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The field of net energy analysis first came to prominence  
during the 1970s oil crises1–4 as a means of assessing how  
much energy is delivered to society. Various metrics have 

emerged5, including the energy profit ratio, energy gain, energy 
payback, and the most well-known: energy-return-on-investment 
(EROI). Kunz et  al.6 define EROI in its simplest form as a ratio 
that “divides the total energy output by the energy input”. Several 
factors have contributed to increasing attention being paid to 
the EROI research field. First, there are concerns over declining  
EROI ratios of fossil fuels due to depletion of finite resources7,8, 
which—under many scenarios—remain the dominant energy 
source to at least 20509. Second, the estimated EROI ratios for 
renewable energy sources are often contentious, vary greatly 
depending on the adopted methodology, and are commonly esti-
mated as lower than fossil fuels10. Concerns follow that the renew-
ables-led energy transition required to meet climate targets11 may 
have adverse socioeconomic impacts12. Third, EROI as a topic has 
become more accessible through the readily visualized concepts of 
a ‘net energy cliff ’8—where available net energy declines precipi-
tously below EROI ratios of 5:1—and a minimum threshold level of 
societal-level EROI13,14.

However, much of the increased attention is confined to aca-
demic circles. One reason may be that fossil fuel EROI is commonly 
estimated at the primary (energy source) stage, where EROI ratios 
(that is, for oil, coal and gas) are high (typically over 25:1 (refs. 7,15)).  
Such ratios suggest to modellers and policymakers that EROI 
ratios will not fall below a threshold of concern until well into the 
renewables transition12. However, this is a misleading perception, 
as instead, fossil fuel EROI should be estimated at the final (energy 
carrier) stage (for example, electricity, gas and petrol), during which 
energy enters the economy. This enables a fairer comparison with 
renewables-based EROI estimates, and a platform for improved 
energy and climate policy.

We build on recent EROI research10,15,16 to provide an estimate 
of global fossil fuel-based EROI at a final energy stage, which better 
matches that of renewables-based EROI. We combine national-level 

International Energy Agency (IEA) energy data with a multire-
gional input–output (MRIO) approach to include a wider boundary 
of direct energy production sectors and associated indirect (sup-
ply chain) energy impacts, including trade. To enable comparison 
with existing methods and EROI ratios, we estimate global fossil 
fuel EROI for both primary (EROIPRIM) and final (EROIFIN) energy 
stages, and provide time series estimates for the 1995–2011 period. 
Our results indicate that by 2011 global ratios for EROIFIN (~6:1) 
were much lower than for EROIPRIM (~30:1), and both are declining. 
Two implications follow. First, EROI of fossil fuels may be much 
closer to renewables than is commonly supposed, meaning that a 
global renewables transition may not be as biophysically trouble-
some as was previously thought. Second, the low and declining 
EROIFIN ratio for fossil fuels provides an immediate concern and 
also implies that we are much nearer a ‘net energy cliff ’ than was 
previously thought, where the nonlinearity of EROI means that low 
ratios (below 5:1) quickly restrict the net energy available to society.

Global fossil fuel EROI based on a final energy stage
A landmark study by Cleveland et al.17 in the 1980s estimated EROI 
in the United States for fossil fuels at the ‘well head’ (oil and gas) 
and ‘mine mouth’ (coal). Since then, many fossil fuel EROI studies 
have been published15, although these largely remain at the primary 
energy stage (as coal, oil or gas). The most common exceptions are 
fossil fuel-based EROI estimates of electricity, which are at the final 
energy stage. However, their methodologies (and hence estimates) 
vary, with some (for example, refs. 10,15) taking primary-stage EROI 
estimates and applying direct (thermal) loss factors in conversion to 
electricity, while others (for example, ref. 18) use life cycle analysis 
(LCA)-based methods to include both thermal losses and supply 
chain energy investment.

At the same time, an increasing number of studies are estimat-
ing EROI ratios for modern renewables, particularly electricity  
generated from photovoltaics and wind turbines, which are seen as 
two energy technologies pivotal to reductions in global greenhouse 
gas emissions11.
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A summary of the different EROI estimates for these two differ-
ent energy sources (fossil fuels and renewables) at the primary and 
final energy conversion stages is given in Table 1.

Table 1 reveals the divergence between the modal EROI  
estimates: primary-stage fossil fuels are much higher (typi-
cally 20:1–80:1) than final-stage renewable electricity (typically  
5:1–20:1). This creates a potentially misleading perception to  
modellers of high fossil fuel EROI and low renewables EROI. 
Raugei19 warns that such apples-to-oranges comparisons are  
flawed, as they “compare [energy] carriers that cannot be put to 
similar end-use”. As energy–economy models are now starting 
to include EROI within their analytical framework, this has the 
potential to lock in bias towards fossil fuels. For example, Sers and 
Victor12 suggest that an ‘energy emissions trap’ is approaching, as 
“Reducing emissions will necessitate the transition from relatively 
high EROI dispatchable fossil fuels to […] relatively low EROI 
intermittent renewables”.

Sers and Victor’s reference to “intermittent” renewables high-
lights an important point: estimation of EROI for renewables is a 
much newer field with a host of interwoven issues ongoing for the 
mainly LCA-based methodology, including capital investment, pay-
back times and intermittency.

