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Abstract: Net energy, that is, the energy remaining after accounting for the energy “cost” of extraction
and processing, is the “profit” energy used to support modern society. Energy Return on Investment
(EROI) is a popular metric to assess the profitability of energy extraction processes, with EROI > 1 indi-
cating that more energy is delivered to society than is used in the extraction process. Over the past
decade, EROI analysis in particular has grown in popularity, resulting in an increase in publications
in recent years. The lack of methodological consistency, however, among these papers has led to a
situation where inappropriate comparisons are being made across technologies. In this paper we
provide both a literature review and harmonization of EROI values to provide accurate comparisons
of EROIs across both thermal fuels and electricity producing technologies. Most importantly, the
authors advocate for the use of point-of-use EROIs rather than point-of-extraction EROIs as the
energy “cost” of the processes to get most thermal fuels from extraction to point of use drastically
lowers their EROI. The main results indicate that PV, wind and hydropower have EROIs at or above
ten while the EROIs for thermal fuels vary significantly, with that for petroleum oil notably below ten.

Keywords: energy return on investment; EROI; net energy; fossil fuels; electricity; renewable energy;
harmonization

1. Introduction

Energy is used to power natural ecosystems as well as human societies, and it is an
integral part of all economic productivity. Over the course of the industrial revolution,
the proliferation of the use of fossil fuels led to massive increases in physical productivity
within economies, leading to wealth accumulation, technological development, population
growth, and, in short, to the rise of modernity. Society is now faced with the aftermath of
the past two hundred years of growth in the form of climate change, land-cover change,
biodiversity loss, and other environmental woes.

The “energy transition”, that is, the transition from fossil fuels to low carbon and
renewable energy sources, is viewed by many as the means by which we can maintain
our technology-intensive way of life without the concomitant environmental damage
imposed by the utilization of fossil fuels. There is debate, however, about whether or
not renewable energy can replace the manifold functions of fossil fuels in current society.
One way in which academics frame this debate is around the concept of Energy Return
on Investment [1–4]. EROI is a measure of energy profitability of energy sources and
technologies [5]. In general, society benefits from energy resources and technologies that
are highly profitable, which provide energy to society at very little energy cost (i.e., a large
proportion of net energy). On the other hand, societies that have sources of energy that
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have low profitability (i.e., low EROI resources) tend to be constrained in their growth
potential, among other things.

The debate about whether renewable energy can provide enough net energy to society
to replace fossil fuels is beset with controversy. For instance, many papers indicate that
solar photovoltaic (PV) electricity has a similar or higher EROI than natural gas electric-
ity [6,7]; yet, there are others saying the opposite, i.e., that the EROI of PV electricity is
much lower [8,9]. The same occurs for other renewable energy technologies, too. The
contributions that EROI can make to the framing of the energy transition are thus limited
by the seeming inability to form consensus in the literature.

This controversy is not new, and a number of authors and even the International
Energy Agency have called for stricter guidelines on how EROI is calculated [10,11]. More
specifically, the argument has been made for EROI practitioners to adopt the more formal
methodological framework established by the life cycle assessment (LCA) community [12].
Despite these calls for more methodological rigor in EROI analyses, more consistent EROI
assessments still seem elusive.

This paper arises from this academic landscape: one in which the EROIs of most
major technologies are still debated and one in which the methods are often inconsistent.
Therefore, its goals are threefold: first, to perform a review of the literature to provide an
overview of the most recent estimates of the EROI ranges for various energy technologies
and energy carriers. Second, to harmonize those values so that they are comparable
across technologies. Third, to provide the data and recommendations to enable other net
energy researchers to harmonize future work in hopes to avoid spurious comparisons in
the literature.

2. Materials and Methods
2.1. EROI Definition

The most fundamental operational definition of EROI is listed by, among others,
Dale [13] as:

EROI =
Gross Energy Output
∑ Energy Investments

(1)

By this formulation, the energy delivered by the technology is divided by the energy
invested to make such delivery possible (the “energy investment” is defined as the energy
used to harvest an energy resource from the environment and convert it into a usable energy
carrier). However, this equation is often manipulated by researchers to calculate values
based on both different data sources and different system boundaries and assessment goals.

One alternative operational definition of EROI entails the use of monetary values
to indirectly estimate energy investments. For instance, Court and Fizaine [14] use an
economic input-output framework to calculate EROI, and their equation is:

EROIi =
Eout,i

Min,iEIi
(2)

where Min,i is the amount of money invested in global energy sector i, and EIi is the average
energy intensity of energy sector i, in exajoules per 1 USD. However, not only is this a much
more descriptive formulation than that provided by Equation (1), it is also a fundamentally
different calculation that opens the door to potential distortions, such as those which arise
due to the elasticity of the money-to-energy relationship or the fact that this value is really
a measure of the power flow, i.e., energy per unit time.

However, even foregoing the use of all economic calculations and sticking to strictly
physical units only as implied by Equation (1), the literature is still replete with incon-
sistent EROI estimates and mismatched comparisons which, over time, risk leading to
a devaluation of the very concept of EROI in general. Specifically, when reviewing the
literature, two main types of methodological inconsistencies emerge, as discussed in the
following sections.
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2.2. Supply Chain Boundary Mismatch

A first kind of boundary mismatch occurs whenever a comparison is made between
energy carriers that are sampled at different stages of their supply chain and—most
importantly—which are not functionally equivalent [15]. An extreme—but unfortunately
not uncommon—example of this is when the EROI of crude oil at the well-head is compared
to the EROI of electricity entering the grid [16,17].

In the most general terms possible, a primary energy resource (PES) needs to be first
extracted from nature, and subsequently processed into a usable energy carrier (EC) and
transported to the end user. This is illustrated schematically in Figure 1.

