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Fossil fuels under many scenarios remain the dominant energy source to at least 2050. However, harder-6 

to-reach fossil fuels require more energy to extract and hence are coming at an increasing ‘energy cost’. 7 

Associated declines in fossil fuel energy-return-on-investment ratios at first appear of little concern, given 8 

published estimates for oil, coal and gas sources are typically above 25:1. However, such ratios are 9 

measured at the primary energy stage, but should be estimated instead at the final energy stage (e.g. 10 

electricity, petrol) where energy enters the economy. Here, we calculate global time-series (1995-2011) 11 

energy-return-on-investment ratios for fossil fuels at both primary and final energy stages. We concur 12 

with common primary-stage estimates (~30:1), but find very low ratios at the final stage: around 6:1, and 13 

declining. This implies fossil fuel energy-return-on-investment ratios may be much nearer to those of 14 

renewables and could decline precipitously in the near future. 15 

 16 

The field of net energy analysis first came to prominence during the 1970s oil crises1–4 as a means of assessing 17 

how much energy is delivered to society. Various metrics have emerged5 including energy profit ratio, energy 18 

gain, energy payback, and the most well-known ‘energy-return-on-investment’ (EROI). Kunz et al.6 define EROI 19 

in its simplest form as a ratio which “divides the total energy output by the energy input”. Several factors have 20 

contributed to increasing attention being paid to the EROI research field. First, there are concerns over 21 

declining EROI ratios of fossil fuels – which under many scenarios remain the dominant energy source to at 22 

least 20507 – due to depletion of finite reserves8,9. Second, the estimated EROI ratios for renewable energy 23 

sources are often contentious, vary greatly depending on adopted methodology, and are commonly estimated 24 

as lower than fossil fuels10. Concerns follow that the renewables-led energy transition required to meet climate 25 

targets11 may have adverse socio-economic impacts12. Third, EROI as a topic has become more accessible 26 

through the readily-visualised concepts of a ‘net energy cliff’9 – where available net energy declines 27 

precipitously below EROI ratios of 5:1 - and a minimum threshold level of societal-level EROI13,14. 28 

However, much of the increased attention is confined to academic circles. One reason may be that fossil fuel 29 

EROI is commonly estimated at the primary (energy source) stage, where EROI ratios (i.e. for oil, coal and gas) 30 

are high, typically over 25:18,15. Such ratios suggest to modellers and policy makers that EROI ratios won’t fall 31 

below a threshold of concern until well into the renewables transition12. However, this is a misleading 32 

perception, as instead, fossil fuel EROI should be estimated at the final (energy carrier) stage (e.g. electricity, 33 

gas, and petrol), where energy enters the economy. This enables a fairer comparison to renewables-based 34 

EROI estimates, and the platform for improved energy and climate policy.  35 

We build on recent EROI research10,15,16 to provide an estimate of global fossil-fuel based EROI at a final energy 36 

stage, which better matches that of renewables-based EROI. We combine national-level International Energy 37 

Agency (IEA) energy data with a multi-regional input-output (MRIO) approach to include a wider boundary of 38 

direct energy production sectors and associated indirect (supply-chain) energy impacts, including trade. To 39 

enable comparison to existing methods and EROI ratios, we estimate global fossil fuel EROI for both primary 40 

(𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀) and final (𝐸𝑅𝑂𝐼𝐹𝐼𝑁) energy stages, and also provide time-series estimates for the 1995-2011 41 

period. Our results indicate that by 2011 global ratios for 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 (~6:1) are much lower than 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 42 

(~30:1), and both are declining. Two implications follow. First, EROI of fossil fuels may be much nearer to 43 

renewables than commonly supposed, meaning a global renewables transition may not be as biophysically 44 

troublesome as previously thought. Second, the low and declining 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 ratios for fossil fuels provides an 45 

immediate concern, and also implies we are much nearer a ‘net energy cliff’ than previously thought, where 46 

the non-linearity of EROI means low ratios (below 5:1) quickly restrict available net energy to society. 47 
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Global fossil fuel EROI based on a final energy stage  48 

Cleveland et al.’s17 landmark study in the 1980s estimated EROI in the United States for fossil fuels at the ‘well 49 

head’ (oil and gas) and ‘mine mouth’ (coal). Since then, many fossil fuel EROI studies have been published15, 50 

though largely these remain at the primary energy stage (as coal, oil, gas). The most common exceptions are 51 

fossil fuel based EROI estimates of electricity, which are at the final energy stage. However, their 52 

methodologies (and hence estimates) vary, with some (e.g. ref.10,15) taking primary stage EROI estimates and 53 

applying direct (thermal) loss factors in conversion to electricity, while others (e.g. ref.18) use LCA-based 54 

methods to include both thermal losses and supply-chain energy investment. 55 

At the same time, an increasing number of studies are estimating EROI ratios for modern renewables, 56 

particularly electricity generated from photovoltaics (PV) and wind turbines – which are seen as two energy 57 

technologies pivotal11 for reductions in global greenhouse gas emissions.  58 

A summary of the different EROI estimates for these two different energy sources (fossil fuels and renewables) 59 

at primary and final energy conversion stages is given in Table 1: 60 

Table 1: Comparison of EROI ratio estimates for different energy sources/carriers and conversion stages   61 

Energy source / 

carrier 

Published estimates of EROI ratios (X:1)  

at different energy conversion stages 

Primary energy stage 

(EROIPRIM) 

Final energy stage 

(EROIFIN) 

Reference 

Coal  40 – 55 (mine mouth) 

80 (mine mouth) 

 Hall et al.15 

Court and Fizaine19  

Oil  15 (well head) 

18 (well head) 

20 (well head) 

 

 

 

 

4-5 (refined oil fuels) 

Court and Fizaine19 

Gagnon et al.8 

Hall et al.15 

Brandt20 

Gas  18 (well head) 

20 (well head) 

75 (well head) 

 Gagnon et al.8 

Hall et al.15 

Court and Fizaine19 

Electricity (gas)  6Δ 

8Δ  

11⁰ – 14⁰  

Hall et al.15 

King and Van Den Bergh10 

Raugei and Leccisi18 

Electricity (coal)  4⁰  

13Δ – 18Δ   

17Δ 

Raugei and Leccisi18 

Hall et al.15 

King and Van Den Bergh10 

Electricity (PV) 19* – 38* 

 

