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ABSTRACT

ERRs (Energy return ratios) are valuable metrics for understanding and comparing the contributions of
individual energy technologies. It is also important to calculate ERRs in the context of a system, or
economy, using a mix of energy technologies. In this paper I demonstrate a framework to simultaneously
consider individual energy technology and system-wide ERRs using a process-based input—output
model approach. I demonstrate the approach via an example calculating grid electricity ERRs assuming
constant technology with only a shift in dominance from fossil to renewable technology. The framework
also enables interpretation of changes in individual ERRs due to a shift from one technology to another,
with implications for energy scenario analyses. Another finding of this paper is that the ERR GER (gross
energy ratio, often assumed equal to EROI,,, (energy return on energy invested at the ‘mine mouth’)), is
only well-defined for primary energy extraction and not energy carriers such as gasoline and electricity.
NER (Net energy ratio) and NEER (net external energy ratio), also known as EPR (energy payback ratio),
are the most appropriate metrics for describing energy carriers sold to consumers.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The calculation of ERRs (energy return ratios) helps compare
the energy and economic benefits of energy technologies and
resources. ERRs assess how much energy it takes to produce en-
ergy. In the 1970s, researchers established mathematical methods
to perform NEA (net energy analysis) to calculate ERRs such as
EROI (energy return on (energy) investment) and NER (net energy
ratio) [5,6,8,12,13]. These methods considered process LCA (life
cycle assessment) information, such as the amount of energy
needed to make steel in a foundry, as well as economic infor-
mation from national accounts. The economic information in the
form of I-0 (input—output) matrices characterizes the monetary
flows among economic sectors per techniques developed by
Leontief [5,29,31]. Ref. [5] provides a good example of combining
process and [-O information in what is often termed a ‘hybrid’
analysis that uses both process and economic I-O information.
Ref. [5] used process information to estimate flows of energy for
the energy sectors of the economy (e.g., oil and gas extraction,
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coal extraction) while keeping flows in units of money for all
other economic sectors.

Despite the mathematical rigor of NEA and LCA, just like models
of any system, the outputs are only as good (or bad) as the input
information. Garbage in = garbage out. Because of a misunder-
standing about what input information is and is not included in
NEAs of energy technologies, it is often very difficult to compare the
NER for a photovoltaic panel in one paper to the NER for coal
electricity in another. This problem is not confined to net energy
analyses, as the same problem of comparison occurs when
considering similar economic concepts such as LCOE (levelized cost
of electricity). Simply stating a calculated value of LCOE for wind
and coal-fired electricity does not reveal the assumptions for those
calculations, such as discount rate, plant lifetime, quality of wind
and coal resources, etc.

By focusing on calculating ERRs using matrix methods, the
modeler is forced to consider what information is and is not
included in the model. This is particularly important in light of
articles that claim to ‘clarify’ NEA methodology (or really LCA of
energy systems in general), but in fact do not create consensus
within the research community [46]. Many of the discrepancies
among studies relate to differences in definitions of terms used to
interpret calculated values as well as the stage of the life cycle at
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which to compare the ERR [3,32,34]. A great amount of effort is
required to ‘harmonize’ various LCAs to compare them on equal
footing (see Ref. [21] for an example for harmonizing greenhouse
gas emissions from LCAs). A sufficient comparison of the literature
is beyond the scope of this manuscript as it necessitates its own
manuscript itself, as witnessed by articles attempting to do just that
[15,18,36,46]. I do summarize in Section 2.2, however, some exist-
ing ERR literature and how the ERRs calculated and defined in this
manuscript relate to the existing literature.

The explicit writing of input information into matrix forms to
structure calculation of ERRs can possibly alleviate confusion
among studies, or at least enable clarity of the assumed inputs. In
principle, any disagreements should focus on the values to input
into the matrix formulations, but not the matrix formulations
themselves. The matrix formulations can be of multiple types such
as those based upon I-0 formulations (as mention previously), the
methods of [22] (see Ref. [4]), or perhaps some other organizational
system that clearly indicates inputs (energy, materials, money, etc.)
needed to calculate the production of some output.

One of the main reasons that matrices are useful organizational
structures is that matrix methods force the modeler to input a value
of zero for all inputs that are not specifically considered. In many
instances the modeler might know that the input value is >0, but
the data point might not be available due to lack of knowledge. In
other instances, a zero input value correctly means that a give
process does not use any input from another process.