While resolving such EROI issues for renewables is worthy 
and should continue, we suggest that the heavy focus on them 
has distracted from the equally pressing need to move fossil  
fuel EROI to the final energy calculation stage. This is impor-
tant for two key reasons. First, incumbent fossil fuels remain  
important: the Intergovernmental Panel on Climate Change future 
scenarios assume that they will remain the dominant source of 
energy until at least 205020. Second, EROI is increasingly being 
included in energy–economy models, as noted earlier, to help 
study future energy transitions10,21 and their macroeconomic 
impacts12,22,23. As energy enters the productive economy at the  
final energy stage, EROI ratios at the same final energy stage  
are thus also in the correct format for inclusion in energy– 
economy models.

Matching fossil fuel EROI estimates to the same (final) energy 
stage and (economy-wide or global) scale as energy–economy mod-
els is therefore important. Currently, economy-wide and global 
fossil fuel EROI estimates—excluding electricity as seen in Table 
1—remain at a primary energy stage, using either a site-level or 
price-based approach. Lambert et  al.8 provide an example of the 
site-level approach, collating sample studies from different coun-
tries at the ‘mine mouth’ and ‘well head’. The price-based approach 
typically involves using energy prices and/or expenditure data to 
estimate direct and indirect (including capital) energy investment24:  
Gagnon et  al.7, Court and Fizaine25 and Guilford et  al.26 provide 
examples. King et  al.27 provide another route, using total energy 
expenditure to estimate aggregate EROI.

Analytical approach
We build on previous work by Brand-Correa et  al.16, developing  
an input–output-based approach to estimate global fossil fuel  
EROI at final and primary energy stages for the period 1995–2011. 
Two key advances underpin this method. First, we use IEA time 
series data on extended world energy balances28. This provides us 
with country-level data for fossil fuel energy produced at both a 
primary and final energy stage. It also allows access to the direct 
energy use for energy production sectors at both primary energy 
(for example, coal mines) and final energy (for example, oil refin-
eries, coke production and coal gasification) stages. Second, we 
use EXIOBASE—a large global MRIO database29—to estimate the  
indirect ‘supply chain’ energy associated with the production  
of fossil fuel energy at both the primary and final energy stage, 
including trade.

We adopt a net EROI (EROInet) calculation basis, as given in  
equation (1), where the net energy output is equal to the gross 
(or total) energy output, minus the energy input. This aligns first 
with other net energy research6,10,30, which focuses on the energy 
that enters the productive economy, and second with our final 
energy data which are already in net energy terms. Note that 
EROInet = EROIgross − 1, as shown in the Methods. Therefore, our 

Table 1 | Comparison of EROI ratio estimates for different energy sources/carriers and conversion stages

Energy source/carrier Published EROI ratio (X:1) estimate

EROIPRIM EROIFIN Reference

Coal 40–55 (mine mouth)
80 (mine mouth)

Hall et al.15

Court and Fizaine25

Oil 15 (well head)
18 (well head)
20 (well head)

4–5 (refined oil fuels)

Court and Fizaine25

Gagnon et al.7
Hall et al.15

Brandt54

Gas 18 (well head)
20 (well head)
75 (well head)

Gagnon et al.7
Hall et al.15

Court and Fizaine25

Electricity (gas) 6a

8a

11b–14b

Hall et al.15

King and Van Den Bergh10

Raugei and Leccisi18

Electricity (coal) 4b

13a–18a

17a

Raugei and Leccisi18

Hall et al.15

King and Van Den Bergh10

Electricity (photovoltaics) 19c–38c 6b–12b

10a

4b–20b

Raugei et al.55

Hall et al.15

Leccisi et al.56

Electricity (wind) 14b–26b

15b–30b
Kubiszewski et al.57

Raugei and Leccisi18

aIncludes power plant/transformational conversion efficiencies only. bIncludes power plant/transformational conversion efficiencies and supply chain energy investments. cPrimary energy equivalent value 
by Raugei et al.55, estimated by dividing the EROIFIN value for photovoltaics (6–12) by the EU-27 electric grid efficiency, ηgrid = 0.31.
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results are applicable to both definitions, and we remove the net 
suffix hereafter):

=

=
−

EROI
Net energy output

Energy input
Gross energy output energy input

Energy input

(1)
net

Our conceptual boundaries for calculating global EROIPRIM and 
EROIFIN are set out in Fig. 1.

Referring to Fig. 1, we calculate the components of EROIPRIM and 
EROIFIN via equations (2) and (3), which adapt equation (1) to the 
primary and final energy stages:
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These calculations proceed in three steps, in turn calculating the 
net energy produced, as well as the direct energy (EdE) and indi-
rect energy (EiE) invested in energy production. These are outlined  
next, with further detail provided in the Methods (including model-
ling limitations).

From equation (2), the net energy produced for EROIPRIM is equal 
to the total gross production of primary energy (ET_PRIM), minus the 

direct energy used by the energy extraction industries (EdE_PRIM). 
We obtain values for ET_PRIM from the ‘production’ energy data from 
the IEA extended world energy balances28. In IEA terms, this is a 
subcategory of ‘total primary energy supply’, and represents the pri-
mary energy extracted in each country/region, including exports, 
but excluding imports. As we use the EXIOBASE MRIO database 
in our analysis, we do not need to account for imported energy, as 
these flows will be reflected in the MRIO transaction matrices.