Primary energy 
resource, non-

renewable

Primary 
energy 

resource, 
renewable

Extraction
Preparation

&
Distribution

POINT OF EXTRACTION POINT OF USE

Inv 1 Inv 2

Primary
energy

Energy
carrier

Figure 1. Streamlined energy systems diagram of the exploitation of a primary energy resource
(PES) for the production of a useful energy carrier (EC). Inv1 = energy investment for resource
extraction (E); Inv2 = energy investment for resource processing and delivery (P&D). S = energy sink
(thermodynamic losses). Energy system diagram following the symbolic conventions introduced by
Odum [18].

Much of the early EROI literature has traditionally focused on the analysis of energy
resources at point of extraction [17,19], implicitly assuming that such initial stage of the
supply chain would always dominate the final EROI ranking of the various types of
energy that are ultimately delivered to society. However, more recently the careful analysis
of a number of fossil fuel supply chains has shown that in the real world the energy
investments for processing the extracted raw resources into usable energy carriers and for
their subsequent transportation to the end user (i.e., Inv2 in Figure 1) are often larger than
the initial energy investment for resource extraction (i.e., Inv1 in Figure 1) [15,20–25].

As the energy inputs to the EROI equation derive more and more from post-extraction
processes, the comparison of “crude oil at the well head” with any downstream energy
carrier, such as electricity, becomes increasingly misleading. What has become increasingly
important in the recent literature is the value of energy at the point of use, after accounting
for all of the energy processing inputs, since these are the energy carriers delivered to the
end user to perform actual work in society.
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The importance of methodological consistency is exemplified in both Table 1 and
Figure 2, which report a streamlined EROI analysis of three fictional primary energy
resources (PES1, 2 and 3), “at point of extraction” and “at point of use”, respectively. Given
the non-linear nature of the EROI calculation (see Equation (1)), the processing energy
inputs that are often excluded in fossil fuel EROIs dramatically change the resulting EROIs.
For example, the PES1 has an EROI at point of extraction of 100 while the corresponding
EROI for PES3 is only 25, which might lead one to conclude that PES1 is four times better
than PES 3. Yet, if the same energy is assumed to be invested in the processing of all PES1,
PES2, and PES3 (in this case nine units), then the EROIs at the point of use are all very
similar, i.e., EROI for PES1 at point of use is 10 while that for PES3 is 7.7. In sum, an initial
EROI difference at the point of extraction (i.e., a factor of four) is reduced to being only
a very marginal difference at the point of use. Moeller and Murphy [26] reported similar
declines in EROI from extraction to point of use, reporting a point of extraction EROI
of 40 for natural gas production via hydraulic fracturing in Pennsylvania, and an EROI
of 10 when that gas is delivered to the grid as electricity. Brandt [20] calculated historical
EROI trends at point of extraction and point of use for domestic oil extraction in California,
finding a similar trend. Additionally, Raugei and Leccisi [22] and Raugei et al. [23] traced
the diminishing EROI of fossil fuels along their whole supply chains, respectively to the
UK and to Chile.

Table 1. Calculation of EROI “at point of extraction” vs. EROI “at point of use” for three fictional
primary energy resources, highlighting the strong non-linearity in the relation between the two.

Energy
Resource Inv1 PE

EROI
“at Point of
Extraction”
= PE/Inv1

Inv2 EC
EROI

“at Point of Use”
= EC/(Inv1 + Inv2)

PES1 1 100 100 9 100 10
PES2 2 100 50 9 100 9.1
PES3 4 100 25 9 100 7.7

Resource Harmonization

0.5 0.7 1 1.5 2 3 4 5 7 10 15 20 30 40 50 70 100 150 200 300

EROI

PES 1 None
POU

PES 2 None
POU

PES 3 None
POU

Figure 2. EROI “at point of extraction” vs. EROI “at point of use” for three fictional primary energy
resources, highlighting the strong non-linearity in the relation between the two.

Two clear take-home messages emerge from this simple exercise: (1) comparing EROI
values calculated at different stages of the supply chain (i.e., EROI “at point of extraction”
vs. EROI “at point of use”) is methodologically unsound and results in inconsistent “apples-
to-oranges” comparisons that are devoid of any real significance; and (2) possibly even
more importantly, potentially large differences in EROI values calculated “at point of
extraction” can often be misleading, as necessary investments to convert the raw resources
into usable energy carriers at point of use often negate large EROI differences at the “point
of extraction”.

2.3. Temporal Boundary Mismatch

The second main type of inconsistency is that of temporal mismatch. Most conven-
tional EROI analyses adopt an integrative modelling approach whereby all the energy
inputs and outputs to/from the system that occur over its full life cycle are considered.
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Conversely, some authors have calculated “EROI” values using a different methodology,
using the energy inputs and outputs for an energy system for one year. The two calculation
approaches produce only marginally different results for those energy systems where the
energy investment (i.e., the denominator of the EROI ratio) is almost synchronous with the
energy return (i.e., the numerator). For instance, the exploitation of fossil fuel resources
requires energy investments for extraction, refining and delivery of the fuels throughout
the entire life of the resources. Conversely, most major renewable energy technologies, such
as PV and wind, mostly only require energy investments in construction, and then entail
very low to negligible additional energy investments throughout the remaining stages of
the life of the technology. In this latter case, the two calculation approaches lead to very
different EROI results. For instance, an “EROI” ratio calculated for the first year of PV or
wind will often be very low, which can be misleading if inconsistently compared to other
EROIs calculated using the more conventional integrative approach. Of course, the “EROI”
of a PV system calculated as the ratio of the electricity produced during the second year of
operation to the sole maintenance energy investment taking place in that same year would
then be extremely large, and likewise misleading, but for some reason this latter type of
calculation is rarely, if ever, encountered in the literature.