In addition, the matrix formulation forces the modeler to consider
when he is modeling a given energy input (or embodied energy input)
for one component of the model, but not another component. As an
example, consider the calculation of NER for electricity from a PV
(photovoltaic) array that is connected to the electric grid. The LCA of
the PV module might consider the energy input needed to make the
aluminum frame of the PV module. The modeler might also like to
consider the primary energy (e.g. coal) feedstock into power plants on
the grid that could be displaced by the PV electricity [37]. However,
the coal-fired power plant, as well as much of the infrastructure (e.g.
power lines) composing the electric grid is also composed of
aluminum, and many times this material need for all components is
not consistent between models. In other words, if an LCA model of PV
assumes the existence of a coal-fired power plant without also
considering the same input requirements for both coal and PV elec-
tricity, then the model is ill-suited for sensitivity analysis. The early
energy analyses were generally consistent due calculating embodied
energy from the same base of information [5,6]. However, the level of
consistency is largely a matter of desired scope, data limitations, or
simply researcher interest.

Perhaps a more fundamental discussion is when the modeler as-
sumes some average fuel efficiency of converting primary energy
fuels to electricity (e.g. in a coal-fired power plant). For example,
approximately 3 M] of coal are burned for 1 M] of equivalent elec-
tricity. Thus, some researchers assume the EROI of PV electricity can
be multiplied by 3 to compare it to a primary energy equivalent of coal.
Refs. [37] and [17] call this ‘scaled’ EROI of PV electricity the ‘primary
energy equivalent,” or EROIpg.eq. I address this concept in Section 5.1.

Ref. [32] also discuss the implications for the electric grid power
efficiency as it relates to renewables such as hydropower, wind, and
solar. These authors note how the IEA (International Energy
Agency) counts the energy content of 1 kWh of electricity output
from these non-thermal renewables as the engineering equivalent
in M] (e.g., 1 kWh = 3.6 M]). Given the typical efficiency of steam
cycle thermoelectric power systems of ~1/3 [32], states “... hydro
and wind power appear to make a contribution which is 3 times
less than their actual contribution in final energy terms.”

These statements regarding an assumed primary energy equiv-
alent reflect an assumption that renewable energy competes at the

margin with the dominant fossil-fueled system. For example, the EIA
(Energy Information Administration) of the U.S. Department of En-
ergy does assume that non-thermal power generation (e.g., nuclear,
hydropower, wind, PV) has primary energy equivalent based upon
the average heat rate of the thermal power generation fleet (e.g,
1 kWh = 10 M]). However, this assumption of a primary energy
equivalent is not universally accepted and does not help envision a
world free of fossil fuels because it inherently assumes their exis-
tence. In short, the EIA and IEA, two of the most important sources
for energy data, do not agree on how to count the primary energy of
electricity originating from non-combustible resources. Thus, the
discussion of the primary energy equivalent of non-combustible
renewable electricity is beyond that of net energy analysis.

How can we imagine a fossil fuel free world if the definition of
renewable energy assumes the existence of and/or dependence
upon combustible fuels?

In this manuscript [ specifically do not make the assumption of a
thermal primary equivalent for non-thermal renewable electricity
because the model itself does not specifically include any infor-
mation on marginal energy consumption. There is no need to as-
sume primary energy equivalents for renewables as defined by
fossil fuel (or other heat-based) electricity technologies. Generally,
only humans are concerned about marginal versus absolute im-
pacts. Further, the thermal-equivalent assumption confuses the
issue of calculating all primary energy resource inputs including
insolation. In this paper I demonstrate both how to consider the
grid efficiency in the LCA model itself and how one can just as easily
choose solar energy as the numeraire metric for describing the
efficiency of the grid versus combustible feedstocks such as coal.

The goals and organization of this paper are as follows:

e Section 2 describes the methods that use a linear equation
framework with process LCA input information using terminol-
ogy and structure of the energy analysis approaches using the
input—output Leontief structure. To provide some context of this
work compared to a vast existing literature, Section 2.2 com-
pares the ERR formulations in this paper to a subset of the
literature. I also reiterate general modeling guidelines in some of
the literature.
Section 3 describes an example problem formulation that
demonstrates calculation of system-wide and individual ERRs
when transitioning from 99% fossil to 99% renewable electricity.
By defining ERRs for fossil, renewable, and the grid mix I
demonstrate the relationships among them assuming constant
technology.
Section 4 describes example results.
e Section 5 discusses interpretation of the results in terms of
coherently using LCA models to conceptualize an energy
transition.

2. Material and methods

Equation (1) shows the structure of the energy analysis [-O
(input—output) method where each of n economic sectors (or
processes) are assumed to be in energy balance (see Refs. [5,6,8]).
Eearth can generally be an n x n matrix with m < n primary energy
resources extracted from the Earth. Thus, there are n — m rows
having all zeros such that the m primary energy resources are
represented by m of the rows.? X is an n x n diagonal matrix of total
gross output, Xj, of each economic sector (or process) on the

2 Fearth Can be structured as an m x n matrix where the first m rows of X are
designated as the m primary energy extraction sectors (or processes) [5,6,8].
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diagonal. Equation (1) is solved for a n x n matrix of energy in-
tensities, ¢ (see Equation (2)), that characterize what is termed the
‘embodied energy’ of products from each economic sector (or
process).’ The only non-zero rows of ¢ correspond to rows with
non-zero energy inputs of Eearth.