Next, in equation (3), we directly obtain the net energy produced 
at the final energy stage via the total final consumption (TFC) pro-
vided in the IEA extended world energy balances28. This is equal to 
the gross final energy (for fossil fuels) used by each country/region 
(ET_FIN), minus the direct energy (EdE_FIN) associated with produc-
tion of the final energy.

The direct energy component (EdE) in equations (2) and (3) rep-
resents the direct energy invested to extract fossil fuels or produce 
fossil fuel-based final energy. We obtain information for EdE from the 
18 energy industry own use (EIOU) categories in the IEA’s extended 
world energy balances28, which follow their accounting conventions 
for energy industry own use and losses (see also the IEA’s World 
Energy Balances: Database Documentation31). As shown in Table 2, 
EdE_PRIM includes only two EIOU subcategories (coal mines and oil 
and gas extraction), whereas EdE_FIN also includes the additional 12 
EIOU categories involved in producing final energy (for example, 
own use in electricity, coal gasification and coke production).

Our method for calculating EiE uses input–output analysis to 
obtain the ‘indirect’ or ‘supply chain’ energy used by the EIOU 
categories involved in fossil fuel extraction and production at the 
primary and final energy stages. We build on the work of Brand-
Correa et  al.16, who developed the input–output-based method-
ology we use to estimate indirect energy for EROI calculations.  
Their work was applied to a single-country (United Kingdom) 
study. For our global study, we make significant modifications and 

Primary energy
Final energy
(for example,

petrol,
gas electricity)

Transformation
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Transformation
and
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Energy used 
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Energy used
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in extraction
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Fig. 1 | Conceptual framework for global fossil fuels EROI estimation. EROIPRIM represents aggregate fossil fuel EROI at the primary energy conversion 
stage. EROIFIN denotes aggregate fossil fuel EROI at the primary energy conversion stage. ‘Direct energy invested’ is the energy consumed in the 
production, transformation and distribution of energy. ‘Indirect energy invested’ is the supply chain energy embodied in products that are used in the 
production, transformation and distribution of energy.
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improvements, including the use of EXIOBASE29, and calculate EiE 
at both the primary and final energy stages. To estimate indirect 
energy, either LCA or input–output-based analysis can be used. 

More commonly, LCA analysis is used for site-level (mainly fossil 
fuels) or device-level EROI estimates (mainly renewables), due to 
better availability of granular data (see Murphy et al.32). At an econ-
omy-wide and global level, input–output analysis is more often used 
(as LCA data become very complex at larger scales); for example, 
it has been used for EROI estimates by Brand-Correa et  al.16 and 
Palmer33. However, studies suggest that input–output-derived EROI 
values are typically lower than process-based LCA study values for 
exactly the same data34.

Table 2 | IEA energy industry own use (EIOu) categories 
included in direct energy (EdE)

IEA EIOu category Fossil fuel 
production

Fossil fuel production, refining 
and transformation into final 
energy

Included in 
EdE_PRIM?

Included 
in EdE_FIN?

Allocation to:

EdE_FIN_ELECt EdE_FIN_FuEL

1 Coal mines Yes Yes By coal share for 
electricity/other 
finished fuel use

2 Oil and gas 
extraction

Yes Yes By oil and gas share 
for electricity/other 
finished fuel use

3 Blast furnaces No Yes 0% 100%

4 Gas works No Yes By gas share for 
electricity/other 
finished fuel use

5 Gasification plants 
for biogases

No No 0% 0%

6 Coke ovens No Yes 0% 100%

7 Patent fuel plants No Yes 0% 100%

8 Brown coal/peat 
briquette plants

No Yes 0% 100%

9 Oil refineries No Yes 0% 100%

10 Coal liquefaction 
plants

No Yes 0% 100%

11 Natural gas 
liquefaction/
regasification plants

No Yes By gas share for 
electricity/other 
finished fuel end use

12 Gas-to-liquids 
plants

No Yes 0% 100%

13 Own use in 
electricity, 
combined heat and 
power plants, and 
heat plants

No Yes 100% 0%

14 Pumped storage 
plants

No No 0% 0%

15 Nuclear industry No No 0% 0%

16 Charcoal 
production plants

No No 0% 0%

17 Non-specified 
(energy)

No Yes By electricity/other 
finished fuel split of 
categories 1–16

18 Losses No Yes Coal/oil/gas products: 
by electricity/other 
finished fuel end-use 
split;
electricity: by 
fossil fuel share to 
electricity;
heat: by fossil fuel 
share to other finished 
fuels

Two IEA categories are included for EdE_PRIM versus 14 for EdE_FIN. Suballocations are shown for EdE for 
electricity (EdE_FIN_ELECT) and EdE other finished fuels (EdE_FIN_FUEL).
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Fig. 2 | Basic MRIO structure with energy extensions vector. The Z matrix 
contains all inter-sector transactions. Vector v denotes value-added 
data, vector x represents the total economic input or output and vector y 
represents sales to households (final demand). Z, v, x and y are in financial 
units. Vector f is the energy extension, which is in energy units. Adapted 
from ref. 16.

Table 3 | EXIOBASE fossil fuel energy sectors

EXIOBASE energy sectors used in EROI calculations?