In order to avoid the ambiguity that may arise from the use of the same acronym
“EROI” for what are essentially two different metrics calculated using different temporal
boundaries, many authors have argued, as we do here, that when “EROI” is calculated
relative to only one year of operation, it should more accurately be referred to as Power
Return On Investment (PROI), because it in fact measures the ratio of two power flows (i.e.,
flows of energy per year) [12,13,27]. Despite such attempts at more rigorous definitions,
however, a number of recent influential works still conflate EROI with PROI (Brockway
et al. [28] and Court and Fizaine [2]).

2.4. Focusing on Net Energy and the “Cliff”

Net energy is defined as:

Net Energy = Gross Energy Output − ∑ Energy Investments (3)

Combining Equation (3) with Equation (1), one obtains that the mathematical relation
between EROI and net energy is:

Net Energy =

(
Gross Energy Output

(
1 − 1

EROI

))
(4)

NTG =
Net Energy

Gross Energy Output
=

(
1 − 1

EROI

)
(5)

Using Equation (5), the net-to-gross energy ratio (NTG) can be plotted against EROI,
resulting in the “net energy cliff” [29]—see Figure 3. Many authors have acknowledged the
importance of analyzing EROIs with respect to the net energy cliff by providing figures
that position EROI values on the cliff itself [15,22,28,29].

The relation of EROI and net energy is highly non-linear: an energy acquisition process
that has an EROI of 1 delivers 0% net energy, while one with an EROI of 2 already delivers
50% net energy, and so forth. At the other end of the scale, a technology that extracts energy
with an EROI of 10 will deliver 90% of its energy as net energy to society, and beyond that
any further increases in EROI will only produce comparatively marginal improvements in
the amount of net energy. In practical terms, what this means is that one needs to spend
much less time worrying about whether an EROI is 20, 30, 40 or even higher, but rather
simply assess whether or not it meets a given minimum acceptable EROI threshold.

There is considerable debate, of course, about what the threshold for “minimum
acceptable EROI” actually is. Authors have tried estimating the minimum EROI that will
provide enough net energy to sustain a modern society [1–3]. Not surprisingly, given the
nature of the net energy cliff, the “minimum EROIs” postulated in the literature generally
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range from 3–10; in other words, the minimum EROI values are located along the portion
of the net energy cliff curve where the net energy delivered increases rapidly with EROI.
However, it should be acknowledged that setting any specific benchmark value for such
‘minimum’ EROI is intrinsically fraught with difficulties.

1 1.5 2 3 4 5 7 10 15 20 30 40 50 70 100 150 200 300
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Figure 3. Net Energy Cliff diagram relating EROI and net energy expressed as proportion of the
Gross Energy Output that is delivered to society. Arrows shows how the estimates of EROI and net
energy change when extending from point-of-extraction to point-of-use.

Firstly, from a methodological point of view, the devil is in the details, and it has been
convincingly argued that the definitions of net energy given by Equations (3) and (4) are
only rigorously applicable if both the gross energy output and the energy investments are
measured by the same standard [30]. In other words, since the energy investments are
typically accounted for in terms of primary energy (i.e., in units of “oil equivalent”), the
gross energy output should also be measured in units of equivalent primary energy, if the
former are to be subtracted from the latter. For clarity, one can use the subscript “PE-eq” to
specify when this is done, i.e., (Gross Energy Output)PE-eq.

The most rigorous way to quantify such “primary energy equivalency” is to adopt the
replacement logic that is prevalent in LCA, whereby each unit of the output energy carrier
is assumed to be equivalent to X units of primary energy, where (1/X) is the overall energy
efficiency of the “average” supply chain of the energy carrier in question [11,31].

Such distinction was rarely made in the early EROI literature, which tended to focus
primarily on fossil fuels. Admittedly, for thermal fuel products like crude oil or coal, and
even refined oil fuels and gases, the (1/X) ratio is often sufficiently close to 1 to render
the numerical distinction between (Gross Energy Output) and (Gross Energy Output)PE-eq
inconsequential, in light of the inevitable uncertainties that these life-cycle calculations
entail. In fact, the global average value of (1/X) for all fossil fuels combined (oil + coal + gas)
can be estimated to be 0.96, by using the information in the latest IEA World balance Sankey
diagram [32].
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Given the negligible effect that such methodologically rigorous “primary energy equiv-
alency” calculations would have on the numerical estimate of the EROI values for thermal
fuels at point of use (including also for all biofuels, which are functionally equivalent to
the corresponding refined fossil fuels that they are intended to replace), in the remainder
of this article all such EROI values are simply calculated as the straight ratio of the gross
energy output in the fuel itself to the energy investments (i.e., as per Equation (1)).

However, when instead the Gross Energy Output is provided in the form of a highly
processed energy carrier for which the average supply chain entails significant thermo-
dynamic losses (such as is the case for electricity, when the average grid mix comprises
thermal power plants, as it almost invariably does), (1/X) may be significantly lower than 1
(e.g., it is often close to 0.3 for grid mixes dominated by coal and gas electricity).

For the specific case of electricity, therefore, in the recent literature an alternative
definition of EROI has emerged (Equation (6)), which makes the distinction between (Gross
Energy Output) and (Gross Energy Output)PE-eq explicit [10,11]:

EROIPE−eq =
(Gross Electricity Output)PE−eq

∑ Energy Investments
=

(Gross Electricity Output)/ηG

∑ Energy Investments
(6)

where ηG is the life-cycle efficiency of the grid mix.
Of course, the logical corollary to the argument made above, about the need to calculate

Net Energy in terms of primary energy equivalents, is that whenever any EROI value for
electricity is discussed in relation to the concept of net energy, and more specifically when
such value is positioned on the “net energy cliff”, such EROI value should always be
calculated according to Equation (6) [22,33,34].