X + Eogpen = X (1)

¢ = Eoarh <)? - x)_1 (2)

In most basic terms, these equations represent a set of linear
equations describing each jth process or economic sector as a col-
umn that ‘buys’ units of input from each given ith row to produce
its output.

Equation (2) can be reformulated in terms of a norzng}ized
matrix of technological coefficients A and where e = Eq;;¢n X iS a
matrix the same size as Eearth Where there is a 1 in the location that
energy is input into each energy extraction sector and 0 otherwise
for all other sectors (or processes). Here matrix A is a normalized
version of X but not necessarily as typical for economic transactions
or use matrices since X can have mixed units.

e =EeqnX (I—A) " =e(l—A)! (3)

Each ¢;; are generically in units of ‘gross energy input’ divided by
net ‘something output’. Each ‘gross energy input’ refers to those
units of rows in Eearny, and each ‘something’ is dictated by the units
of the rows in the transactions matrix, X. Using traditional eco-
nomic transactions I—O matrices, each row is composed of mone-
tary values as taken from governmental statistics of the value
added passed as inputs from one economic sector to another
[12,13]. For these I—O matrices of national accounts with elements
Xijj in units of money, a ‘conservation’ relationship constrains
> Xij = > Xjj where each Xj; is divided by the sum of all rows i for

i j

each column j [31]. Thus, A = X;;/>~ X;;. With mixed units in X, this
i

conservation of flow concept is not applicable.

2.1. Energy return ratio formulas

For this paper, [ assume process based (bottom-up) information
with which to calculate various ERRs (energy return ratios). This is
similar to that in Ref. [4] that use the LCA structure of [22]. I
calculate the ERRs as a function of ¢ by modeling each process as a
different column in a transactions matrix nominally composed of
direct energy consumption for each process.

A high level form of GER (gross energy ratio) and NER (net en-
ergy ratio) are shown in Equations (4) and (5) (also see Ref. [14]),
and depending upon what net energy question is of interest, the ¢
can be a summation of several ¢'s. It is important to note, that ERR
equations as a function of ¢;; work only for energy sectors (or
processes) that model output energy carriers in units of energy
since each ¢; must be in units of ‘gross energy input’ per 'net
output energy’ (e.g., not per ‘net output money’, ‘net output mass’,
etc.). [ use the terms GER and NER from Refs. [3] and [4] because the
names themselves help the modeler focus on the energy source
and/or product of interest.

One can use a ‘total’ e mathematically by summing all i rows for
a given column j of ¢ in Equation (2), and this describes the total
primary energy input for that jth output. The factor ‘-1’ in the

3 By the mathematics, the number of non-zero rows of ¢ is equal to m, the
number of non-zero elements of Eearth.

denominators of Equations (4) and (5) subtracts the net output of
the energy sector(s) of interest from its gross extraction so that the
denominator sums to only the total intermediate energy allocated
within the system to produce net output energy.

_ _ Gross energy
GER = EROlmm = 1t e rmediate Energy Demand
_ Gross energy
" Gross energy — Netenergy
Gross energy (4)
_ Net energy
~ Gross energy 1
Net energy
- &
T e—1
NER — .Net energy
Intermediate Energy Demand
_ Net energy
~ Gross energy — Net energy
1 (5)
~ Gross energy
Net energy
1
Te—1

Consider all processes included in X or A. The GER and NER
calculated using Equations (4) and (5), respectively, are related as
in Equation (6). Thus, Equation (6) is a check on the mathematics
of calculating system-wide GER and NER. Further, it can be shown
that the minimum GER is unity and minimum NER is zero. At
these minimum values, all ¢; = co. An important implication of
this mathematical fact is that if one models all primary energy
supplies within X or A, they all produce net energy if any output is
positive (Y; > 0), or none produce net energy if all outputs are zero
(Y; = 0Vi)

£
GER_S_1
GER—1-_¢ _¢=1
e—1 -1 (6)
1
GER = NER + 1

The calculations of GER and NER relative to the input of each i
primary energy resource are shown in Equations (7) and (8),
respectively. The NER for final product energy carriers (e.g. elec-
tricity) is calculated using Equation (9), a slight variation Equation
(8). Energy carriers are not primary energy resources, by definition,
because some process or consumption of primary energy has
occurred to transform primary energy to an energy carrier. Energy
carriers can be a combination of multiple technologies (e.g., the
electric grid), and thus one can calculate NER (and other ERRs) of
electricity (and other energy carriers) relative to a particular pri-
mary energy resource (see Equation (9)) where i represents the
sector that extracts the primary energy.