Primary 
energy stage

Final energy 
stage

Sector 20: mining of coal and lignite; 
extraction of peat

Yes Yes

Sector 21: extraction of crude petroleum 
and services related to crude oil extraction, 
excluding surveying

Yes Yes

Sector 22: extraction of natural gas and 
services related to natural gas extraction, 
excluding surveying

Yes Yes

Sector 23: extraction, liquefaction and 
regasification of other petroleum and 
gaseous materials

Yes Yes

Sector 56: manufacture of coke oven 
products

No Yes

Sector 57: petroleum refinery No Yes

Combined sectors 96, 97 and 101: 
production of electricity by coal, gas and 
petroleum

No Yes

Nine EXIOBASE sectors concern energy extraction and/or finished fuels production. These are 
mapped to primary and final energy stages, which then form the energy extension vectors for the 
input–output-based calculation of EiE for primary and final-stage EROI.
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The MRIO-based method for calculating EiE follows the con-
ventional approach used in consumption-based emissions35 and 
energy accounting36. The accounting matrices are used to deter-
mine how global industrial outputs respond to a unit change in 
final demand. An environmental extension vector of either energy 
extracted or fuel used per unit of industrial output can be com-
bined with the accounting matrices to measure the full supply chain 
energy required to meet the final demand. We use the numerators 
in equation (2) (ET_PRIM − EdE_PRIM) and equation (3) (TFC) to con-
struct different ‘net energy’ extension vectors for both primary and 
final energy stages, by allocating net energy at the primary and final 
energy stages to EXIOBASE industries. An overview of the input–
output framework is given in Fig. 2. EXIOBASE energy industries at 
the primary and final energy stages are given in Table 3:

The calculated EROIFIN ratio is an aggregate metric that com-
bines all fossil fuel-based refined fuels and electricity outputs. To 
provide more detail, we split EROIFIN into refined fuels (EROIFIN_

FUEL) and electricity (EROIFIN_ELECT), as shown in equations (4) and 
(5). See Methods for more detail.

=
+_

_ _ _ _E E
EROI

TFC
(4)FIN ELECT

ELECT

dE FIN ELECT iE FIN ELECT

=
+_

_ _ _ _E E
EROI

TFC
(5)FIN FUEL

FUEL

dE FIN FUEL iE FIN FUEL

Global fossil fuel EROI results
Figure 3 presents our results for global EROIPRIM and EROIFIN. We 
estimate that the average EROIPRIM for all fossil fuels has declined by 
around 23% in the 16-year period considered (37:1 to 29:1). These 
magnitudes (see Table 1) and rates of decline are similar to other 
published estimates7,15,25. The aggregate results for all fossil fuels rep-
resent a combination of different trends for different kinds of fuel. 
All types of fossil fuels show a declining trend. The EROI for coal 
starts at the highest value (50:1) in 1995, but declines sharply by 
42% to reach ratios similar to the other fossil fuels in 2011 (about 
29:1). This strong decline is largely driven by the increasing use of 
indirect energy in Chinese coal production. EROI ratios for oil and 

gas are much lower but also decline less strongly. EROI for oil pro-
duction declines by 19% from 35:1 to 28:1. EROI for gas production 
declines by 10% from 32:1 to 29:1.

Our calculated value for global EROIFIN is much smaller than for 
EROIPRIM, and declines by 11% from 6.8 (in 1995) to 6.1 (in 2011).

Figure 4 splits EROIFIN into two important subcomponents, with 
the EROI of fossil fuel-based electricity (EROIFIN_ELECT) around 3:1, 
versus ~8:1 for other refined fuels (EROIFIN_FUEL). The growth in 
world electricity consumption as a fraction of the TFC may there-
fore be one factor associated with the decrease of EROIFIN. The value 
of ~3:1 for EROIFIN_ELECT is at the lower end of the range estimated 
via LCA analysis by Raugei and Leccisi18 given in Table 1 (4:1 for 
coal-based electricity and 11:1 for gas-based electricity), but is com-
parable given that the majority of fossil fuel-based electricity uses 
coal, and given the inclusion of electricity distribution losses in our 
EROIFIN_ELECT ratio.

Further insights can be gained by studying the EROI component 
terms from equations (2) and (3), as shown in Fig. 5. First, regard-
ing their magnitudes, we find that EROIFIN is significantly lower 
than EROIPRIM, mainly because the EROI denominator (EdE + EiE) is 
4–5 times larger at the final energy stage than the primary energy 
stage. This is mainly caused by a larger contribution from EdE, as the 
number of EIOU energy production sectors has broadened from 
2 to 14. In addition, the numerator (ET − EdE) is around one-third 
smaller at the final energy stage, which further reduces EROIFIN. 
Second, the declining time series trends exhibited by both EROIFIN 
and EROIPRIM are because the denominator (EdE + EiE) increases at a 
faster rate than the numerator (ET − EdE).

A more complete view of fossil fuel EROI
The results of our analysis provide key insights for the global transi-
tion to a climate-compatible energy system.

First, in EROI terms, renewable-based electricity might not be 
as disadvantaged compared with fossil fuels as is often suggested 
in the literature12. Our global fossil fuel EROI analysis suggests that 
EROIFIN_ELECT (~3:1) may be below the EROI ratios estimated for 
modern renewables (for example, photovoltaics and wind) when 
measured at the same final energy stage (see Table 1). These ratios 
are much lower than conventional, primary energy-stage EROIPRIM 
(~30:1), supporting the driving concern and the rationale behind 
the paper. In addition, our estimates for EROIPRIM may actually be 
conservatively high, as the MRIO-based method does not include 
all aspects of fossil fuel industry capital investment and decom-
missioning. Our findings suggest that a large-scale transition to 
renewable energy sources does not necessarily imply a significant 
reduction in economy-wide EROI. In contrast, such low and declin-
ing EROIFIN ratios would mean that the renewables transition may 
actually halt—or even reverse—the decline in global EROI at the 
final energy stage.