6⁰ – 12⁰  

10Δ  

4⁰ - 20⁰  

Raugei et al.21 

Hall et al.15 

Leccisi et al.22 

Electricity (Wind)  14⁰ – 26⁰  

15⁰ – 30⁰  

Kubiszewski et al.23 

Raugei and Leccisi18 

* ‘Primary energy equivalent’ value by Raugei et al. 21, estimated by dividing EROIFIN value for PV (6-12) by the EU-27 62 

electric grid efficiency 𝜂𝑔𝑟𝑖𝑑= 0.31.   63 
Δ includes power plant / transformational conversion efficiencies only 64 

⁰ includes power plant / transformational conversion efficiencies AND supply chain energy investments  65 

 66 

Table 1 reveals the divergence between the modal EROI estimates: primary-stage fossil fuels are much higher 67 

(typically 20:1-80:1) than final-stage renewable electricity (typically 5:1-20:1). This creates a potentially 68 

misleading perception to modellers of high fossil fuel EROI and low renewables EROI. Raugei24 warns such 69 

apples-to-oranges comparisons are flawed, as they “compare [energy] carriers that cannot be put to similar 70 

end-use”. As energy-economy models are now starting to include EROI within their analytical framework, this 71 

has the potential to lock-in bias towards fossil fuels. For example, Sers and Victor12 suggest an ‘energy-72 

emissions trap’ is approaching, as “Reducing emissions will necessitate the transition from relatively high EROI 73 

dispatchable fossil fuels to […] relatively low EROI intermittent renewables”.  74 
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Sers and Victor’s reference to ‘intermittent’ renewables highlights an important point: estimation of EROI for 75 

renewables is a much newer field with a host of interwoven issues ongoing for the mainly life cycle analysis 76 

(LCA) based methodology, including capital investment, payback times, and intermittency.  77 

Whilst resolving such renewables-EROI issues are worthy and should continue, we suggest the heavy focus on 78 

them has distracted from the equally pressing need to move fossil fuel EROI to the final energy calculation 79 

stage. This is important for two key reasons. First, incumbent fossil fuels remain important: the 80 

Intergovernmental Panel on Climate Change (IPCC) future scenarios assume they remain as the dominant 81 

source of energy to at least 205025. Second, EROI increasingly is being included in energy-economy models as 82 

noted earlier, to help study future energy transitions10,26 and their macroeconomic impacts12,27,28. As energy 83 

enters the productive economy at the final energy stage, EROI ratios at the same final energy stage are thus 84 

also in the correct format for inclusion in energy-economy models.  85 

Matching fossil-fuel EROI estimates to the same (final) energy stage and (economy-wide or global) scale as 86 

energy-economy models is therefore important. Currently, economy-wide and global fossil-fuel EROI 87 

estimates – excluding electricity as seen in Table 1 – remain at a primary energy stage, using either a site-level 88 

or price based approach. Lambert et al.9 provide an example of the site-level approach, collating sample 89 

studies from different countries at the ‘mine mouth’ and ‘well head’. The price-based approach typically 90 

involves using energy prices and/or expenditure data to estimate direct and indirect (including capital) energy 91 

investment29: Gagnon et al.8, Court and Fizaine19 and Guilford et al.30 provide examples.  King et al.31 provide 92 

another route, using total energy expenditure to estimate aggregate EROI. 93 

Analytical approach  94 

We build on previous work by Brand-Correa et al.16, developing an input-output based approach to estimate 95 

global fossil fuel EROI at final and primary energy stages for the period 1995-2011. Two key advances underpin 96 

the method. First, we use International Energy Agency (IEA) extended energy balances time-series data32. This 97 

provides us with country-level data for fossil fuel energy produced at both a primary and final energy stage. It 98 

also allows access to the direct energy use for energy production sectors at both primary energy (e.g. coal 99 

mines) and final energy (e.g. oil refineries, coke production, coal gasification) stages. Second, we use EXIOBASE 100 

– a large global multi-regional input-output (MRIO) database33 - to estimate the indirect ‘supply-chain’ energy 101 

associated with production of fossil fuel energy at both primary and final energy stage, including trade.  102 

We adopt a net EROI (𝐸𝑅𝑂𝐼𝑛𝑒𝑡) calculation basis, as given in equation (1), where net energy output is equal to 103 

the gross (or total) energy output, minus the energy input. This aligns firstly with other net energy 104 

research6,10,34, which focuses on the energy that enters the productive economy, and secondly with our final 105 

energy data which is already in net energy terms. (Note, net EROI = gross EROI – 1 as shown in Methods. 106 

Therefore our results are applicable to both definitions, and we remove the Net suffix hereafter).  107 𝐸𝑅𝑂𝐼𝑛𝑒𝑡 =  𝑁𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 =  𝐺𝑟𝑜𝑠𝑠 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡   (1) 

Our conceptual boundaries for calculating global 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 and 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 are set out in Figure 1: 108 
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 109 

Figure 1: Conceptual framework for global fossil fuels energy-return-on-investment estimation. 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 is aggregate 110 

fossil fuel EROI at the primary energy conversion stage. 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 denotes aggregate fossil fuel EROI at the primary energy 111 

conversion stage. Direct energy invested is the energy consumed in production, transformation and distribution of 112 

energy. Indirect energy invested is the supply-chain embodied energy in products that are used in production, 113 

transformation and distribution of energy. 114 

Referring to Figure 1, we calculate the components of 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 and 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 via equations (2) and (3), which 115 

adapt equation (1) to the primary and final energy stages:  116 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 =  𝑁𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑣𝑒𝑠𝑡𝑒𝑑 = 𝐸𝑇_𝑃𝑅𝐼𝑀 − 𝐸𝑑𝐸_𝑃𝑅𝐼𝑀𝐸𝑑𝐸_𝑃𝑅𝐼𝑀 + 𝐸𝑖𝐸_𝑃𝑅𝐼𝑀 
(2) 

𝐸𝑅𝑂𝐼𝐹𝐼𝑁 =  𝑁𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑣𝑒𝑠𝑡𝑒𝑑 = 𝐸𝑇_𝐹𝐼𝑁 − 𝐸𝑑𝐸_𝐹𝐼𝑁𝐸𝑑𝐸_𝐹𝐼𝑁+𝐸𝑖𝐸_𝐹𝐼𝑁  = 
𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑇𝐹𝐶)𝐸𝑑𝐸_𝐹𝐼𝑁+𝐸𝑖𝐸_𝐹𝐼𝑁  (3) 