In the remainder of this article, then, all EROI values for electricity will be harmonized
to EROIPE-eq calculated according to Equation (6) above, and subject to a sensitivity analysis
on the value of ηG (which may vary significantly depending on the proportion of thermal
vs. renewable energy resources used to generate electricity).

One methodological complication of the alternative definition of the EROI of electricity
as given in Equation (6) is that it is no longer an absolute indicator of the energy perfor-
mance of the technology being analyzed, but instead it becomes a relative indicator of its
performance vs. that of the average grid mix into which it is assumed to be embedded. This
has important implications also in terms of how the resulting EROIPE-eq trends over time
are to be interpreted, as discussed in some of the literature [34–36]. In simple terms, the
value EROIPE-eq becomes closer and closer to the “straight” EROI (calculated as the ratio
of the output electricity to the investments), as the primary-to-electric energy conversion
efficiency of the grid mix as a whole improves. This is consistent with the replacement
logic that underpins the definition of “primary energy equivalent”; in fact, asymptotically,
if a grid mix achieved ηG = 1, then one unit of electricity would become equivalent to one
unit of primary energy.

A closely related important consideration, though, is that any assumed minimum
EROI threshold always implicitly rests on an assumed average efficiency for the down-
stream processes in which the various energy carriers are used. Historically, the most
commonly used energy carriers have been thermal fuels, whose conversion into useful
work is severely constrained by the Carnot ratio (ηmax = 1 − TC/TH). However, in the
coming decades, “a massive cross-sector electrification and a concomitant shift away from
thermal processes [ . . . ] may open the door to achieving the required services with much
lower demand for primary energy, which in turn entails that a significantly lower EROI
than previously assumed may suffice” [37]. In other words, all else being equal, the reduced
reliance on thermal power plants in electricity grids will tend to increase ηG, and therefore
decrease the EROIPE-eq of electricity, but at the same time, the resulting lower EROIPE-eq
will still suffice to clear the correspondingly reduced “minimum EROI” threshold required
for the support of an increasingly electrified society.
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2.5. Literature Review

The literature review targeted five major academic databases: Science Direct, SCOPUS,
Springer, JSTOR, and Google Scholar. The search was restricted to the years 2017 to
2020 with the twin intent to capture the latest trends in terms of which energy technologies
attract the most attention, and to exclude potentially obsolete results for those technologies
that are still undergoing rapid development. The search keywords used were: Energy
Return on Investment, EROI, Net Energy, and Net Energy Return Ratio. Overall, the search
returned 113 papers in total. Each returned paper was added to a master database in
Microsoft Excel that recorded the full bibliographic information, the resource type being
analyzed, and the published EROI for each energy resource type. A manual screening
process was then employed to discard those papers which did not report original EROI
values or which were found to be critically lacking in transparency; more detail about
the results of the screening process are given in Section 3.1. One exception to this search
was made, and that is the inclusion of Leccisi and Fthenakis [36], which was published
in 2021 and was included to represent the most recent values for PV, given the extremely
rapid pace of development for this technology.

2.5.1. Literature on EROI of Thermal Fuels

There are a range of resources and products in the oil industry, so to limit spurious
comparisons, this review was limited to conventional and shale oil production, inclusive of
both on-shore and off-shore production [23,38–46]. Studies that calculated oil and gas EROI
together were excluded since the individual values could not be separated, e.g., Brockway
et al. [28]. EROI estimates for oil sands operations were also included; it is noteworthy that
these represent a fundamentally different resource base and production process [47].

Ten papers made estimates of the EROI of natural gas. Estimates from both conven-
tional and shale gas were included in this analysis [14,27,28,39,41–43,46,48,49].

Data collected for coal EROI estimates come from nine papers, which include estimates for
both coal at point of extraction and coal-fired electricity generation [14,22,27,28,39,44,46,48–50].
Other papers analyze coal seam gas and coal-to-liquids technologies [43,51].

The literature on the EROI of biodiesel includes seven papers with estimates for differ-
ent feedstocks, including jojoba [52]; waste cooking oil [53,54]; soybean, palm, microalgae,
soybean, animal fat, palm oil [55]; African palm, pinion, bovine and swine fat [56]; photoau-
totrophic algae, hybrid biofuel [57]; and agroforestry and first-generation soybean with and
without co-products [58]. Three different papers presented EROI estimates for bioethanol.
Different feedstocks for the production of bioethanol include sugarcane, corn, wood [56];
almond shells [59]; and corn grain [55]. One paper provided EROI estimates for biogas [60],
and one for wood chips [23].

2.5.2. Literature on EROI of Electricity

Three research papers included EROI estimates from pressurized water nuclear
reactors [46,49,50].

The literature search returned three papers with estimates for the EROI of bioenergy
with carbon capture and sequestration (BECCS) systems. The feedstocks used in the papers
analyzed herein include microalgae, biodegradable waste, lignocellulosic biomass, wheat,
switchgrass, miscanthus, and willow [61–63].

There were four estimates of the EROI of geothermal energy sources from four separate
analyses. These analyses were limited to geothermal systems that produce electricity, and
do not include ground-source heat pump systems which are an often confused with the
former, but are an altogether different technology [46,48–50].

There were five papers that made estimates of the EROI of hydropower. Literature
collected included only conventional dam and run-of-river hydropower production, and
excluded oceanic power and hydrothermal liquefaction [46,48–50,64].

Eight papers estimated EROI values for solar PVs, encompassing mono-silicon, poly-silicon,
cadmium-telluride (CdTe), and copper indium gallium di-selenide (CIGS) [34,36,46,49,50,65–67].
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Estimates for perovskite PVs were excluded since these technologies are not yet commer-
cially viable and much uncertainty remains on their durability.