Total gross extraction of ith primary energy
Intermediate consumption of ith primary energy

GERprima\ry:i =

(7)
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Total net extraction of it primary energy

NERprimaryi = Intermediate consumption of ith primary energy
1
(8)
Total net output of jth energy carrier
NER carrierij = Intermediate consumption of ith primary energy
1
a1

(9)

The system wide GER (of primary energy resources) and NER (of
primary energy resources or energy carriers) across all primary
energy types (considered simultaneously) uses the same structure
as before except one must sum across the rows of ¢ to create a single
vector of energy intensities (see Equations (10) and (11)). The term
[(Z?e,-_j)Y] in Equations (10) and (11) are what many authors term
the cumulative energy demand, or CED [32,37], that is all primary
energy consumed for intermediate inputs and in producing output
energy carriers (i.e. CED includes feedstocks required to produce
energy carrier outputs).

Equation (11) includes the energy content of the primary fossil and
renewable energy feedstocks that is dissipated within the power
plants. We know that power plants, due to the 2nd Law of Ther-
modynamics, output a smaller flow of energy as electricity than
they consume in fuel (e.g., in energy units such as joules/s). In an
attempt clarify some of the concerns of NER looking very much like
the power efficiency of a power plant (which it specifically is not as
discussed in Results), other authors defined the ‘EER’ (external
energy ratio) [39] or the terminology I use here, the ‘NEER’ (net
external energy ratio) [3,4]. I consider the EROI of energy carriers
(or at ‘end-use’ per [34] mathematically the same as EER = NEER).

The NEER concept implies that there is something that can be
considered ‘external’ to what is modeled in the system matrices X
and A. How does one define ‘external’ vs. ‘internal’ energy input?
The usual assumption is that any primary energy directly converted
as a fuel to produce a net energy ‘output’ carrier (e.g., Y; > 0) can be
considered external because the output energy carrier embodies
that feedstock as it leaves the system matrix X or A. All other energy
inputs are internally consumed. NEER is calculated as in Equation
(12) where the “direct PE input as fuel” is the PE (primary energy)
feedstock that gets converted into an output energy carrier as
dictated by the conversion efficiency (e.g., power plant efficiency,
Nfossil)- IN Section 4 I discuss the desire for understanding NEER (also
known as energy payback ratio [32] and external energy ratio [39])
versus NER.

(12)

. > Yi
NEER _ Total net output of energy carriers o i=energy output
¥stéM = Intermediate consumption PE — direct PE input as fuel  / N ] .
> &ij | Y — direct PE input as fuel
i
Just as one can calculate GER and NER system values as well as
GER and NER values specific to only one type of primary energy, one
can do the same for NEER (see Equation (13)).
. .th
NEER 1 unit of j*! energy output 1

Total gross primary energy extraction
Intermediate consumption of primary energy

<§€id‘>y

(i::eiJ-)YZY

GERsystem =

(10)

Total net output of energy
Intermediate consumption of primary energy

> Y;

i=energy output

NERsystem =

<§eij>y >y

i=energy output

(11)

One notable feature of the NER of an energy carrier is that it is
<1 (as demonstrated for electricity in Section 4. The denominator of

Primaryj = Total intermediate consumption of ith PE — direct it PE input as fuel ¢ ;j — direct ith PE input as fuel

(13)

2.2. Relating ERRs of this paper to the literature

Here I briefly summarize how the GER, NER, and NEER here
relate to the net energy literature. This paper does not have a goal of
reconciling all ERRs in the literature, but I provide a brief compar-
ison. For some useful background and summaries, I refer the reader
to [20,32,34]; and [4]. Specifically both [32] and [34] do a good job
of comparing various ERR metrics from the literature, and I relate
my calculations in the light of discussions of those papers as well as
a few others. What this manuscript does add to the literature is the
use of the -0 framework to conceptualize changes in individual
and system-wide (e.g., electric grid) ERRs during an energy
transition.

Ref. [34] uses much information from Ref. [33] and emphasizes
that comparing ERRs relies on understanding the assumptions
regarding (1) boundaries of the system under analysis, (2) energy
quality corrections, (3) energy-economic conversions, and (4) the
sources and comprehensiveness of the underlying data inputs. The
question of the boundary of each net energy analysis is perhaps the
primary reason for difficulty in comparing ERR metrics across the
literature. Ref. [34] describes that the analysis of boundaries can
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occur across two different ‘dimensions’ (see their Table 1). One
dimension describes the calculation of the numerator of ERRs in
terms of an expanding boundary across the process, or supply,
chain from extraction to processing to distribution (e.g., “What are
the energy outputs?”). The second dimension describes the calcu-
lation of the denominator of ERRs as expanding boundaries, or
levels, of inputs (Levels 1-5 in Ref. [34]): energy input from the
primary energy supply (or supplies) under investigation, energy
input from other supply chains, energy embodied in materials,
energy embodied with labor, and energy embodied in various other
economic services (e.g., financial and legal services).