The calculations proceed in three steps, in turn calculating net energy produced; and the direct energy (𝐸𝑑𝐸) 117 

and indirect energy (𝐸𝑖𝐸) invested in energy production. These are outlined next, with further detail provided 118 

in Methods (including modelling limitations).  119 

From equation (2), the net energy produced for 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 is equal to the total gross production of primary 120 

energy (𝐸𝑇_𝑃𝑅𝐼𝑀), minus the direct energy used by the energy extraction industries (𝐸𝑑𝐸_𝑃𝑅𝐼𝑀). We obtain 121 

values for 𝐸𝑇_𝑃𝑅𝐼𝑀 from the ‘production’ energy data from the IEA extended world energy balances32. In IEA 122 

terms, this is a sub-category of ‘total primary energy supply’, and represents the primary energy extracted in 123 

each country/region, including exports, but excluding imports.  As we use the EXIOBASE MRIO database in our 124 

analysis, we do not need to account for imported energy, as these flows will be reflected in the MRIO 125 

transaction matrices. 126 

Next, in equation (3), we directly obtain the net energy produced at the final energy stage via the ‘Total Final 127 

Consumption’ (TFC) provided in the IEA extended world energy balances32. This is equal to the gross final 128 

energy (for fossil fuels) used by each country/region (𝐸𝑇_𝐹𝐼𝑁), minus the direct energy (𝐸𝑑𝐸_𝐹𝐼𝑁) associated 129 

with the production of the final energy.  130 
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The direct energy component (𝐸𝑑𝐸) in equations (2) and (3) represents the direct energy invested to extract 131 

fossil fuels or produce fossil-fuel based final energy. We obtain information for 𝐸𝑑𝐸 from the 18 ‘Energy 132 

Industry Own Use’ (EIOU) sub-categories in the IEA’s extended energy balances32, which follows their 133 

accounting conventions for ‘Energy industry own use and Losses’ – see also the IEA’s ‘World Energy Balances: 134 

Database Documentation35. As shown in Table 2, 𝐸𝑑𝐸_𝑃𝑅𝐼𝑀 includes only two EIOU sub-categories (Coal mines, 135 

Oil and gas extraction), whereas 𝐸𝑑𝐸_𝐹𝐼𝑁 also includes the additional 12 EIOU categories involved in producing 136 

final energy (e.g. Own use in electricity, Coal gasification, Coke production).  137 

Table 2: IEA Energy Industry Own Use categories included in Direct Energy (𝑬𝒅𝑬). Two IEA categories are included within 138 

direct energy included for primary-stage EROI (𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀). Fourteen IEA categories are included within direct energy 139 

included for final-stage EROI (𝐸𝑅𝑂𝐼𝐹𝐼𝑁). Sub-allocations are shown to direct energy for electricity (𝐸𝑅𝑂𝐼𝑑𝐸_𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇) and 140 

other finished fuels (𝐸𝑅𝑂𝐼𝑑𝐸_𝐹𝐼𝑁_𝐹𝑈𝐸𝐿). 141 

Energy Industry Own Use - IEA categories Fossil fuel 

production 

Fossil fuel production, refining + 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 ELECT/FUEL use  

2 Oil and gas extraction Yes Yes by oil & gas share for ELECT/FUEL  use 

3 Blast furnaces (EBLASTFUR) No Yes 0% 100% 

4 Gas works (EGASWKS) No Yes by gas share for ELECT/FUEL use 

5 Gasification plants for biogases No No 0% 0% 

6 Coke ovens (ECOKEOVS) No Yes 0% 100% 

7 Patent fuel plants (EPATFUEL) No Yes 0% 100% 

8 BKB/peat briquette plants (EBKB) No Yes 0% 100% 

9 Oil refineries (EREFINER) No Yes 0% 100% 

10 Coal liquefaction plants (ECOALLIQ) No Yes 0% 100% 

11 Liquefaction (LNG) / regasification plants No Yes by gas share for ELECT/FUEL end use 

12 Gas-to-liquids (GTL) plants (EGTL) No Yes 0% 100% 

13 Own use in electricity, CHP 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 (ECHARCOAL) No No 0% 0% 

17 Non-specified (energy) No Yes by ELECT / FUEL split of cat. 1-16 sum   

18 Losses No Yes 

 Coal/oil/gas products: by ELECT 

/ FUEL end use split.  

 Electricity: by FF share to ELECT. 

 Heat: by FF share to FUEL  

 142 

Our method for calculating 𝐸𝑖𝐸  uses Input-Output analysis to obtain the ‘indirect’ or ‘supply chain’ energy used 143 

by the EIOU sub-categories involved in fossil fuel extraction and production at primary and final energy stages. 144 

We build on the work of Brand-Correa et al.16, who developed the IO-based methodology we use to estimate 145 

indirect energy for EROI calculations. Their work was applied to a single country (UK) study. For our global 146 

study, we make significant modifications and improvements, including the use of EXIOBASE33, and calculate 147 𝐸𝑖𝐸  at both primary and final energy stages. To estimate indirect energy, either life cycle analysis (LCA) or IO-148 

based analysis can be used. More commonly, LCA analysis is used for site-level (mainly fossil fuels) or device-149 

level (mainly renewables) EROI estimates, due to better availability of granular data – see Murphy et al.36. At 150 

an economy-wide and global level, IO analysis is more often used as LCA data becomes very complex at scale, 151 

and has been used for EROI estimates by Brand-Correa et al.16 and Palmer37. However, we also note studies 152 

suggest that IO-derived EROI is typically lower than a process-based LCA study for exactly the same data38.  153 

The MRIO-based method for calculating 𝐸𝑖𝐸  follows the conventional approach used in consumption-based 154 

emissions39 and energy accounting40. The accounting matrices are used to determine the how global industrial 155 

outputs respond to a unit change in final demand. An environmental extension vector of either energy 156 
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extracted or fuel used per unit of industrial output can be combined with the accounting matrices to measure 157 

the full supply chain energy required to meet final demand. We use the numerator in equation (2) (𝐸𝑇_𝑃𝑅𝐼𝑀 −158 𝐸𝑑𝐸_𝑃𝑅𝐼𝑀) and equation (3) (𝑇𝐹𝐶) to construct different ‘net energy’ extension vectors for both primary and 159 

final energy stages, by allocating net energy at primary and final energy stages to EXIOBASE industries. An 160 

overview of the IO framework is given in Figure 2. EXIOBASE energy industries at primary and final energy 161 

stages are given in Table 3: 162 

 163 

Figure 2: Basic multi-regional input-output structure with energy extensions vector (adapted from 16). The 𝒁 matrix 164 

contains all inter-sector transactions. Vector 𝒗 denotes value-added data, while vector 𝒙 represents the total economic 165 

output, and vector 𝒚 is sales to households (final demand). 𝒁, 𝒗, 𝒙 and 𝒚 are in financial units. Vector 𝒇 is the energy 166 

extension, which is in energy units. 167 

 168 

Table 3. EXIOBASE fossil fuel energy sectors.  Nine EXIOBASE sectors concern energy extraction and/or finished fuels 169 

production. These are mapped to primary and final energy stages, which then form the energy extension vectors for the 170 

input-output based calculation of indirect energy (𝐸𝑖𝐸) for primary and final stage EROI.    171 
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 sector 96, 97 & 101: Production of electricity by coal, gas and 

petroleum 
No Yes 
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The calculated 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 ratio is an aggregate metric which combines all fossil fuel based refined fuels and 172 

electricity outputs. To provide more detail, we split 𝐸𝑅𝑂𝐼𝐹𝐼𝑁  into refined fuels (𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐹𝑈𝐸𝐿) and electricity 173 

(𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇) as shown in equations (4) and (5). Refer to Methods for more detail.  174 

 175 𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇 =  𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑇𝐹𝐶_𝐸𝐿𝐸𝐶𝑇)𝐸𝑑𝐸_𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇+𝐸𝑖𝐸_𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇  (4) 

𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐹𝑈𝐸𝐿 = 
𝑇𝑜𝑡𝑎𝑙 𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑇𝐹𝐶_𝐹𝑈𝐸𝐿)𝐸𝑑𝐸_𝐹𝐼𝑁_𝐹𝑈𝐸𝐿+𝐸𝑖𝐸_𝐹𝐼𝑁_𝐹𝑈𝐸𝐿  (5) 

Global fossil fuel energy-return-on-investment results  176 

Figure 3 presents our results for global 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 and 𝐸𝑅𝑂𝐼𝐹𝐼𝑁. We estimate that the average 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 for 177 

all fossil fuels has declined by around 23% in the 16 year period considered (37:1 to 29:1). These are similar 178 

magnitudes (see Table 1) and rates of decline to other published estimates8,15,19. The aggregate results for all 179 

fossil fuels represent a combination of different trends for different kinds of fuel. All types of fossil fuels show 180 

a declining trend. The EROI for coal starts at the highest value (50:1) in 1995 but declines sharply, by 42% to 181 

reach ratios similar to the other fossil fuels in 2011 (about 29:1). This strong decline is largely driven by 182 

increasing use of indirect energy in Chinese coal production. EROI ratios for oil and gas are much lower but 183 

also decline less strongly. EROI for oil production declines by 19% from 35:1 to 28:1. EROI for gas production 184 

declines by 10% from 32:1 to 29:1.  185 

Our calculated value for global 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 is much smaller than 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀, and declines by 11% from 6.8 (1995) 186 

to 6.1 (2011).  187 

   188 

 189 

Figure 3: Global primary stage fossil fuel energy-return-on-investment ratios from 1995 to 2011. 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 is aggregate 190 

fossil fuel primary-stage EROI, with associated primary-stage EROI ratios for coal, oil and gas denoted by 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀_𝐶𝑂𝐴𝐿, 191 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀_𝑂𝐼𝐿 and 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀_𝐺𝐴𝑆  respectively. 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 denotes aggregate final-stage fossil fuel EROI. 192 
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Figure 4 splits 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 into two important sub-components, with EROI of fossil fuel based electricity 193 (𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇) around 3:1, versus other refined fuels (𝐸𝑅𝑂𝐼𝐹𝐼𝑁𝐹𝑈𝐸𝐿 ) ~ 8:1. The growth in world electricity 194 

consumption as a fraction of total final energy consumption (TFC) may therefore be one factor in the decrease 195 

of 𝐸𝑅𝑂𝐼𝐹𝐼𝑁. The value of 𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇 (~ 3:1) is at the lower end of the range estimated via LCA analysis by 196 

Raugei and Leccisi18 given in Table 1 (4:1 for coal-based electricity and 11:1 for gas-based electricity), but is 197 

comparable given the majority of fossil fuel based electricity uses coal, and the inclusion of electricity 198 

distribution losses in our 𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇 ratio. 199 

 200 

Figure 4: Global final stage fossil fuel energy-return-on-investment ratios from 1995 to 2011. EROIFIN denotes 201 

aggregate final-stage fossil fuel EROI. EROIFIN_ELECT and EROIFIN_FUEL  denote final-stage EROI for fossil fuel based 202 

electricity and other refined fossil fuels respectively  203 

 204 

Further insights can be gained by studying the EROI component terms in equations (2) and (3) given in Figure 205 

5. First, regarding their magnitudes, we find that 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 is significantly lower than 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 mainly because 206 

the EROI denominator (𝐸𝑑𝐸+𝐸𝑖𝐸) is 4-5 times larger at the final energy stage than primary energy stage. This 207 

is mainly caused by a larger contribution from direct energy (𝐸𝑑𝐸), as the number of EIOU energy production 208 

sectors has broadened from 2 to 14. In addition, the numerator (𝐸𝑇-𝐸𝑑𝐸) is around a third smaller at the final 209 

energy stage, which further reduces 𝐸𝑅𝑂𝐼𝐹𝐼𝑁. Second, the declining time-series trends exhibited by both 210 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 and 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 are because the denominator (𝐸𝑑𝐸+𝐸𝑖𝐸) increases at a faster rate than the numerator 211 (𝐸𝑇-𝐸𝑑𝐸). 212 
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 213 

 214 

Figure 5: Components of the energy-return-on-investment calculations. EROI component terms in equations (2) and (3) 215 

shown for both primary and final energy stages for the start year of 1995 and end year of 2011. The elements contributing 216 

to the numerator and denominator are shown above and below the scale bar, respectively. Please note that the scale of 217 

the denominator differs to the numerator scale.  218 

A more complete view of fossil fuel EROI   219 

The results of our analysis provide key insights for the global transition to a climate-compatible energy system.  220 

Firstly, renewable-based electricity might not be as disadvantaged compared to fossil fuels - in EROI terms - as 221 

is often suggested in the literature12.  Our global fossil fuel EROI analysis suggests 𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇 (~3:1) may 222 

be below the EROI ratios estimated for modern renewables (e.g. PV and wind) when measured at the same 223 

final energy stage (see Table 1). These ratios are much lower than conventional, primary energy stage 224 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 (~30:1), supporting the driving concern and the rationale behind the paper. In addition, our 225 

estimates for 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀 may actually be conservatively high, as the MRIO-based method does not include all 226 

aspects of fossil fuel industry capital investment and decommissioning. Our findings suggest a large-scale 227 

transition to renewable energy sources does not necessarily imply a significant reduction in economy-wide 228 