One paper provided an EROI estimate for concentrating solar power (CSP) [35].
Ten studies made estimates of the EROI of wind power, both from conventional on-

shore and off-shore wind turbines [46,49,50,64,66,68–72]. Smaller (<1 MW) micro-wind
turbines were not analyzed.

2.6. EROI Harmonization

EROI values were often reported for each study for a number of different technolo-
gies. The first part of our harmonization process separated these energy technologies and
resources into two categories: (1) thermal fuels at the point of use, and (2) electricity at the
point of use. Thermal fuels at the point of use include oil fuels, natural gas, coal, biodiesel,
bioethanol and biogas. Electricity at the point of use includes natural gas electricity, coal-
fired electricity, nuclear electricity, biomass electricity (with and without carbon capture
and sequestration), geothermal electricity, hydropower, solar photovoltaics, concentrating
solar power and wind power.

2.6.1. Harmonization of EROI Values of Thermal Fuels

EROI values from the studies were made consistent with respect to the process chain
boundary, as discussed above in Section 2.2. Specifically, data was taken from the life-
cycle database Ecoinvent (v3.7 and v3.8) [73] to provide information on inputs to all the
individual supply chain processes that follow resource extraction (namely: preparation,
transmission, refining, purification, and distribution), as depicted in Figure 4 below. For
the specific case of oil-derived fuels, given the plurality of fuels that are simultaneously
produced at the refining stage, the decision was made to focus on petrol (i.e., gasoline)
as a representative case in point (energy investment allocation for refining was made on
the basis of the exergy content of the output fuels, so the results essentially hold for all
other co-products, too). For the coal supply chain, hard coal (as opposed to brown coal or
lignite) was assumed. Additionally, given the large variability in transport distances, the
associated investments for transmission and distribution were estimated on the basis of
global average distances for each fuel supply chain as reported by Ecoinvent.

In Table 2, data are presented on energy investments to each of the post-extraction unit
processes in Figure 4, expressed as % relative to the energy in the output fuel. Additionally,
Table 2 also reports the cumulative post-extraction energy investments in the supply chain
up to and including that process, and the associated maximum EROI at that point in the
chain (i.e., the EROI that would result at that point of the chain as a consequence of the
post-extraction energy investments only, even assuming an initial infinite EROI at point of
extraction). These data were used to harmonize results from studies that presented EROI
results at different points in the chain by adding in information from ‘missing’ processes
up to the point of use (POU). More detailed information with full calculations and links to
specific datasets from Ecoinvent can be found in the Supplementary Materials.

By including this information in the paper, any analyst in the net energy community
can, for example, plug their own EROI values at point of extraction in the appropriate cell
in the spreadsheet, and then quickly find a standardized value for the corresponding EROI
at point of use.

Note also that, even ignoring the extraction process completely, the downstream
processing chain sets an upper limit to the EROI value of the product at the point of
use. For example, bioethanol from maize (corn) would have an EROI of 1.6 even without
including any energy investments for crop production. This is due mainly to the enormous
energy penalty (over 60%) in the refining process. This can be contrasted to the refining
process for sugarcane, which requires an investment equivalent to only 2% of the energy
in the fuel. Additionally, it is important to point out that, irrespective of their initial
EROI at point of extraction, all conventional fuels derived from fossil resources end up
having a maximum EROI at point of use well below 10. It bears reiterating that this is



Sustainability 2022, 14, 7098 10 of 20

the sole consequence of the multiple unavoidable energy investments that are required
post-extraction, along the supply chain, to convert the “raw” fossil resources (e.g., crude
oil) into usable fuels at point of use (e.g., petrol or diesel at the pump, or heavy fuel oil at
point of delivery). While these findings may be surprising and perhaps counterintuitive to
some, they are actually in perfect alignment with a recent high-level study that used IEA
data and extended multi-regional input–output tables to estimate EROI at point of use for
all fossil fuels produced globally [28].

v

Primary energy 
resource, non-

renewable

Primary 
energy 

resource, 
renewable

Extraction
(1)

Preparation
(2)

Transmission
(3)

Refining
(4)

Purification
(5)

Distribution
(6)

POINT OF EXTRACTION
POINT OF USE

Inv 1 Inv 2 Inv 3 Inv 4 Inv 5 Inv 6

Figure 4. Process chain for thermal fuels from extraction (1) to point-of-use (6).

Table 2. For each stage (i) of the supply chain for each thermal fuel beyond extraction, the following
values are reported: energy investment required at that stage (Invi), cumulative investment in the
upstream chain up to that stage, excluding the investment for extraction (∑i

2 Invj), and maximum
EROI at that stage (EROIi,MAX), disregarding the investment for extraction (i.e., assuming infinite
EROI at point of extraction). Data taken from Ecoinvent v3.7 and v3.8 [73]. All investments are
expressed as % relative to the final energy “return” (i.e., the net available energy in the output fuel at
point of use). A value of 0 means that that specific supply chain stage does not apply to that fuel.