The difficulty in comparing ERR results is that it is generally
possible to incompletely consider energy inputs across even the
most broad boundary for analysis. That is to say if there are five
inputs to consider at each input boundary level, but the modeler
only inputs three of the five at each level, then there are still
missing inputs even though the most expansive boundary has been
considered. For this reason, it can be very useful to plot or list the
ERR calculation at different levels of the analysis from beginning to
end (see Table 3 and Figure 8 of Ref. [23]).

This issue of considering all inputs is similar for economic ana-
lyses (e.g., calculating levelized cost of electricity) but perhaps not
perceived as much of a difficulty to include all costs in a cash flow
because cost information (e.g., labor costs) is more prevalent in
monetary units though still with uncertainty. To consider indirect
and embodied energy inputs for an ERR one must often rely on
economic [-0 analyses to convert monetary costs to energy units [6].

Ref. [34] also suggest the use of quality-corrected energy inputs
and outputs in calculating ERRs. The quality corrections are pri-
marily meant to incorporate qualities of primary energy resources
and energy carriers that are not characterized by energy content
alone (e.g., energy per kg). Several papers have characterized or
used different quality-corrected energy flows that are most
commonly weighted by energy commodity prices in some manner
[9,11,34,47,48]. 1 do not address quality-corrected flows in this
manuscript.

The GER of Equation (4) is mathematically equivalent to energy
return on (energy) investment of extracted primary energy ‘at the
mine mouth’ (EROIyy) or EROI; at extraction as in Ref. [34].
Conceptually, I consider GER applicable to describe the stage of
primary energy extraction. Ref. [4] use GER more loosely to describe
energy carriers as well as primary energy, and do not explicitly
conceptualize the relation of GER = NER + 1 (Equation (6)). To my
knowledge, this is the only manuscript to recognize this constraint
on GER and NER (as defined here).

The NER of Equation (5) is not identical to the NER in Refs.
[32,38,39]. The previous authors calculate NER with a denominator
including 100% of the energy content of primary energy feedstock
into a refining or conversion process (e.g., fuel to electricity in a
power plant). My formulation here excludes the energy in the
exported electricity from the denominator because that energy
content is not consumed within the system defined by the matrices
A and X.

The NEER of Equation (12) is the same as the EPR (energy
payback ratio) in Refs. [32]; the EER (external energy ratio) in Refs.
[38,39]; net external energy ratio in Refs. [3,4]; and EROI of an en-
ergy carrier (EROI3 of [34]). While Ref. [32] refers to EROEI as
calculating the “Primary energy product compared to primary en-
ergy invested in upstream activities.”, their mathematical defini-
tion is more generally that of NEER calculated for an intermediate
product in the life cycle (e.g., coal delivered to a power plant that
occurs after coal is extracted at the mine but before coal is burned
for electricity).

EROI (or EROEI) is perhaps the most common and loosely-used
ERR term, and one can consider the ‘EROI of this or that’ equivalent

to discussing the monetary ‘cost of this or that.” Specifying the
point in the energy supply chain or life cycle at which to quote the
EROI, or cost, that you are discussing inherently defines the
boundary of ‘at the mine mouth’ (EROl,n,), ‘delivered electricity’
EROl¢jec, etc.

As 1 show in this paper, GER = EROI, is only well-defined at the
first step in the life cycle at which the primary energy is available. In
this sense, GER = EROIy,, only makes sense for gross quantity of
primary energy before it is ever delivered as or converted to an in-
termediate product, energy carrier, or final energy product. In other
words, there is no such thing as either gross extracted intermediate
products or final products extracted from the Earth, such that the
definition of GER = EROly,p, is inappropriate for all but the point of
primary energy extraction. The EROI of delivered energy carriers,
such as electricity as EROl¢je, is equivalent to NEER. Generally EROI
is not calculated using the primary energy content of feedstocks
as energy input in the denominator of ERRs. The reason
GER = EROljym = EROl; and NEER = EROlcarrier = EROI5 (numbers
referring to Table 1 of Ref. [34] is that at the beginning of the energy
supply chain (before any refining or conversion) there is not yet a
defined feedstock. To convert primary energy to an energy carrier a
feedstock must then be defined. This discussion does not mean that
one cannot mathematically calculate GER for an energy carrier, only
that it has less physical meaning.

