used as fuels only.
	Extended Data Fig. 2 Renewable energy Energy Return On Investment (EROI) equivalent to fossil fuels used as fuels only.
	Extended Data Fig. 3 Comparison of manufacturing assumptions.
	Extended Data Fig. 4 Renewable energy Energy Return On Investment (EROI) equivalent over time (1971-2020).
	Extended Data Fig. 5 National-level Energy Return On Investment (EROI) equivalent for each fossil fuel group.
	Extended Data Fig. 6 Renewable energy Energy Return On Investment (EROI) equivalent assuming the use of heat pumps.
	Extended Data Fig. 7 Energy payback time of renewable energy systems.
	Table 1 Curtailment and storage fractions obtained for each energy transition scenario analysed.
	Table 2 Input–output matrices definition and coefficients meaning.