Supply
Chain Stage (2) Preparation (3) Transmission (4) Refining (5) Purification (6) Distribution

Fuel Inv2 ∑2
2Invj EROI2,MAX Inv3 ∑3

2Invj EROI3,MAX Inv4 ∑4
2Invj EROI4,MAX Inv5 ∑5

2Invj EROI5,MAX Inv6 ∑6
2Invj EROI6,MAX

Oil 0 0 ∞ 1.5% 1.5% 67 8.9% 10.4% 9.6 0 0 9.6 1.1% 11.5% 8.7
Gas 0 0 ∞ 7.7% 7.7% 13 0 7.7% 13 0 7.7% 13 10.2% 17.9% 5.6
Coal 4.2% 4.2% 24 5.6% 9.8% 10 0 9.8% 10 0 9.8% 10 0 9.8% 10

Bioethanol
(Maize) 0 0 ∞ 0 0 ∞ 61% 61% 1.7 2.2% 62.6% 1.6 1.5% 64.1% 1.6

Bioethanol
(Sugarcane) 0 0 ∞ 0 0 ∞ 2.5% 2.5% 39 2.2% 4.7% 21 0 4.7% 21

Bioethanol 0 0 ∞ 0 0 ∞ 33.6% 33.6% 3.0 2.2% 35.8% 2.8 0 35.8% 2.8
Biogas 0 0 ∞ 0.2% 0.2% 420 0 0.2% 420 15.3% 15.5% 6.4 0.4% 15.9% 6.3

Biodiesel 3.3% 3.3% 31 1.7% 4.9% 20 5.4% 10.3% 10 0 10.3% 10 0 10.3% 10
Wood Pellets 51% 51% 2.0 0 51% 2.0 0 51% 2.0 0 51% 2.0 11.7% 63% 1.6

2.6.2. Harmonization of EROI Values of Electricity

As expected, the reviewed literature was inconsistent in terms of whether the reported
EROI values had been calculated as “straight” ratios of electricity output to primary
energy investment, or “weighted” ratios, where the electricity output at the numerator is
“converted” into primary energy equivalents, based on some assumed coefficient.

In order to harmonize all the collected EROI values for electricity from nuclear, BECCS,
hydro, geothermal, oceanic, PV, CSP, and wind, the following process was therefore employed:
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(i) all “straight” EROI ratios were consistently multiplied by the same fixed 1/ηG value,
thereby calculating the corresponding EROIPE-eq, as per Equation (6). Given the critical
sensitivity associated to ηG (as discussed in Section 2.3), a sensitivity analysis was
carried out by repeating such calculation twice, first by setting ηG = 0.3 (representative
of deployment in most grid mixes dominated by conventional thermal generators),
and then by setting ηG = 0.7 (representative of deployment in a typical “decarbonized”
grid mix with a significant penetration of renewable energies [7]).

(ii) All “weighted” EROI ratios were first divided by whatever weighting factor had
originally been assumed by the authors, thereby essentially undoing any such weight-
ing and reverting to the corresponding “straight” EROIs where the numerator is
simply the electricity output. Then, the same procedure as for (i) was applied, so as
to once again arrive at two sets of EROIPE-eq values, respectively based on assumed
ηG = 0.3 and ηG = 0.7 life-cycle primary-to-electricity conversion factors.

Additionally, EROI values for electricity from combustion of coal, natural gas, biogas,
and biomass (wood chips) were also estimated, by leveraging the EROI values “at point of
use” for the respective thermal fuels that were obtained from the previous harmonization
process described in Section 2.6.1, and then multiplying those values by the respective
Ecoinvent-sourced power plant heat rates (i.e., 0.34 for coal, 0.47 for gas combined cycles,
0.35 for biogas, and 0.24 for biomass). Finally, the resulting EROI values were multiplied
by the same fixed 1/ηG values of 0.3 or 0.7, respectively, as described at point (i) above, to
convert them to “primary energy equivalent” (EROIPE-eq). It is noted that, technically, this
process fails to account for the additional energy investment for power plant construction
and maintenance, but the data has shown that the latter is negligible for large thermal power
plants when such investment is spread out over their long service life. For the specific
case of gas-fired electricity, the more modern and efficient combined-cycle operation was
assumed; additionally, the energy investment for gas distribution (stage 6 in Table 2)
was omitted.

3. Results

The main results of our literature search and harmonization analysis are (in no partic-
ular order, and with detailed explanations in the following sections):

- A total of 113 papers were found reporting EROI values, but, after screening them, the
harmonization used only 31 papers.

- Most thermal fuels, including biofuel, oil, and natural gas have EROIs well below
10 after accounting for the entire production chain to the point-of-use.

- EROIs from electricity production from hydro, wind, and PV are all at or above 10,
once they are consistently expressed as “primary energy equivalent” (EROIPE-eq).

3.1. Literature Screening

Out of the total 113 papers, 84 reported EROI values for the energy resources listed in
Table 3. Of the remaining 29 papers, many were EROIs of technologies that fell outside the
intended scope of this paper (e.g., EROI of agroecological systems). The remaining 84 EROI
values were then screened to remove duplicates, i.e., EROI values that were in some way
derived from previous EROI values calculated in other papers. The post-screening tally
was reduced substantially to only 37 papers across all technologies (Table 3).
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Table 3. Number of papers returned by the literature search, per resource type. The total number of
papers in this table is more than that reported in Table 2 because some papers estimated EROI values
for more than one technology or resource. BECCS = bioenergy with carbon capture and sequestration;
CSG = coal seam gas; CTL = coal to liquids; LNG = liquefied natural gas.

Papers by Resource Type Initial Tally Post-Screening Tally

Thermal fuels

Biofuels (including biodiesel, bioethanol, biogas) 8 3
Coal (including CSG and CTL) 9 2

Natural Gas (including shale gas and LNG) 10 5
Oil (including Oil Sands) 11 9

Electricity

BECCS 3 2
Biogas 4 0

Concentrated Solar Power 2 1
Geothermal 5 2

Hydropower 7 2
Oceanic 1 1

Nuclear Power 3 1
Photovoltaics 11 4
Wind Power 10 5

3.2. Harmonization Analysis
3.2.1. EROIs of Thermal Fuels at Point of Use

Using data from Table 2, EROI values from the different studies were compared on
both an ‘as-is’ (harmonization = None) basis and a harmonized (Harmonization = POU)
basis. These results are presented in Figure 5. Note that the horizontal axis for EROI is on a
logarithmic scale. The first thing to note is that there is large variability in results, but that
most of the energy products have EROI values below 10, when taken to POU. This is true
of both biofuels and, importantly, also of oil, coal, and gas.