Second, the low ratios (~6:1) of fossil fuel EROI at the final 
energy stage, and their declining nature (10% decrease from 1995–
2011) gives reason for concern. Figure 6 shows that the fossil fuel 
EROI at the final energy stage is closer to the ‘net energy cliff ’ than 
has been supposed at the primary energy stage6. This matters, as 
the net energy cliff is highly nonlinear: the reduction in net energy 
availability by moving from an EROI ratio of 10:1 to 5:1 (−10%) is 
much greater than 40:1 to 20:1 (−2.5%). Our results suggest that 
we may already have entered this zone of highly nonlinear change, 
where further modest declines in EROIFIN ratios lead to increasingly 
rapid reductions in the net energy available to society.

Third, given the low and declining final energy stage EROIFIN 
ratios and proximity to the net energy cliff, we should more seri-
ously and urgently consider the potential societal impacts and 
response to reductions in the net energy available to society. These 
effects could be significant: reductions in energy supply and/or 
significant increases in energy prices in the past have often been 
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associated with economic crises37–39. It is very unclear how these 
nonlinear impacts of declining EROI on the availability of net 
energy will impact society and economy. However, it is likely that 

any impacts would unfold in a similarly nonlinear fashion. The 
investigation of such net energy constraints on the socioeconomy 
starts at a very low base. On the one hand, aspects of EROI (that 
is, the relationship between gross energy, net energy and economic 
impacts) are generally not included in many of the energy–economy 
models40,41 that are used to investigate possible pathways to a low-
carbon future42. On the other hand, when EROI is included, such 
models do not include low (enough) EROI ratios for fossil fuels10,12. 
As a result, socioeconomic impacts are limited in the model (since 
high EROI ratios are included) and this reinforces the perception 
that a transition to renewables will lower overall EROI.

A logical response to the declining net energy availability  
of fossil fuels at an economy-wide level would be to increase the 
total production of fossil fuels (ET_FIN), to compensate for signifi-
cant rises in direct energy associated with their production (EdE_FIN),  
and to maintain absolute net energy levels (ET − EdE) for the  
remaining productive part of the economy. Falling into this trap 
set by the net energy cliff would be disastrous from the perspec-
tive of climate change, as higher overall levels of fossil fuel combus-
tion will increase associated greenhouse gas emissions. That said, 
such increases in fossil fuel production may not be readily feasible,  
given the decreasing availability of large and easy-to-extract fossil 
energy reserves43.

Alternatively, two other responses could be employed—pref-
erably together as they complement each other. First, the scale  
and speed of the renewables transition could be increased. If  
renewables-based EROI is higher than for fossil fuels, this provides 
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added impetus for this option. However, fossil fuels still provide 
the large majority of the global energy consumed and are likely 
to do so for the foreseeable future. Therefore, a rapid transition to 
renewable energy sources will still require significant energy subsi-
dies from fossil fuels, as renewables have a significant temporal lag 
before they achieve net energy payback44,45. Any transition period 
featuring a large build rate of new renewable capacity would there-
fore be characterized by incumbent fossil fuels and their low EROI 
ratios. Second, following Cullen and Allwood46, increasing attention 
is placed on how we can become more efficient in utilizing con-
strained (final) energy to deliver increased end energy services.

Conclusions
Conceptually, the estimation of fossil fuel EROI at the final energy 
stage is much more relevant to society and the economy than at the 
primary energy stage, because final energy is much closer to end 
energy services. It also enables a fairer comparison between fossil 
fuels and renewables, and is at the same stage of energy conver-
sion that is used by aggregate energy–economy models, which are 
increasingly including net energy and EROI. However, most current 
methods for calculating global fossil fuels EROI (except electricity) 
remain at a primary energy stage and do not provide the required, 
equivalent basis for comparison. To address this, we include all fos-
sil fuel-based IEA energy production sectors, which increases direct 
energy, and estimate indirect supply chain energy from energy pro-
duction via MRIO analysis.

Empirically, the effect is to reduce EROI ratios for fossil fuels 
from ~30:1 (at the primary energy stage) to 6:1 (at the final energy 
stage). The low and declining EROI ratios we obtain by including 
a more complete spectrum of direct and indirect energy use show 
the importance of moving the calculation of EROI from the pri-
mary to final energy stage. These results confirm that we have been 
overlooking potential energetic constraints to our economies from 
fossil fuel use, while being too focused on the impacts of renewables 
transition. We find it credible that declining EROI ratios of fossil 
fuels will lead to constraints on the energy available to society in 

the not-so-distant future, and that these constraints might unfold in 
rapid and unexpected ways.

Our results challenge established conventions: renewables-based 
EROI may be higher than fossil fuels EROI when measured at the 
same final energy stage. This translates to an urgent need to include 
fossil fuel EROI at the final energy stage in energy–economy mod-
els, to study possible socioeconomic impacts and responses. These 
insights are urgently required, as future policy and energy infra-
structure investment decisions are being made now to meet climate 
change mitigation commitments.

