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I . INTRODUCTION

In a recent Point of View piece [1], William Pickard made an excellent case for
the importance of energy return on investment (EROI) as a useful metric for
assessing long-term viability of energy-dependent systems from bands of
hunter–gatherers, to modern society and, finally to the specific case of a solar

electricity generating project. The
author then highlighted a seeming
disparity between a number of differ-
ent research groups:

1) Fthenakis group at Brookhaven;
2) Prieto group in Madrid;
3) WeiQbach group in Berlin;
4) Brandt group at Stanford.

All of whom have recently published
values for the EROI (or similar
metric) for solar photovoltaic (PV)
technologies.

Unfortunately, in so doing, the au-
thor directly compares results calcu-
lated using different system boundaries,
methodologies, and assumptions. It is
the purpose of this response to 1) adjust
the results for the four groups to better
compare like systems; and 2) outline
details of two methodological issues
common in the EROI literature. The
objective of these two activities is to
explain much of the apparent disparity
between the different EROI values pro-
duced by the different research groups.Digital Object Identifier: 10.1109/JPROC.2015.2438471
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II . BACKGROUND

A. Financial ROI and the Birth
of EROI

The concept of a financial return
on investment (ROI) has a long his-
tory, dating back at least to the early
20th century and is often attributed to
Donaldson Brown of the DuPont com-
pany [2]. The earliest use of the spe-
cific concept of an energy return on
investment (at least that these authors
could find) dates back to a pair of stu-
dies in 1960 by Smith on the energetic
efficiency of conversion of energy in
feed by sows during gestation and lac-
tation [3], [4]. Charles Hall is often
seen as the major proponent of the
EROI concept. Hall’s first use of the
energy return ratio concept (though
using the term ‘‘multiplying effect’’)
was in a 1972 study on fish migration.
Similar ratios were applied by other
studies to energy transformation
technologies, notably: Chapman and
Mortimer’s analysis of nuclear reac-
tors, using the term net energy ratio
[5]; the International Federation of
Institutes for Advanced Study (IFIAS)
Workshop, which calculated the ener-
gy requirement for energy, equal to
ð1=EROIÞ þ 1 [6]; Martha Gilliland’s
discussion of the relevance of net
energy ratio to public policy; the
Colorado Energy Research Institute
(CERI) report, which calculated a se-
ries of energy ratios: R1, R2, and R3 [7];
and Sedlik’s (net energy) gain func-
tion, to describe the dynamic behavior
of energy transitions [8].

The specific term EROI was pop-
ularized in a 1986 publication by Hall,
Cleveland, and Kaufmann, Energy and
Resource Quality: The Ecology of the
Economic Process [9]. In this book, the
authors outlined the EROI for a num-
ber of different energy transformation
processes.

Since that time, numerous reports,
papers, and books have been published
on a variety of different aspects related
to EROI. There have been many hun-
dreds of papers calculating the EROI
of energy transformation technologies
(e.g., [10]), studies calculating the
EROI of energy industries [11], a geo-

graphic region (including the globe)
[12], and even the minimum EROI
required to maintain an industrial so-
ciety [13]. Some authors have investi-
gated the relationship between EROI
and price for crude oil [14] and there
has even been a special issue of a jour-
nal devoted to the topic [15].

B. The Four Research Groups
We now give a quick overview of the

EROI calculations produced by the four
research teams identified by Pickard.

Fthenakis Group at Brookhaven: The
Fthenakis group are the most lifecycle
assessment (LCA)-orientated of the
four groups. The EROIel value that
Pickard highlights (5.9) [10, Table 1]
could be for either monocrystalline or
multicrystalline silicon PV, with data
coming from [16]–[18]. These authors
calculate both the EROI as a direct ratio
of the total electricity output to the
cumulative energy demand (CED, mea-
sured in units of primary energy), the
value of 5.9 highlighted by Pickard
(which they refer to as EROIel), and the
most commonly accepted EROIPE$eq

[19], whereby the electricity output is
converted into ‘‘primary energy equiv-
alent,’’ which for the same mo-
nocrystalline or multicrystalline Si PV
gives EROIPE$eq ¼ 19 [10, Table 1]. It
is noted that an EROIPE$eq of 60 was
estimated by the authors for thin-film
cadmium telluride (CdTe) PV systems
operated under US-SW solar radiation.