For gaseous fuels, natural gas has the highest EROI. Shale gas EROI estimates fell from
83 at point of extraction to 5.2 at POU due mainly to the large energy investments in the
transmission and distribution stages. Many of the bio-based gas products suffer a large
penalty (15%) in the biogas-to-biomethane purification process.

For liquid fuels, none of the conventional oil products have an EROI above 10, and
together the estimates for oil have a median EROI value of 4.2 when harmonized to POU.
All other estimates for bioethanol, biodiesel, and petrol from oil sands have harmonized
EROIs below 5.

For solid fuels, hard coal has a harmonized EROI of 8.8. The very high value (32) for
solid biomass deserves special discussion, as this is only for the specific case of locally-
sourced woodchips, which entail a comparatively simple and low-energy intensive supply
chain. It should, however, be noted that the EROI of solid biomass fuels varies significantly
for other fuels at point of use that require more energy-intensive supply chains (e.g., the
maximum EROI for wood pellets would be only 1.6, as per Table 2). As a consequence, the
single value for woodchips reported here in Figures 5 and 6 should not be misconstrued to
be representative of the wider spectrum of solid biomass fuels.

The ‘net energy cliff’ for thermal fuels at POU is presented in Figure 6. As mentioned
previously, many of the energy products have EROIs below 10, meaning that less than
90% of the net energy content in the fuel is available to society. As noted above, liquid fuels
(circles) tend to have lower EROIs than solid (squares) or gaseous fuels (asterisks).
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Fuel Carrier Resource Harmonization
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Figure 5. EROI values for thermal fuels, respectively, as originally published (Harmonization = “None”)
and post-harmonization at point of use (Harmonization = “POU”). CSG = coal seam gas; CTL = coal
to liquids; LNG = liquified natural gas. Note use of logarithmic scale on horizontal axis, for a more
meaningful representation of the significance of the relative differences in terms of net energy (cf.
Section 2.4). * = gaseouas fuel; o = liquid fuel; � = solid fuel.
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Figure 6. Harmonized EROI values for thermal fuels at point of use, plotted against their correspond-
ing net-to-gross energy output ratios (“net energy cliff”). CSG = coal seam gas; CTL = coal to liquids;
LNG = liquified natural gas. Note use of logarithmic scale on horizontal axis, for a more meaningful
representation of the significance of the relative differences in terms of net energy (cf. Section 2.4).
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3.2.2. EROIs of Electricity at Point of Use

The results of the harmonization calculations for the EROI of electricity, described in
Section 2.5.2, are reported in Figure 7. For each of the following primary energy sources
(PES): nuclear, BECCS, hydro, geothermal, oceanic, PV, CSP, and wind, three values are
shown, i.e., the original non-harmonized EROI (“None”), and the two harmonized ratios
(“PE eta = 0.3” and “PE eta = 0.7”, respectively). For thermal electricity from coal, gas
(combined cycle), biogas, and biomass (wood chips), only the harmonized EROIPE-eq ratios
are reported, since these were calculated from the harmonized EROIs at point of use for the
respective fuels (cf. Section 2.6.2). Methodologically consistent internal comparability is
thus made possible among each of the individual sets of harmonized EROIPE-eq values.

By analyzing the obtained results, the following general observations can be made:

1. Hydroelectricity exhibits the highest EROIPE-eq results by far. The second highest-
ranking group of technologies in terms of harmonized EROIPE-eq comprise: nuclear,
wind, and—in some cases—PVs (see point 2. below for caveats on the latter). CSP
and geothermal electricity can then be grouped together as the third “block” of
results in descending order of EROIPE-eq. Broadly speaking, all electricity generation
technologies listed thus far are characterized by harmonized EROIPE-eq values greater
than 10, when calculated assuming a primary energy to electricity life-cycle conversion
factor ηG = 0.3. Oceanic electricity straddles this symbolic EROIPE-eq = 10 line.

2. The EROIPE-eq values for PV electricity (and to a lesser extent also for geothermal
electricity) span a fairly wide range. This appears to be primarily due to intrinsic
differences in the assessed supply chains and technologies. Specifically, for the case of
PV, the technological differences among the various technologies (sc-Si, mc-Si, CdTe
and CIGS) are compounded by the large effect of variations in assumed solar irradia-
tion (from approximately 1000 kWh·m−2·yr−1 for northern latitudes e.g., Germany, to
over 2300 kWh·m−2·yr−1 for southern latitudes e.g., Chile). However, the deliberate
choice was made not to attempt any harmonization for the latter, since it represents
a real-world variable and not a methodological inconsistency per se. The important
take-home message in these cases is that it is unreasonable to expect to arrive at a
single value (or a very tight range of estimates) for the EROIPE-eq of these technologies,
due to the intrinsic variability ranges that characterize them.

3. The EROIPE-eq values for thermal electricity from the combustion of fossil fuels (coal
and natural gas) are both in the range of 10–12, when calculated using ηG = 0.3.

4. Thermal electricity from biogas and BECCS is characterized by comparatively low
EROIPE-eq values of 2–5, when calculated using ηG = 0.3. While these results may
appear to contradict some higher estimates in the previous literature, it seems likely
that in those earlier studies some of the supply chain investments identified in Table 2
may have been missed. For instance, Raugei et al. [23] caveated their results for
biomass- and biogas-fired electricity by stating that “EROI results for these technolo-
gies are affected by a larger margin of uncertainty, due to a combination of older
inventory data and (for biomass and biogas) possible inaccuracies in the modelling of
the feedstock supply chains”.