EROI. On the contrary, such low and declining 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 ratios would mean the renewables transition may 229 

actually halt – or reverse - the decline in global EROI at the final energy stage. 230 

Secondly, the low ratios (~6:1) of fossil fuel EROI at the final energy stage, and their declining nature (10% 231 

decrease 1995-2011) gives reason for concern. Figure 6 shows fossil-fuel EROI at the final energy stage is 232 

nearer the ‘net energy cliff’ than has been supposed at a primary energy stage6. This matters, as the net energy 233 

cliff is highly non-linear: the reduction in net energy availability by moving from an EROI ratio of 10:1 to 5:1 (-234 

10%) is much greater than 40:1 to 20:1 (-2.5%). Our results suggest we may already have entered this zone of 235 

highly non-linear change, where further modest declines in 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 ratios lead to increasingly rapid 236 

reductions in the available net energy to society.  237 
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 238 

Figure 6: Analysis results superimposed on the ‘net energy cliff’.  X-axis denotes energy-return-on-investment (EROI) 239 

ratios between 0-50. Y-axis denotes the net energy available to society, calculated from the EROI ratios. For example, an 240 

EROI ratio of 10:1 means 90% of the energy obtained is available to society. Declining EROI ratios below 5:1 have rapidly 241 

reducing available net energy, hence the ‘net energy cliff’ term. The analysis results for 1995 and 2011 are then 242 

superimposed on the EROI – available net energy curve. 𝐸𝑅𝑂𝐼𝑃𝑅𝐼𝑀  is aggregate fossil fuel EROI at the primary energy 243 

conversion stage. 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 denotes aggregate fossil fuel EROI at the primary energy conversion stage (adapted from 244 

Mearns41).   245 

Thirdly, given the low and declining final energy stage 𝐸𝑅𝑂𝐼𝐹𝐼𝑁 ratios and proximity to the net energy cliff, we 246 

should more seriously and urgently consider the potential societal impacts and response to reductions in the 247 

net energy available to society. These effects could be significant: reductions in energy supply and/or 248 

significant increases in energy prices in the past have often been associated with economic crises42–44. It is very 249 

unclear how these non-linear impacts of declining EROI on the availability of net energy will impact society 250 

and economy. However, it is likely that any impacts would unfold in a similarly non-linear fashion. The 251 

investigation of such net energy constraints on the socio-economy starts at a very low base. On the one hand, 252 

aspects of EROI (i.e. the relationship between gross energy, net energy and economic impacts) are generally 253 

not included in many of the energy-economy models45,46 that are used to investigate possible pathways to a 254 

low-carbon future47. On the other hand, when EROI is included, such models do not include low (enough) EROI 255 

ratios for fossil fuels10,12. As a result, socio-economic impacts are limited in the model (since high EROI ratios 256 

are included) and reinforces the perception that a transition to renewables will lower overall EROI.  257 

One logical response to declining net energy availability of fossil fuels at an economy-wide level would be to 258 

increase total production of fossil fuels (𝐸𝑇_𝐹𝐼𝑁), to compensate for significant rises in direct energy associated 259 

with their production (𝐸𝑑𝐸_𝐹𝐼𝑁),  to maintain absolute net energy levels (𝐸𝑇-𝐸𝑑𝐸) to the remaining productive 260 

part of the economy. This is the trap set by the net energy cliff, would be disastrous from the perspective of 261 

climate change, as higher overall levels of fossil fuel combustion will increase associated greenhouse gas 262 

emissions. That said, such increases in fossil fuel production may not be readily feasible, given the decreasing 263 

availability of large and easy-to-extract fossil energy reserves48.  264 

Two other responses could alternatively be employed, preferably together as they acts as complements. 265 

Firstly, the scale and speed of the renewables transition could be increased. If renewables-based EROI is higher 266 
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than fossil fuels, this provides added impetus for this option. However, fossil fuels still provide the large 267 

majority of the global energy consumed and are likely to do so for the foreseeable future. Therefore, a rapid 268 

transition to renewable energy sources will still require significant energy subsidies from fossil fuels, as 269 

renewables have a significant temporal lag before they achieve net energy payback49,50. Any transition period 270 

featuring a large build-rate of new renewable capacity would therefore be characterised by incumbent fossil 271 

fuels and their low EROI ratios.  Secondly, following Cullen and others51, increasing attention is placed on how 272 

we can become more efficient in utilising constrained (final) energy to deliver increased end energy services. 273 

Conclusions  274 

Conceptually, the estimation of fossil fuel EROI at the final energy stage is much more relevant to society and 275 

the economy than at the primary energy stage, because final energy is much closer to end energy services. It 276 

also enables a fairer comparison, between fossil fuels and renewables, and is at the same stage of energy 277 

conversion that is used by aggregate energy-economy models, which are increasingly including net energy and 278 

EROI. However, most current methods for calculating global fossil fuel EROI (except electricity) remain at a 279 

primary energy stage, and do not provide the required, equivalent basis for comparison. To address this, we 280 

include all fossil fuel based IEA energy production sectors, which increases direct energy, and estimate indirect 281 

supply-chain energy from energy production via MRIO analysis.  282 

Empirically, the effect is to reduce EROI ratios for fossil fuels from ~30:1 (at primary energy stage) to 6:1 (at 283 

final energy stage). The low and declining EROI ratios we obtain by including a more complete spectrum of 284 

direct and indirect energy use demonstrates the importance moving the calculation of EROI from primary to 285 

final energy stage. These results confirm that we have been overlooking potential energetic constraints to our 286 

economies from fossil fuel use, whilst being too focussed on the impacts of renewables transition. We find it 287 

credible that declining EROI ratios of fossil fuels will lead to constraints on the energy available to society in 288 

the not-so-distant future, and that these constraints might unfold in rapid and unexpected ways.  289 

Our results challenge established conventions: renewables-based EROI may be higher than fossil fuel EROI, 290 

when measured at the same final energy stage. This translates to an urgent need to include fossil fuel EROI 291 

at the final energy stage in energy-economy models, to study possible socio-economic impacts and 292 

responses. These insights are urgently required, as future policy and energy infrastructure investment 293 

decisions are being made now to meet climate change mitigation commitments.  294 

Methods  295 

Data. Our analysis draws on two key data sources. The first source is the extended world energy balances provided by 296 

the IEA for 142 countries and two rest-of-world regions32. All the energy data used in our study is based on IEA data. The 297 

second source is the EXIOBASE MRIO database V3.433. EXIOBASE V3.4 provides global input-output transaction matrices 298 

describing trade flows between 163 industries in 44 countries and 5 rest-of-world regions as well as details on final 299 

demand expenditure on each industry in each country/region. All data is selected on an annual basis covering the years 300 