Methods
Data. Our analysis draws on two key data sources. The first source is the extended 
world energy balances provided by the IEA for 142 countries and two rest-of-world 
regions28. All of the energy data used in our study are based on IEA data. The 
second source is the EXIOBASE MRIO database version 3.4 (ref. 29). EXIOBASE 
version 3.4 provides global input–output transaction matrices describing trade 
flows between 163 industries in 44 countries and 5 rest-of-world regions, as well as 
details on final demand expenditure on each industry in each country/region. All 
data are selected on an annual basis covering the years 1995–2011. The EXIOBASE 
data form the basis of the input–output analysis that we perform to determine the 
indirect energy used in the fossil fuel-producing industries. EXIOBASE version 
3.4 contains energy extension vectors, but these vectors are not consistent with the 
data we used for the net energy and direct energy components of equations (2) and 
(3). Therefore, for consistency and to suit our purposes, we constructed energy 
extension vectors based on the IEA extended energy balances—one for each EROI 
stage (primary and final energy).

From IEA energy balances to EXIOBASE vectors. We use data from the IEA 
extended energy balances in all three steps of our analysis. The relevant categories 
from the IEA’s extended energy balances are allocated to the 49 countries/regions 
in EXIOBASE using concordance matrix A in the associated University of Leeds 
data repository47.

At the primary energy stage, we obtain the gross production of energy, ET_PRIM, 
using IEA’s ‘production’ category (a subcategory of ‘total primary energy supply’). 
As the scope of our analysis is restricted to fossil fuels, only fossil fuel production 
is considered (14 IEA energy products; see primary energy stage concordance 
matrix B in the associated University of Leeds data repository47). We obtain the 
direct energy used by the fossil fuel-extracting industries, EdE_PRIM, from IEA’s 
EIOU categories. Only those categories directly relating to the extractive energy 
industries are considered (Table 2). We subtract the energy industry’s own use of 
energy from the figures for gross production to avoid double counting of the direct 
energy use of the energy industry in our EROI calculations. Finally, we construct 
the extension vector required for the input–output analysis by allocating the gross 
production of energy from the IEA data to the four relevant energy-producing 
industries in EXIOBASE for each country/region.

At the final energy stage, we use IEA’s TFC to calculate the numerator of the 
EROI in equation (3). As the scope of our analysis is restricted to fossil fuels, we 
include only the consumption of energy carriers derived from fossil fuels (29 
IEA energy products; see final energy concordance matrix C in the associated 
University of Leeds data repository47). We then obtain the direct energy used by 
the fossil fuel extraction and energy production industries, EdE_FIN, from IEA’s 
EIOU categories, as shown in Table 2. Finally, we create the extension vector for 
the MRIO analysis by allocating IEA’s TFC by products (29 fossil fuel-derived 
final consumption products) to (seven) EXIOBASE industries. Note that we do 
not allocate IEA’s TFC by the categories in which energy is used, but rather by the 
products (or energy sources) that are used at that stage.

For splitting EROIFIN into EROIFIN_ELECT and EROIFIN_FUEL, as given in equations 
(4) and (5), we require estimates of the three components. First, TFC is split into 
electricity (TFCELECT) and refined fuels (TFCFUEL) directly from the IEA data. 
Second, EdE_FIN is split into EdE_FIN_ELECT and EdE_FIN_FUEL parts via the allocation 
shown in Table 2. Third, as calculating components of EiE (EiE_FIN_ELECT and 
EiE_FIN_FUEL) is not possible directly due to the lack of required EXIOBASE sector 
granularity (for example, oil refineries would need to be split between electricity 
and other fuel use), we estimate EiE_FIN_ELECT and EiE_FIN_FUEL by assuming that the 
same indirect-to-direct energy ratio (EiE_FIN/EdE_FIN) applies to the subcomponents. 
As EiE_FIN is around 20–25% of EdE_FIN, this assumption will not affect the end EROI 
ratios greatly.

Input–output analysis. The indirect energy used by fossil fuel industries is calculated 
using input–output analysis—a macroeconomic technique most commonly used 
for consumption-based accounting48. This method builds on previous work by 
Brand-Correa et al.16. Referring to the input–output framework in Fig. 2, taking the 
EXIOBASE 4.3 MRIO database, we first express total economic output x as a function 
of final demand y. This process shows how every global industry contributes to 
the supply chain of a single final demand product and can consequently be used to 
understand the supply chain energy used by the fossil fuel sector.
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Alongside y and x, EXIOBASE also contains the transaction matrix Z and 
value-added data v (refer to Fig. 2). Sales by each industry, to both other industries 
and final demand, are recorded along the rows. The columns show expenditure by 
each industry on both intermediate goods, and taxes and wages (found in value 
added). For the purpose of this initial explanation, y takes the form of a single 
column of total global final demand.