5. Finally, the calculated EROIPE-eq values for biomass-fired electricity using wood chips
is comparatively high at 16 (assuming ηG = 0.3). However, as discussed in Section 3.2.1
for wood chips as a fuel stock, this result is only valid for this particular biomass fuel,
whereas it would be considerably lower if a blend of woodchips and wood pellets
were employed instead (as is the case in the UK, for instance [22]).
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PES Harmonization
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Figure 7. EROI values for electricity, respectively, as originally published (Harmonization = “None”),
and post-harmonization in terms of equivalent primary energy output, respectively assuming deploy-
ment in a thermal-dominated electricity grid mix (Harmonization = “PE eta = 0.3”), and deployment
in a de-carbonized electricity grid mix (Harmonization = “PE eta = 0.7”). BECCS = bioenergy with
carbon capture and sequestration; CSP = concentrating solar power; PV = photovoltaics. Note use of
logarithmic scale on horizontal axis, for a more meaningful representation of the significance of the
relative differences in terms of net energy (cf. Section 2.4).

In more general terms, the systematically lower EROIPE-eq values for all technologies,
when calculated using ηG = 0.7 should not surprise nor be a reason for concern. This is
simply the consequence of assuming deployment in a grid mix that is itself on average
significantly more efficient at converting primary energy into electricity over its whole
life cycle. As discussed in Section 2.4, while the individual EROIPE-eq for all technologies
would be reduced in such conditions, at the same time it is reasonable to expect that, in the
future, the same widespread deployment of low-cost renewable energies that will lead to a
higher ηG = 0.7 in the first place will also enable a higher degree of electrification across
multiple sectors and end uses, thereby essentially lowering the “minimum EROI” threshold
to above that which a healthy societal energy metabolism may be sustained.

At present, the EROIPE-eq values obtained by setting ηG = 0.3 may still be considered
the more representative ones, as the use of thermal technologies to generate electricity
is still prevalent globally. These values were therefore selected to be reported vs. the
corresponding NTG ratios (i.e., superimposed on the “net energy cliff”) in Figure 8. This
latter figure allows a clearer visualization of which electricity generation technologies can be
expected to generate sufficient net energy over their life cycles. Once again, the results show
that most renewable technologies actually lead to NTG > 0.9, meaning that over 90% of the
equivalent primary energy returned by them remains available for societal uses other than
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supporting the energy sector itself. Overall, this is a reassuring result that should put to
rest many often-voiced concerns about the net energy viability of non-conventional and
renewable electricity.
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Figure 8. Harmonized EROI values for electricity (assuming deployment in a thermal-dominated
electricity grid mix, ηG = 0.3), plotted against their corresponding net-to-gross energy output ratios
(“net energy cliff”). BECCS = bioenergy with carbon capture and sequestration; CSP = concentrating
solar power; PV = photovoltaics. Note use of logarithmic scale on horizonal axis, for a more
meaningful representation of the significance of the relative differences in terms of net energy (cf.
Section 2.4).

4. Discussion and Conclusions

The analysis performed herein represents a much-needed update and harmonization of
the EROI literature, and it advances the conversation surrounding the viability of renewable
resources in the energy transition process. A common argument is that the EROIs from
renewable energy technologies are supposedly lower than those provided by fossil fuels,
and that transitioning to RE technologies would therefore result in a large loss in net energy.
The results of this analysis rebuke that sentiment, noting that the three most important
technologies for the energy transition—wind, PV, and hydropower—all have EROIs at
or above 10 (even when the output is weighted in terms of primary energy equivalent
assuming a future-proof life-cycle grid efficiency of ηG = 0.7, i.e., 1 unit of electricity per
1.4 units of primary energy). This means that greater than 90% of the energy produced by
these technologies is delivered to society as net energy.

Perhaps more interesting still, the EROIs from liquid fuels, including the EROI from
conventional oil production, are less than 10 once the costs of refining and delivery to
the point-of-use are included. Oil is widely considered the most important fuel for the
economy, used mostly in the transportation sector. This means that oil delivers less net
energy to society for each unit invested in extraction, refining, and delivery than PV or
wind. The transition to electric vehicles, according to these results, will actually increase
the amount of net energy delivered to society (even more so when considering the higher
efficiency of electrical power trains vs. internal combustion engines).
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It is clear from these results that EROI estimates at the point of extraction can be wildly
misleading. As a case in point, even if crude oil were measured to have an EROI of 1000 or
more at the point of extraction, the corresponding EROI at the point of use, using global
average data for the energy “cost” of the process chain, would still only be a maximum
of 8.7. Furthermore, as the quality of oil, gas and coal continue to decline in the future, the
energy “cost” of the associated process chains will increase, further reducing the EROIs.
On the other hand, as the technologies used to harness renewable energy improve, the
corresponding EROIs will continue to increase in the future.

Finally, it is also important to observe that, in the future, a significant increase in
the penetration of renewable technologies into the electricity grid mixes will have to be
accompanied by a concomitant deployment of electrical storage, to compensate for the
intrinsic intermittency or renewable energy availability and ensure the continued real-time
matching of the supply and demand curves. However, detailed scenario analyses of the net
energy performance of even highly decarbonized grid mixes relying heavily on PVs, based
on high temporal resolution grid balancing algorithms rather than blunt assumptions,
indicate that the additional energy investment for electrochemical energy storage does not
significantly affect the overall EROIPE-eq of the resulting electricity mix [7,11].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su14127098/s1: “EROI_harmonization.xls”, providing detailed supply-chain energy invest-
ment calculations for selected thermal fuels, with references.
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