1995 to 2011. The EXIOBASE data forms the basis of the input-output analysis that we perform to determine the indirect 301 

energy used in the fossil fuel producing industries. EXIOBASE V3.4 contains energy extension vectors but these vectors 302 

are not consistent with the data we used for the net energy and direct energy components of equations (2) and (3). 303 

Therefore, for consistency and to suit our purposes, we constructed energy extension vectors based on the IEA extended 304 

energy balances, one for each EROI stage (primary and final energy). 305 

From IEA energy balances to EXIOBASE vectors. We use data from the IEA extended energy balances in all three steps 306 

of our analysis. The relevant categories from IEA’s extended energy balances are allocated to the 49 countries/regions in 307 

EXIOBASE using a concordance matrix A in the data repository52.  308 

At the primary energy stage we obtain the gross production of energy, 𝐸𝑇_𝑃𝑅𝐼𝑀, using IEA’s ‘production’ category (a sub-309 

category of “total primary energy supply”). As the scope of our analysis is restricted to fossil fuels, only fossil fuel 310 

production is considered (14 IEA energy products, see primary energy stage concordance matrix B in the data repository52. 311 

We obtain the direct energy used by the fossil fuel extracting industries, 𝐸𝑑𝐸_𝑃𝑅𝐼𝑀, from IEA’s ‘energy industry own use’ 312 

categories. Only those categories directly relating to the extractive energy industries are considered (Table 2). We 313 

subtract the energy industry’s own use of energy from the figures for gross production to avoid double-counting of the 314 
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direct energy use of the energy industry in our EROI calculations. Finally, we construct the extension vector required for 315 

the input-output analysis by allocating the gross production of energy from the IEA data to the four relevant energy-316 

producing industries in EXIOBASE for each country/region.  317 

At the final energy stage we use IEA’s ‘Total Final Consumption’ (TFC) to calculate the numerator of the EROI in equation 318 

(3). As the scope of our analysis is restricted to fossil fuels, we include only the consumption of energy carriers derived 319 

from fossil fuels (29 IEA energy products, see final energy concordance matrix C in the data repository52. We then obtain 320 

the direct energy used by the fossil fuel extraction and energy production industries, 𝐸𝑑𝐸_𝐹𝐼𝑁, from IEA’s ‘energy industry 321 

own use’ categories, as shown in Table 2. Finally, we create the extension vector for the MRIO analysis by allocating IEA’s 322 

total final consumption by products (29 fossil fuel derived final consumption products) to (seven) EXIOBASE industries. 323 

Note that we do not allocate IEA’s total final consumption by the categories in which energy is used, but rather by the 324 

products (or energy sources) that are used at that stage. 325 

For splitting 𝐸𝑅𝑂𝐼𝐹𝐼𝑁  into 𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇  and 𝐸𝑅𝑂𝐼𝐹𝐼𝑁_𝐹𝑈𝐸𝐿 as given in equations (4) and (5), we require estimates of the 326 

three components. First, TFC is split into electricity (𝑇𝐹𝐶𝐸𝐿𝐸𝐶𝑇)  refined fuels (𝑇𝐹𝐶𝐹𝑈𝐸𝐿) directly from the IEA data. 327 

Second, 𝐸𝑑𝐸_𝐹𝐼𝑁 is split into 𝐸𝑑𝐸_𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇  and 𝐸𝑑𝐸_𝐹𝐼𝑁_𝐹𝑈𝐸𝐿 parts via the allocation shown in Table 2. Third, as calculating 328 

components of indirect energy (𝐸𝑖𝐸_𝐹𝐼𝑁_𝐸𝐿𝐸𝐶𝑇 and 𝐸𝑖𝐸_𝐹𝐼𝑁_𝐹𝑈𝐸𝐿) is not possible directly due to the lack of required 329 

EXIOBASE sector granularity (e.g. oil refineries would need to be split between ELECT and FUEL use). Therefore, we 330 

estimate 𝐸𝑖𝐸_𝐹𝐼𝑁𝐸𝐿𝐸𝐶𝑇  and 𝐸𝑖𝐸_𝐹𝐼𝑁_𝐹𝑈𝐸𝐿 by assuming the same indirect-to-direct energy ratio (𝐸𝑖𝐸_𝐹𝐼𝑁 / 𝐸𝑑𝐸_𝐹𝐼𝑁) applies to 331 

the sub-components. As 𝐸𝑖𝐸_𝐹𝐼𝑁is around 20-25% of 𝐸𝑑𝐸_𝐹𝐼𝑁this assumption will not affect the end EROI ratios greatly. 332 

Input-output analysis. The indirect energy used by fossil fuel industries is calculated using input-output analysis – a 333 

macroeconomic technique most commonly used for consumption-based accounting53. The method builds on previous 334 

work by Brand-Correa et al.16.  Referring to the IO framework in Figure 2, taking the EXIOBASE 4.3 MRIO database, we 335 

first express total economic output 𝐱 as a function of final demand 𝐲. This process will demonstrate how every global 336 

industry contributes to the supply chain of a single final demand product and can consequently be used to understand 337 

the supply chain energy used by the fossil fuel sector. 338 

Alongside 𝐲 and 𝐱, EXIOBASE also contains the transaction matrix 𝐙 and value-added data 𝐯 (refer to Figure 2). Sales by 339 

each industry, to both other industries and final demand, are recorded along the rows. The columns show expenditure 340 

by each industry on both intermediate goods, and taxes and wages (found in value added). For the purpose of this initial 341 

explanation, 𝐲 takes the form of a single column of total global final demand.  342 