There is little evidence for high-level energy policy making use
of ERRs. The United States government referred to the use of net
energy analysis in the NonNuclear Energy Research and Devel-
opment Act of 1974, but no energy policies were clearly driven by
net energy analysis. After the Energy Policy Act of 2005 led to a
mandate for biofuels consumption in the U.S., a series of papers
analyzed net energy of corn-based ethanol establishing the low
value of ERRs, but they were largely deemed to break some critical
value [15]. The analyses, however, usually focused on the ethanol
processes only, without simultaneously modeling other energy
carriers. Granted, the data challenges can be large, but as dis-
cussed in Section 2.1, as long as there is any modeled output, each
ERR for each primary energy supply is greater than its mathe-
matical minimum. That is to say, net energy is produced as long as
there is any output, and it is practically impossible to have no
output for an open system. This leads to the important research
question of determining the practical critical ERR values for en-
ergy carriers since these are not the mathematical minimum
values.

2.3. Steps for net energy analysis

The steps for an analysis of ERRs is similar to general modeling
practices in terms of defining the goals of the analysis, stating
system boundaries and assumptions, and identifying inputs and
outputs. [ have nothing to add beyond the existing literature, and [
refer the reader to [5,6,8,34| for modeling steps.

3. Calculations

Consider a simplified model of electricity generation with seven
processes: (1) primary fossil energy extraction, (2) fossil energy
conversion to electricity, (3) renewable energy to electricity, (4)
grid mix electricity (some combination of fossil and renewable
electricity), (5) materials extraction and processing, (6) primary
renewable energy extraction, and (7) renewable electricity storage.
Assume the technical coefficients matrix as in Equation (14). The
numbers used here are not meant to be exact representations of the
real ERRs of fossil energy or any form of electricity, either in the
United States or any other location. However, they reside in the
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A are input (row) per unit output (column) per a unit of time, but
for clarity time is not shown in the units (see Appendix for units
of each element in A).

0 A 01 0 01 0 0 1
0 0 0 a(l1+p) 0 0 0
1
0 0 0 1—a)(1+ 0 O
( )(1+8)¢ e
A= 002 0 0.1 0 01 0 0.02
0.05 01 02 0.1 0.1 0 0.056
0 0 A6,3 0 0 0 0
1-a(1+6)(1-9¢)
0 0 0 0 O 0
L v/ Nstor d

In the A matrix, the following physical factors are relevant for
this analysis:

~ Renewable Electricity Efficiency  mrenew

where each 7 is a conversion of feedstock energy content to elec-
tricity energy content, « is the fraction of grid electricity that is
supplied by fossil electricity (where (1 — «) is the fraction of the
grid from renewable electricity, 8 is the fraction of generated

Fossil energy extraction(Fossil J/output)

Fossil electricity (Fossil elec. J/output)

Renewable electricity (Renew elec. J/output)
Grid electricity (Grid elec. J/output) (14)
Materials extraction and processing (kg/output)

Renewable energy extraction (Renew J/output)

Storage electricity (Stored elec. J/output)

electricity lost (Coulomb losses) during transmission and distri-
bution on the grid, ¢ is the fraction of renewable electricity sent
directly to the grid (equal to capacity factor of the renewable
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Table 1

Here, system wide GER and NER (GERsys and NERgys) calculations assume 1 unit of
electricity output of only one particular type in each column. This table assumes
Nfossil = 1/3 and Nrenew = 0.15. Because renewable energy is assumed to flow on the
Earth without human intervention, GERenew = o in all modeled cases (see Table 3).

% Grid that ~ GERyys fossil GERgys NERgys NERgys NERsys grid
is fossil energy renewable fossil renewable electricity
electricity («) energy electricity electricity

99% 11.1 ) 0.43 0.16 0.38

50% 6.84 © 0.38 0.15 0.18

10% 5.27 ;S 0.36 0.15 0.13

1% 5.02 ) 0.35 0.15 0.12

electricity generation per [7], and 7o is the round-trip efficiency of
the electricity storage technology.

This paper assumes 7enew = 0.15 as the conversion of feedstock
insolation energy to electricity output via a PV (photovoltaic) panel,
¢ = 0.12 for PV capacity factor, nfyssii = 1/3 for a fossil-fueled power
plant, nsor = 0.9 for Li-ion batteries as a storage technology. The
renewable electricity storage technology is assumed to need some
small amount of grid electricity and materials during manufacture.
The storage technology is assumed to store only renewable elec-
tricity (As7 = 1//mstor) before delivering it back to the grid
(A73=(1—a)(1+8)(1 — ¢)//Tstor)- For a discussion of EROI when
sizing storage for making a dispatchable renewable electricity and
storage combination, see Ref. [ 7]. For simplicity, [ assume no storage
of fossil electricity (A7 = 0).