Prieto Group in Madrid: In their
book, Prieto and Hall make a very de-
tailed analysis1 to arrive at an EROI for
the solar PV industry in Spain of 2.4
[20, Ch. 7]. In Chapters 5 (energy
output) and 6 (energy inputs), the au-
thors lay out the information and as-
sumptions used in the calculation. The
physical (i.e., nonmonetary) data per-
taining to the solar modules them-
selves and balance of system come
from [17], [19], and [21]. An average
energy payback time (EPBT) of three

years and lifetime of 25 years are used
to calculate the EROIPE$eq ¼ 8:33 va-
lue for this part of the system. No re-
ferences are given for any other input
data, though it appears that anecdotal
worst cases of installations were gen-
eralized by the authors.

W e iQb a c h G r o u p i n B e r l i n :
WeiQbach et al. use older (2005–
2006) life cycle inventory data from
[22] to derive an embodied energy
for poly-crystalline silicon of 2102–
2172 MJ/m2 [23, Table 2], the varia-
tion coming from whether the PV is a
rooftop (low) or field (high) installa-
tion. This is used to calculate an
EROIel for Germany (irradiation ¼
1000 kWh/m2/year) of 4.0 (roof) or
3.8 (field) [23, Table 3], where no
quality correction factor has been ap-
plied to the electricity output, i.e., both
primary and electrical energy inputs
are aggregated and compared directly
with the electricity output. When a
primary energy equivalence factor is
applied to the electrical output (in or-
der to be comparable with the other
groups’ results), the EROIPE$eq cal-
culated is 5.6 [23, Fig. 2], When
harmonized to Southern European ir-
radiation levels (1700 kWh/m2/year)
to compare it with those from groups
1) and 2), the EROIPE$eq becomes 9.5.

Brandt Group at Stanford: Brandt et al.
present a mathematical framework for
calculating energy return ratios [24].
The framework is then used to present
an application of the method to a highly
simplified ‘‘toy’’ model of a solar-PV
production system. It was not intended
as a result that should then be com-
pared directly with other EROI calcula-
tions. In fact, the authors had long
discussions about whether to present a
‘‘real life’’ application of the method for
this very reason. Be that as it may, the
underlying LCI data come from [25]–
[27] with inputs for steel and concrete
being estimated (undoubtedly rather
poorly!). The authors report the net
energy return (NER), approximately
equivalent to EROIel, as 5.75 [24,
Table 2], assuming a 15% capacity
factor (compared with a global average

1Though arguably, somewhat inconsistent
in its definition of system boundary and
arbitrary in its inclusion of a large number of
nonenergy inputs.
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of &12% [28]), equivalent to an
irradiation of 1750 kWh/m2/year and
performance ratio of 75%. When the
electricity output is expressed in terms
of primary energy equivalent (based on
the average efficiency of the electric
grid), then EROIPE$eq ' 19.

In summary then, the four groups
present EROI values ranging from
roughly 9 ( 0.6 (groups 2 and 3) to
19 (groups 1 and 4), when comparing
equivalent systems and using an equiv-
alent methodology, i.e., using a quality
correction factor to account for
primary-to-electrical-energy conversion.

Having rectified some of the meth-
odological inconsistencies among the
results from the four groups, we will
now explore two other methodological
issues which further explain some of
the discrepancy between the results of
the four groups.

III . TWO
METHODOLOGICAL
ISSUES IN EROI ANALYSIS

As stated in the Introduction, the
second goal of this piece is to describe
two issues common in EROI analysis.
The first issue relates to the goal of
the analysis, and the second relates
to the scope of the analysis. These
terms (goal and scope) will be readily
familiar to readers well versed in the
methodology of LCA to which EROI
analysis can be considered a parallel
methodology, however it is worth out-
lining what we mean by goal and
scope. The required first step in any
LCA is goal definition and scope, dur-
ing which [in accordance with Inter-
national Standards Organization
(ISO) guidelines], the analyst shall in
defining the goal, ‘‘unambiguously
state: the intended application, the
reason for carrying out the study,
the intended audience and whether
the results are intended to be used in
comparative assertions’’ (goal defini-
tion) and further, when defining the
scope, ‘‘clearly describe: the product
system(s) to be studied, functions of
the system(s), the functional unit, al-
location procedures, lifecycle impact
methodology and types of impacts, in-

terpretation to be used, data require-
ments, assumptions, value choices and
optional elements, limitations, data
quality requirements, type of critical
review, if any, type and format of the
report required for the study’’ [29].

For our present purposes, it shall
be enough to state that the goal should
outline the purpose of the analysis and
the scope should outline the function
of the system under study. We will see
how these two critical domains often
lead to conflicting EROI analyses.