Reading across the full database, the total output (xi) of sector i can be 
expressed as equation (6):

= + + … + +x z z z y (6)i i i in i1 2

where zij is the contribution from the ith supplying sector to the jth producing 
sector in an economy and yi is the final demand for the product produced by the 
particular sector. If each element zij is divided by the output xj associated with the 
corresponding column j, each element zij in Z can be replaced with:

=a
z
x (7)ij

ij

j

forming a new matrix A, known as the direct requirements matrix. Element aij 
is the proportion of all of the inputs in the production recipe of that product. 
Equation (6) can therefore be rewritten as:

= + + … + +a a ax x x x y (8)i i i in n i1 1 2 2

which, if written in matrix notation is x = Ax + y.
Solving for x gives:

= − −I Ax y( ) (9)1

Equation (9) is known as the Leontief equation and describes output x as a function 
of final demand. (I − A)−1 is the Leontief inverse (denoted hereafter as L). Now, 
consider a row vector f of energy assigned to industrial sectors. In this analysis, f 
is the fossil fuel net energy either at the primary energy stage (the numerator in 
equation (2)) or at the final energy stage (the numerator in equation (3)). Energy 
intensity e is calculated by dividing f by the total sector economic output x, as given 
in equation (10):

= ̂−e fx (10)1

A vector with a ‘hat’ ( )̂ represents a diagonal matrix, whose diagonal elements are 
the elements of the vector. Multiplying both sides of the Leontief equation (9) by e 
gives equation (11):

= Lex e y (11)

which simplifies to the energy extension vector (seen in Fig. 2) given by  
equation (12):

= Lf e y (12)

Diagonalizing both e and y means that the result, = ̂ ̂F Le y, is an energy flow matrix 
of the same dimensions as Z, showing the energy inputs by sector and region into 
any product. If, rather than representing global final demand, y is the final demand 
of a particular country, k, F is now the total energy required to meet consumption 
in country k. Hereafter, we use individual country vectors for y, and the results are 
calculated separately for each country in the database, before being summed to 
calculate a total global figure.

An individual element in the Z matrix zij
rs describes the flow from sector i 

in country r to sector j in country s. Input–output tables usually contain some 
monetary flow in the cell =

=zi j
r s. This could represent, for example, Chinese coal 

inputs to the Chinese coal-producing sector. Since this should be captured by EdE 
(either at the primary energy or final energy stage), we need to adjust the original 
EXIOBASE Z matrix to remove these particular flows. We remove these flows 
(found on the diagonal) by setting the cell value to zero and recalculating the 
associated total output vector x. This means that when energy consumption-based 
accounts are calculated, the direct energy is redistributed such that the result 
matrix F is the true result of indirect energy flows. Continuing with the example 
above, any energy found in cell =

=f i j
r s will be an indirect flow of Chinese coal, which 

involves a supply chain that passes the coal via some other sector before it is used 
again in the production of Chinese coal products.

Next, let the fossil fuel energy sectors in Table 3 be the set e to g. In the adapted 
matrix Z for any country r in the set of all countries, if a sector i belongs to the set 
of fossil fuel energy sectors, ==

=z 0i j
r s , we obtain in equation (13):












= =

∈ …
=
=

=
=Z
i e g

z
z

0 if { , , }
otherwise (13)i j

r s

i j
r s

Hereafter, in this section, Z represents this adapted matrix with the modifications 
on the diagonal to avoid double counting direct energy (EdE). The same adapted 
matrix is used in the calculations for each country described below.

To calculate EiE used at the primary and final energy conversion stages, we 
calculate a new flow matrix F0, which shows the energy used from the full supply 
chain if there were no fossil fuel energy flows to that particular fossil fuel energy 
sector. The indirect energy used by fossil fuel industries is therefore the difference 
between F and F0.

To calculate F0, we need to generate a new version of the transactions  
matrix Z for each country in the database. This matrix is exactly the same as the 
adapted Z, but replaces monetary flows with zeros for any columns associated 
with that country’s fossil fuel energy products. We will call this further modified 
country-specific transaction matrix Z0. This means that energy flows that interact 
with any part of the supply chain of a fossil fuel energy product are removed 
from F0. F0 will not only register zero energy in the production recipe (column) 
of a fossil fuel product, but the energy flows throughout the rest of the matrix 
will not contain energy that interacted with the fossil fuel product supply chain. 
Consequently, when finding ∑= −E F FiE

0, we are identifying any energy that 
interacted with any part of the fossil fuel product supply chain, regardless of the 
final product made.

For example, for Chinese fossil fuel products (either at the primary or final 
energy stage), F0 will not register any fossil fuel energy flows used in any part of 
the supply chain involved in the making of such products. More specifically, for 
instance, F0 will not register Chinese coal used in the US steel industry and then 
used in the Chinese oil industry. Therefore, the difference between F and F0 will 
provide all of these types of flows, which constitute EiE.

To make country k’s Z0 matrix, we make a mask matrix Mk, which contains 
ones for all columns except the columns corresponding to that country’s set of 
fossil fuel energy sectors e to g (from Table 3). For any sector j in the specific 
country k, these destination columns are zero if j is in the set of e to g, as given in 
equation (14):











= = ∈ …M m j e g0 if { , , }
1 otherwise

(14)k
ij
rk

F0 for country k is calculated by equation (15):

⊗= ̂ − ̂ ̂−
−

F I M Ze x y( ) (15)k0 0 1
1

Where ⊗ denotes element-by-element multiplication. If F and F0 contain m sectors 
and n regions, the EiE for country k is calculated by summing every element in the 
row i corresponding to every source nation if i belongs to the set of e to g, as shown 
in equation (16):

∑ ∑= −
∈ …

E f f (16)
r s

n

i e g j

m

ij
rs

ij
rs

iE
, { , , },

0

Finally, we calculate EiE for each of the 49 regions and for each of the 17 years 
(1995–2011) we have data for, and sum the data annually to generate a global EiE 
value.