For my example, all electricity generation destined for output
first flows through the grid. For reference to the choice of § = 6%
used in this paper, the T&D (transmission and distribution) pro-
viders within the ERCOT (Electric Reliability Council of Texas)
report approximately 6.3% for T&D losses [45]. The amount of total
electricity generation before transmission is greater than the de-
mand (or net output) of grid electricity such that 1 unit of grid
electricity output is associated with the following quantity of
electricity generation: Az4 + Asa + A74A37 = (1 + f)
[+ (1 = a)e + (1 — a)1 — ¢)/nstor]-

I model both the fossil energy stock input and the renewable
energy flow input. The fossil energy extracted from the Earth is Eq4
by the fossil extraction process, and the renewable energy flow
extracted from the Earth is Egg as an input to the renewable elec-
tricity process. I explicitly model renewable energy input since for a
technology to have renewable electricity output, it must have
renewable primary energy flow as an input. Equation (17) shows
where the primary fossil energy stock and renewable energy flow
enter the modeled system. For an assumed output demand Y of end
products, one can solve for the total extraction of primary fossil
energy E11 = E1 = ¢1Yand primary renewable energy Eg g = Eg = ¢6Y.

Eqiq

Eearth = ( 1 7)

Egg

ocooocoor
[eNeNeNoNoNeNo)
[eNeNeNoNoNo o)
[eNeNeNoNoeNo o)
[eNeNeNoNoNo o)
O OO0 OO0
[eleleloNeNo o)

Note that there are no process inputs in the “renewable
extraction” sector (column 6 of matrix A) because renewable en-
ergy (e.g., sunlight) flows across the surface of the Earth without
any human decision or investment. It does, however, take invest-
ment to turn those renewable flows into useful energy carriers (e.g.,
electricity, food or fuel crops, warm home, etc.). In other words,
solar insolation hits the Earth surface whether or not we install a PV

panel. That sunlight is only converted to electricity by human de-
cisions (e.g. to invent, manufacture, and install PV panels), and this
collection of decisions is represented by the renewable electricity
sector, not the renewable “extraction” sector. This distinction keeps
the tally of primary renewable energy flows separate from energy
carriers that use primary renewable energy flows as a ‘feedstock.’

4. Results

In my example model, all three types of electricity (fossil,
renewable, and grid) are inherently assumed to have exactly the
same qualities to the consumer because nothing is modeled to
make any distinction. There is no assumption about how temporal
demand for electricity (e.g., high demand during the day and low
demand at night) can affect the calculation. Thus, inherently my
example assumes the ERRs are the same no matter if the demand is
constant or not over an entire day. Also, in the example model here
there is no property concerning environmental attributes that
might cause a consumer to be more or less favorable to fossil or
renewable electricity. See the Appendix for a slightly different
assumption on modeling the grid mix with no renewable electricity
storage where the fossil technology has a declining efficiency as a
function of the fraction of grid electricity supplied by renewables.

In the results of this section, the only variable changing in the
technical coefficient matrix A is «, the percentage of grid electricity
from fossil electricity, from 99% fossil energy (« = 0.99) to 99%
renewable energy (« = 0.01). Table 1 indicates the GER (or EROly)
for fossil energy extraction and NER for each of the three forms of
electricity as we change the mix of the grid electricity. For each «,
there is a different amount of primary fossil energy (Table 2) and
primary renewable energy (Table 3) extracted as necessary inputs
to produce (net) output electricity.

Due to the assumptions of matrix A, as the percentage of fossil
electricity in the grid decreases, all ERRs decrease, including the
GERsystem, fossil Of primary fossil energy, except for the GERgystem,
renewable Of primary renewable energy. Because renewable energy is
assumed to flow on the Earth without human intervention, its GER
is equal to infinity in all situations.

Note in Table 1 that the system NERgys for fossil electricity is
greater than its conversion efficiency (NERsys fossil
electricity > Mfossil = 1/3). This might appear to be a mistake in that one
might think of NER as specifically <nfossii = 1/3 because for 1 unit of
electricity generation one needs 3 units of primary fossil energy.
Upon closer inspection of what is being modeled consider that the
NER definition assumes only 2 of those units of primary fossil en-
ergy have been dissipated and the other unit has been converted to
electricity as output, not yet dissipated as heat. For example [39],
(and similarly Ref. [32]) defines NER with a divisor of “Eff = fossil
fuel consumed within the system” (here consumed = dissipated as
heat) and end up calculating NERgjec < 7.