Reading across the full database, the total output (𝑥𝑖) of sector 𝑖 can be expressed as equation (6): 343 𝑥𝑖 =  𝑧𝑖1 + 𝑧𝑖2 + ⋯ + 𝑧𝑖𝑛 + 𝑦𝑖  (6) 

where 𝑧𝑖𝑗  is the contribution from the 𝑖th supplying sector to the 𝑗th producing sector in an economy and 𝑦𝑖  is the final 344 

demand for the product produced by the particular sector. If each element 𝑧𝑖𝑗  is divided by the output 𝑥𝑗  associated with 345 

the corresponding column 𝑗, then each element 𝑧𝑖𝑗  in 𝐙 can be replaced with: 346 𝑎𝑖𝑗 = 𝑧𝑖𝑗𝑥𝑗  (7) 

forming a new matrix 𝐀, known as the direct requirements matrix. Element 𝑎𝑖𝑗 is the proportion of all the inputs in the 347 

production recipe of that product. Equation (6) can therefore be re-written as: 348 𝑥𝑖 = 𝑎𝑖1𝑥1 + 𝑎𝑖2𝑥2 + ⋯ + 𝑎𝑖𝑛𝑥𝑛 + 𝑦𝑖  (8) 

which, if written in matrix notation is 𝐱 = 𝐀𝐱 + 𝐲.  349 

Solving for 𝐱 gives: 350 𝐱 =  (𝐈 − 𝐀)−𝟏𝐲 (9) 

Equation (9) is known as the Leontief equation and describes output 𝐱 as a function of final demand. (𝐈 − 𝐀)−𝟏 is the 351 

Leontief inverse (denoted hereafter as 𝐋). Now consider a row vector 𝐟 of energy assigned to industrial sectors. In this 352 

analysis, 𝐟 is the fossil fuel net energy either at the primary energy stage (the numerator in (2)) or at the final energy stage 353 

(numerator in (3)). Energy intensity 𝐞 is calculated by dividing 𝐟 by the total sector economic output 𝐱, as given in equation 354 

(10): 355 𝐞 = 𝐟𝐱̂−𝟏 (10) 
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A vector with a “hat” ( ̂ ) represents a diagonal matrix, whose diagonal elements are the elements of the vector. 356 

Multiplying both sides of the Leontief equation (9) by 𝐞 gives equation (11): 357 𝐞𝐱 = 𝐞𝐋𝐲 (11) 

which simplifies to the energy extension vector (seen in Figure 2) given by equation (12): 358 𝐟 = 𝐞𝐋𝐲 (12) 

Diagonalising both 𝐞 and 𝐲 means that the result 𝐅 = 𝐞̂𝐋𝐲̂ is an energy flow matrix of the same dimensions as 𝐙 showing 359 

the energy inputs by sector and region into any product. If rather than representing global final demand, 𝐲 is the final 360 

demand of a particular country, 𝑘, 𝐅 is now the total energy required to meet consumption in country 𝑘. Hereafter we 361 

use individual country vectors for 𝐲 and results are calculated separately for each country in the database, before being 362 

summed to calculate a total global figure. 363 

An individual element in the 𝐙 matrix 𝑧𝑖𝑗𝑟𝑠describes the flow from sector 𝑖 in country 𝑟 to sector 𝑗 in country 𝑠. Input-364 

output tables usually contain some monetary flow in the cell 𝑧𝑖=𝑗𝑟=𝑠. This could represent, for example, Chinese Coal inputs 365 

to the Chinese Coal producing sector. Since this should be captured by 𝐸𝑑𝐸  (either at the primary energy or the final 366 

energy stage), we need to adjust the original EXIOBASE 𝐙 matrix to remove these particular flows. We remove these flows 367 

(found on the diagonal) by setting the cell value to zero and recalculating the associated total output vector 𝐱. This means 368 

that when energy consumption-based accounts are calculated, the direct energy is redistributed such that the result 369 

matrix 𝐅 is the true result of indirect energy flows. Continuing with the example above, any energy found in cell 𝑓𝑖=𝑗𝑟=𝑠 will 370 

be an indirect flow of Chinese Coal which involves a supply chain which passes the coal via some other sector before it is 371 

used again in the production of Chinese Coal products.  372 

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 373 

all countries, if a sector 𝑖 belongs to the set of fossil fuel energy sectors, 𝑧𝑖=𝑗𝑟=𝑠 = 0, we obtain in equation (13):  374 𝐙 =  𝑧𝑖=𝑗𝑟=𝑠 = {0 if 𝑖 ∈  {𝑒, … , 𝑔} 𝑧𝑖=𝑗𝑟=𝑠 otherwise } 
(13) 

Hereafter, in this section, 𝐙 represents this adapted matrix with the modifications on the diagonal to avoid double 375 

counting direct energy (𝐸𝑑𝐸). The same adapted matrix is used in the calculations for each country described below. 376 

To calculate the indirect fossil fuel energy (𝐸𝑖𝐸) used at primary and final energy conversion stages, we calculate a new 377 

flow matrix 𝐅𝟎 which shows the energy used from the full supply chain if there were no fossil fuel energy flows to that 378 

particular fossil fuel energy sector. The indirect energy used by fossil fuel industries is therefore the difference between 379 𝐅 and 𝐅𝟎.   380 

To calculate 𝐅𝟎, we need to generate a new version of the transactions matrix  𝐙 for each country in the database. This 381 

matrix is exactly the same as the adapted 𝐙 but replaces monetary flows with zeros for any columns associated with that 382 

country’s fossil fuel energy products. We will call 𝐙𝟎 this further modified country-specific transaction matrix. This means 383 

that energy flows that interact with any part of the supply chain of a fossil fuel energy product are removed from 𝐅𝟎. 𝐅𝟎 384 

will not only register zero energy in the production recipe (column) of a fossil fuel product, but the energy flows 385 

throughout the rest of the matrix will not contain energy that interacted with the fossil fuel product supply chain. 386 

Consequently, when finding 𝐸𝑖𝐸  =  ∑ 𝐅 − 𝐅𝟎, we are identifying any energy that interacted with any part of the fossil 387 

fuel product supply chain regardless of the final product made.  388 

For example, for Chinese fossil fuel products (either at the primary or the final energy stage), 𝐅𝟎 will not register any fossil 389 

fuel energy flows used in any part of the supply chain involved in the making of such products. More specifically, for 390 

instance 𝐅𝟎 will not register Chinese Coal used in the US steel industry, then used in the Chinese oil industry. Therefore, 391 

the difference between 𝐅 and 𝐅𝟎 will provide all these types of flows, which constitute indirect energy (𝐸𝑖𝐸). 392 

To make country 𝑘’s 𝐙𝟎 matrix we make a mask matrix 𝐌𝐤 which contains ones for all columns except the columns 393 

corresponding to that country’s set of fossil fuel energy sectors 𝑒 to 𝑔 (from Table 3).  For any sector 𝑗 in the specific 394 

country 𝑘, these destination columns are zero if 𝑗 is in the set of 𝑒 to 𝑔, as given in equation (14): 395 𝐌𝐤 =  𝑚𝑖𝑗𝑟𝑘 = {0 if 𝑗 ∈  {𝑒, … , 𝑔} 1 otherwise } 
(14) 