A. Issues Related to
Goal Definition

One objective of the goal defini-
tion is to state the purpose of the anal-
ysis. Specifically, for the present
argument, we are interested in the
reason for carrying out the study. As
described in Section II, EROI analyses
have been in the past (and still are)
carried out for a number of different
reasons, including:

A) descriptive assessment of the
viability of a particular tech-
nology (e.g., solar satellite);

B) comparative assessment of al-
ternative energy technologies;
or

C) calculation of the (minimum)
EROI to support an industrial
society, or alternatively asses-
sing the feasibility of some
technology to (single-handedly)
support an industrial society.

Clearly each of these studies has a
very different aim and requires a dis-
tinct set of system boundaries and
underlying assumptions. For instance,
to calculate the EROI necessary to
support society, one would need to
include a whole host of resource in-
vestments that may not be accounted
in a study of type A) or B).

Unfortunately, these differing
aims are often not considered in
EROI calculations. WeiQbach et al.
provide demonstrative examples. The
authors state that they are calculating
and comparing EROI for ‘‘typical’’
power plants [23, p. 210]. Such an
analysis would fall squarely under goal
B) outlined above. The authors then
make the requirement for some of

technologies under evaluation to in-
clude some form of backup storage, for
the purposes of delivering ‘‘usable’’
electricity, meant to mean that ‘‘the
consumer has an actual need for the
energy at the moment it is available’’
and also that ‘‘energy is available when
the consumer needs it’’ [23, p. 212].
Solar and wind technologies are re-
quired to deploy up to ten days of
storage (presumably enough to effec-
tively enable any one plant to become
100% load following for 100% of the
year); hydro also has some storage
requirement, whereas nonrenewable
technologies have no storage require-
ment since ‘‘the fuel is already the
storage’’ [23, p. 212]. This last re-
quirement is questionable. Baseload
providers (coal and especially nuclear)
are unable to follow the pattern of
electricity demand (to provide elec-
tricity only when ‘‘the consumer has
an actual need’’) and so should be
required to deploy at least some
amount of storage.

Done thoroughly, this condition
would require producing a dispatch
model of the whole electricity supply
and demand system and would be far
beyond the stated goal of comparing
‘‘typical’’ power plants. Typical power
plants (except some solar thermal) do
not deploy energy storage. While it
may be the case that a future grid sys-
tem with higher penetration levels (or
even composed solely) of intermittent
technologies may require higher levels
of storage, such an analysis would fall
under a different goal [e.g., goal C)]
and require a different methodological
framework to explore.

B. Issues Related to Scope
Scope definition enters into EROI

analysis when comparing calculations
at different levels of analysis, for ex-
ample, comparing the EROI of oil and
gas (which to our knowledge is only
ever calculated at the organization,
industry, or regional level) with the
EROI of a wind turbine. To explain
the problem with such a comparison,
we will use the mathematical formu-
lation for EROI presented by Pickard
[1, p. 1120].
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He defines EROI as ‘‘the dimen-
sionless ratio H, where

H ¼
PP

p¼1 pEout

EG þ
PP

p$1 pEin þ E9

n o : (1)

Simplification: If for all p, pEout ¼
hpEouti and pEin ¼ hpEini, then

H ¼
hpEouti

hpEiniþ 1
P ½EG þ E9*

! " :’’ (2)

Such a framework performs well
for technologies analyzed at the proj-
ect level. For example, in analyzing a
wind farm, there is a certain energy
requirement EG for the purposes of
preparing the site; extracting, pro-
cessing, and transporting the raw
materials; manufacturing the turbines
and transporting them to the site; and
then installing them. The turbines
produce hpEouti units of energy every
year for P years and require hpEini
units of energy for their operation and
maintenance. After P years have
passed, some energy E9 is required to
remove the turbines and to remediate
the site. In this case, the system life-
time P is well defined and, as such,
so is the EROI Hproj (now labeled
with a subscript proj and emphasize
that metric is defined at the project
level).

Compare this now with an analysis
undertaken at some higher level of or-
ganization, for example, the EROI of
Pickard’s hunter–gather society Hsoc.
This is a dynamic story. We are now
interested in the flows of energy, and
specifically the net energy. Clearly, we
are now no longer just interested in
the viability of any one energy gather-
ing activity, but that the aggregate
performance of all such activities must
produce a surplus hpEsurplusi, else the
band will not survive. How, then, do
we define Hsoc?

Since the expected lifetime of the
band is far longer (hopefully) than the
lifetime of any particular energy gath-
ering activity, then we could try neg-

lecting EG and E9 [i.e., ð1=PÞ! 0] to
define the EROI as

Hsoc ¼
hpEouti
hpEini

: (3)

All well and good, but note now
that Hsoc is not definable in terms of
Hproj, not even as the weighted aggre-
gate (as might be expected). The
societal level picture is inherently dy-
namic, and the EROI picture is a static
one. In order to adapt the EROI into a
societal-level metric, we must assume
something about that society: that it is
in steady-state!