EROIgross versus EROInet. We note that EROI ratios can (correctly) be 
measured on either a net (EROInet) or gross (EROIgross) basis49, and by dividing 
the terms in equation (1) by the energy input we find in equation (17) that 
EROInet = EROIgross − 1. Hence, while all of our results are described in net terms, 
an EROI value of 10:1 on a net basis becomes 11:1 on a gross basis, and so on. 
Therefore, the gists of the arguments made in our paper are however not affected 
by the adoption of the ‘net’ (versus ‘gross’) definition of EROI:

=
−

= −EROI
1

1
EROI 1 (17)

net

Gross energy output
energy input

gross

EROI boundaries. The calculation of EROI ratios always requires the setting of 
boundaries around the scope of energy that is considered to be ‘energy invested’. 
The choices made with regard to this boundary have an important influence on 
the EROI results calculated. Where to best set these boundaries is debated in the 
literature50. There is no agreed set of rules, and the potential choices depend on 
the method used32. In our analysis, the boundaries of ‘energy invested’ are largely 
defined by the characteristics of the data and methods that we employ.

The first component of energy invested in our analysis is drawn from the EIOU 
flows from the IEA energy balances. The IEA’s World Energy Balances: Database 
Documentation31 notes that these flows cover “the amount of fuels used by the 
energy producing industries (for example for heating, lighting and operation of 
all equipment used in the extraction process, for traction and for distribution)” 
in each year. The IEA energy balances break down these flows into different 
categories. We included different categories of these flows for the primary and final 
EROI calculations (see Table 2).

In addition to the direct energy used in the energy industries, we also consider 
it important to include energy that is invested indirectly, via the embodied energy 
in goods and services that are used by the energy industries to produce energy. We 
estimate this indirect energy using an input–output approach that is commonly used 
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for energy footprinting. Such an approach implies some clear boundaries on the 
embodied energy included. Most importantly, the input–output approach we employ 
only includes embodied energy associated with intermediate inputs in the supply 
chain. These intermediate inputs represent inputs into the production process that 
are “turned over at least annually”51. Any energy that is embodied in the fixed capital 
goods (goods that are used in production over several years) is not included. This is 
a common limitation of global input–output models as there is a lack of detailed data 
on the amount and composition of capital expenditure at the industry level52.

Therefore, our EROI estimates do not include any energy invested in the 
production of energy associated with the fixed capital equipment employed in 
the energy-producing industries. As capital expenditure is not considered, the 
estimates for indirect energy use presented in this study are very likely to be 
underestimated and should be considered as lower-bound values. Especially for 
renewable energy sources, the proportion of indirect energy embodied in capital 
is likely to be high, which presents another reason why our method is not yet 
suitable for analysing renewable energy. Södersten et al.52 present recent progress 
on endogenizing capital expenditure in global MRIO models. Such methods could 
be used to expand the boundaries of input–output analysis used for the calculation 
of EROI ratios in future work.

Validation. Important checks were performed on the components of the EROI 
calculations. First, for total energy (ET) and TFC, we checked that the sum of 
country-level data (extracted from the IEA extended energy database and then 
mapped to EXIOBASE country structures) matched the world totals. Second, for 
EdE for EROIPRIM and EROIFIN, we performed a similar check that the world totals 
matched the EXIOBASE country summation. Third, for EiE, the MATLAB code 
included checks that the code was working correctly, while the fraction of indirect 
(that is, supply chain) energy versus direct energy (around 25–30%) accords with 
Chen and Wu’s study of energy embodied in world trade53. Last, our calculated 
primary-stage fossil fuel EROI values (~30:1) were found to be in broad agreement 
with other published estimates (refer also to Table 1).

Limitations. In addition to the limits that our data and methods pose regarding 
EROI boundaries, as discussed earlier, two other limitations need to be taken into 
account when interpreting our results. First, our analysis is based on annual energy 
(IEA) and economic (EXIOBASE/MRIO) data. Additional temporal components 
of indirect energy for our fossil fuel analysis would include both capital investment 
and decommissioning phases. This is more commonly included in renewables-
based EROI and energy payback time studies34,45. Second, we are confident in the 
accuracy of our results at the global level, where long-term trends prevail over 
yearly outliers. However, at the country level, we are less confident of our results, 
since uncertainties associated with individual cells in EXIOBASE’s transaction 
matrix can produce significant distortions. Last, we have been able to provide 
EROI for coal, oil and gas at the primary energy stage, but not at the final energy 
stage. This would require more detailed energy data at the final energy level.

Data availability
The extended energy input datasets were obtained under licence from the 
IEA. The IEA World Energy Statistics and Balances can be downloaded with 
institutional or other user licence from https://doi.org/10.1787/enestats-data-en. 
The EXIOBASE 3.4 database is available at http://exiobase.eu/index.php/data-
download/exiobase3mon. The concordance matrices used in the EXIOBASE-based 
calculations are available in the associated University of Leeds data repository47. 
The aggregate EROI datasets generated are available from the corresponding 
author upon reasonable request.

Code availability
The MATLAB code written for generating EiE in the EROI calculations is available 
at GitHub at the following link: https://github.com/earao/EROI.
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