𝐅𝟎 for country 𝑘 is calculated by equation (15): 396 𝐅𝟎 =  𝐞̂(𝐈 − 𝐌𝐤𝐙𝟎𝐱−𝟏̂)−𝟏 𝐲̂ (15) 
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Where  denotes element-by-element multiplication. If 𝐅 and 𝐅𝟎 contain 𝑚 sectors and 𝑛 regions, the 𝐸𝑖𝐸  for country 𝑘 397 

is calculated by summing every element in the row 𝑖 corresponding to every source nation if 𝑖 belongs to the set of 𝑒 to 398 𝑔 as shown in equation (16): 399 

𝐸𝑖𝐸 =  ∑ ∑ 𝑓𝑖𝑗𝑟𝑠𝑚
𝑖 ∈ {𝑒,…,𝑔},𝑗 −𝑓𝑖𝑗𝑟𝑠0𝑛

𝑟,𝑠  
(16) 

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 400 

the data annually to generate a global 𝐸𝑖𝐸  value.  401 𝑬𝑹𝑶𝑰𝒈𝒓𝒐𝒔𝒔 vs 𝑬𝑹𝑶𝑰𝒏𝒆𝒕. We note that EROI ratios can (correctly) be measured on either a net (𝐸𝑅𝑂𝐼𝑛𝑒𝑡) or gross 402 

(𝐸𝑅𝑂𝐼𝑔𝑟𝑜𝑠𝑠) basis54, and by dividing the terms in equation (1) by the energy input we find in equation (17) that 𝐸𝑅𝑂𝐼𝑛𝑒𝑡 403 

= 𝐸𝑅𝑂𝐼𝑔𝑟𝑜𝑠𝑠  – 1. Hence, whilst all our results are described in net terms, an EROI value of 10:1 on a net basis becomes 404 

11:1 on a gross basis, and so on.  Therefore, the gist of the arguments made in our paper are however not affected by 405 

the adoption of 'net' (versus 'gross') definition of EROI. 406 

𝐸𝑅𝑂𝐼𝑛𝑒𝑡 =  𝐺𝑟𝑜𝑠𝑠 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 − 11 =  𝐸𝑅𝑂𝐼𝑔𝑟𝑜𝑠𝑠 − 1 
 (17) 

EROI Boundaries.  The calculation of EROI ratios always requires the setting of boundaries around the scope of energy 407 

that is considered to be ‘energy invested’. The choices made with regard to this boundary have an important influence 408 

on the EROI results calculated. Where to best set these boundaries is debated in the literature55. There is no agreed set 409 

of rules and the potential choices depend on the method used36. In our analysis the boundaries of ‘energy invested’ are 410 

largely defined by the characteristics of the data and methods that we employ.  411 

The first component of energy invested in our analysis is drawn from the ‘Energy Industry Own Use’ flows from the IEA 412 

energy balances. The IEA’s Database documentation35 notes these flows cover “the amount of fuels used by the energy 413 

producing industries (e.g. for heating, lighting and operation of all equipment used in the extraction process, for traction 414 

and for distribution)” in each year .  The IEA energy balances break down these flows into different categories. We 415 

included different categories of these flows for the primary and final EROI calculations (see Table 2).  416 

In addition to the direct energy used in the energy industries, we also consider it important to include energy that is 417 

invested indirectly, via the embodied energy in goods and services that are used by the energy industries to produce 418 

energy. We estimate this indirect energy using an input-output approach that is commonly used for energy footprinting. 419 

Such an approach implies some clear boundaries on the embodied energy included. Most importantly, the input-output 420 

approach we employ only includes embodied energy associated with intermediate inputs in the supply chain. These 421 

intermediate inputs represent inputs into the production process that are “turned over at least annually”56. Any energy 422 

that is embodied in the fixed capital goods, goods that are used in production over several years, is not included. This is 423 

a common limitation of global input-output models as there is a lack of detailed data on the amount and composition of 424 

capital expenditure at the industry level57.  425 

Therefore our EROI estimates do not include any energy invested in the production of energy which is associated with 426 

the fixed capital equipment employed in the energy producing industries. As capital expenditure is not considered, the 427 

estimates for indirect energy use presented in this study are very likely to be underestimated and should be considered 428 

as lower-bound values. Especially for renewable energy sources the proportion of indirect energy embodied in capital is 429 

likely to be high, which presents another reason why our method is not yet suitable for analysing renewable energy. 430 

Södersten et al.57 present recent progress on endogenising capital expenditure in global MRIO models. Such methods 431 

could be used to expand the boundaries of input-output analysis used for the calculation of EROI ratios in future work.  432 

Validation. Important checks were performed on the components of the EROI calculations. First, for total energy (𝐸𝑇) 433 

and TFC, we checked that the sum of country-level data (extracted from the IEA extended energy database and then 434 

mapped to EXIOBASE country structures) matched the World totals. Second, for direct energy use (𝐸𝑖𝐸) for EROI_PRIM 435 

and EROI_FIN, we performed a similar check that World total matched the EXIOBASE country summation. Third, for 436 

indirect energy (𝐸𝑖𝐸), the Matlab code included checks that the code was working correctly, whilst the fraction of indirect 437 

(i.e. supply-chain) energy versus direct energy (around 25-30%) accords with Chen and Wu’s study of energy embodied 438 

in world trade58.  Last, our calculated primary-stage fossil fuel EROI values (~30:1) were found to be in broad agreement 439 

with other published estimates (refer also to Table 1).  440 

Limitations. In addition to the limits that our data and methods pose regarding EROI boundaries discussed earlier, two 441 

other limitations need to be taken into account when interpreting our results. Firstly, our analysis is based on annual 442 
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energy (IEA) and economic (EXIOBASE - MRIO) data. Additional temporal components of indirect energy for our fossil fuel 443 

analysis would include both capital investment and decommissioning phases. This is more commonly included in 444 

renewables-based EROI and energy payback time (EPBT) studies38,50. Secondly, we are confident in the accuracy of our 445 

results at a global level, where long term trends prevail over yearly outliers. However, at a country level, we are less 446 

confident of our results, since uncertainties associated with individual cells in EXIOBASE’s transaction matrix can produce 447 

significant distortions. Last, we have been able to provide EROI for coal, oil and gas at the primary energy stage, but not 448 

at the final energy stage. This would require more detailed energy data at the final energy level.  449 
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