Let us now look at how this issue
plays out in EROI analysis. Prieto and
Hall [20] use data from Spain to make
a comprehensive analysis of the EROI
of the solar electricity system. They
begin with an analysis of project level
data in terms of direct and embodied
energy. They then incorporate finan-
cial data on the spending of those pro-
jects to capture energy embodied in
indirect goods and services via a
(somewhat) traditional hybrid analy-
sis. However, their conversion of mo-
netary inputs into energy units by
means of simple ‘‘energy-to-money
ratios,’’ does not conform to a conven-
tional energy input–output methodol-
ogy [30]. In principle, the result from
this calculation could, however, still be
counted as an example of Hproj. Their
next step is to incorporate spending
(investments) made at the level of
Spain’s whole solar industry. At this
point, a scope change has occurred and
the analysis is no longer the same. They
are now calculating Hsoc, which is not
comparable to Hproj. Remember also
that an important assumption for de-
finition of Hsoc is that the system is in
steady state. This condition is certainly
not upheld in the case of Spain’s solar
industry, for which ‘‘progress’’ (i.e.,
growth in capacity) ‘‘has been impres-
sive’’ [20, p. 21].

Prieto and Hall state that the
lower value of their EROI calculation
is due to a more comprehensive anal-
ysis. This is indeed true. Many of the

project level investments that they in-
clude (e.g., business traveling of pro-
ject consultants) are not accounted in
other analyses, making direct com-
parison difficult. Additionally, the
authors also blur the line between cal-
culating Hproj and Hsoc, making com-
parison to other analyses more
difficult again.

IV. CONCLUSION AND
RECOMMENDATIONS

In summary, issues with goal are
those where the stated purpose of
the study is unclear, or some of the
study’s assumptions seem to conflict
with the stated goal. We saw this in
WeiQbach et al.’s paper where the re-
quirement of ten days of storage for
wind and solar conflicts with the stated
purpose of analyzing ‘‘typical power
plants.’’ Issues of scope are where the
function of the system under study is
not well defined or where the system
boundary shifts during the analysis.
This was observed in Prieto and Hall’s
analysis of Spain’s PV industry, which
begins with an evaluation of Hproj, but
ends up as an evaluation of Hsoc.

In truth, net energy analysis can
be properly viewed as a subset of more
comprehensive environmental assess-
ments, such as LCA. We recommend
that net energy analysts pay closer
attention to the guidelines for such
analyses (ISO 14040) as a framework
for conducting EROI analysis, partic-
ularly regarding the need to clearly
define both the goal and scope of the
study. We also recommend that the
conventions outlined by the IEA PV
Systems Programme Task 12 (Envi-
ronmental, Health and Safety) be
followed in conducting EROI calcula-
tions [19], [31]. Additionally, EROI
analysts aiming at goals A) and B) may
do well when taking a lead from fi-
nancial analysts who calculate the
levelized cost of electricity (LCOE).
Adopting similar methodologies and
system boundaries, and accounting
similar costs would facilitate both
intertechnology comparison of EROI
values as well as inclusion of EROI
with other performance metrics (e.g.,
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LCOE, water use, or GHG emissions)
to allow for multidimensional assess-
ment of technologies.

We also recommend transparency
on the part of analysts when present-
ing EROI results, to emphasize the
level (project or ‘‘society’’) at which an
analysis was conducted, and caution
on the part of readers when comparing
the results from such studies.

On a personal note, the first author
would like to see the term ‘‘EROI’’

dispensed with when discussing ‘‘so-
cietal’’ level analyses, to avoid both
confusion with project level analyses
and attempts to directly compare the
results. For a society composed of pro-
jects that have a lifetime of more than
one year (which is generally the case,
especially for industrial societies!), it
is unclear in what sense the ‘‘return’’
in any one year is due to the ‘‘invest-
ments’’ in that same year. There are,
however, other metrics (or alternative

names for the same metric) which
more accurately reflect the dynamic
nature of such an analysis, for exam-
ple, fractional reinvestment [28] or
energy profit ratio [32].

On a final note, Pickard also recom-
mends ‘‘to gather the four analytical
groups for an extended Summer Work-
shop’’ [1, p. 1121]. Speaking as repre-
sentative members of groups 1) and 4),
the authors welcome the opportunity to
participate in such a workshop. h
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