As I have just noted, the system is defined by matrices A and X,
and to have a unit of fossil electricity net output (e.g., Y> > 0 and/or
Y4 > 0 with « > 0), the system itself cannot internally dissipate all
the energy content of the fossil energy feedstock. In the case of a
coal-fired power plant, it converts 100% of the coal mass primarily
to ash and CO; plus H,0 during combustion (e.g., conservation of
mass), and it converts 100% of the coal energy content to both heat
and electricity. The power plant, however, does not dissipate as
heat (e.g., ‘consume’) 100% of the coal energy content because it
exports some of it as electricity. The upper limit of NER assuming
only the electricity conversion efficiency of a power plant is not =1/
7, but instead is NERypper limit, electricity conversion = 1/(e — 1) = 1/(1/
1 — 1) which for the examples here are equal to 0.5 and 0.177 for the
fossil and renewable electricity conversions, respectively. For a
100% efficient power plant the NER upper limit is infinity.
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Table 2

The total quantity of fossil energy extraction depends on the grid mix of electricity. Each of columns 3—5 assume 1 unit of electricity net output from only one type of electricity

(fossil, renewable, or grid).

% Grid that is fossil
electricity («)

GERgys fossil energy
net fossil electricity

Fossil energy extraction for

Fossil energy extraction for
net renewable electricity

Fossil energy extraction for net
grid electricity

99% 111 3.34
50% 6.84 3.20
10% 5.27 3.08
1% 5.02 3.04

0.52 3.57
033 1.95
0.17 0.54
0.14 0.21

Table 3

The total quantity of renewable energy extraction depends on the grid mix of electricity. Each of columns 3—5 assume 1 unit of electricity net output from only one type of

electricity (fossil, renewable, grid).

% Grid that is
fossil electricity («)

GERsys renewable energy Renewable energy extraction

for net fossil elec

Renewable energy extraction
for net renewable elec

Renewable energy extraction for net grid elec

99% o 0.01 6.68 0.09
50% o 0.40 7.18 450
10% o 0.74 7.62 8.35
1% o 0.82 7.72 9.24
I now discuss results for NEER. Consider that if there is no fossil 1
electricity net output, there is no need for the additional 3 x units of NEER(ossi1j = — Ar2 (Vs + ApaY, (18)
primary fossil energy input as in A1 . Thus, in calculating the NEER e1j — A2+ A2 4)
of fossil electricity, I subtract the necessary 3 x units of fossil energy
feedstock that directly relate to the system output, as indicated in EER 1 1
Equation (13). This same concept hollds for p.rimary r.enewabl'e NEER enewj = e6j — As3 (Y3 + (A3 4 +A74)Ys) (19)
energy feedstock. For the example of this paper, if producing 1 unit
i
1=2,3,
NEERsystem,grid = "
<Z 81;) Y —A12(Y2 +A24Ys) — As3(Y3 + (A3 4 +A744A37)Ys)
1
B 1
" (e14+€64)Ya —3(0+0.53 x 1) — ;1= (0 + (0.064 + 0.492 x 1.05) x 1)
1 1.02 (20)

" 645 —3(0+0.53x 1) —gls (0 +(0.064 + 0.492 x 1.05) x 1) -

of the jth energy carrier, NEERfyssj; considers only the primary
fossil energy input (i = 1, Equation (18)) and NEERepew, considers
only the primary renewable energy input (i = 6, Equation (19)).

As an example calculation for system wide NEERgystem, assume
there is only 1 unit of grid electricity demand, Y; = 0O except for
Y4 =1, and 50% of grid electricity is fossil electricity (e.g. « = 0.5).
This example NEERsystem, grid is calculated in Equation (20). Table 4
shows the NEERgystem; Of each type of electricity output as the
percentage of fossil electricity of the grid varies.

Table 4

Here, the system wide NEERgy; is equal to 1 unit of electricity production, of only one
type indicated by the different columns, divided by intermediate primary energy
consumption while excluding the primary energy feedstock needed for the net
electricity generation output. This table assumes 7gpssi = 1/3, Mrenew = 0.15,
Nstor = 0.9, and ¢ = 0.12.

% Grid that NEERy, fossil ~ NEERgys renewable  NEERgys grid electricity

is fossil electricity electricity

electricity («)

99% 2.85 1.89 2.33
50% 1.67 1.18 1.02
10% 1.23 0.89 0.63
1% 1.16 0.84 0.57

5. Discussion

One important point from this analysis is that it mathematically
shows, using the constructs of life cycle assessment and
input—output methods, what many energy-economics authors
have stated: there is no primary energy resource that serves as an
absolute basis for energy quality comparisons. Comparing the
joules of energy in sunlight to joules of energy in oil depends upon
the technologies that convert each of them to energy services (e.g.
heat, light, power, transport) [16]. However, when comparing
pathways for the same energy service (e.g. electricity), some net
energy literature discusses how one might assume a comparison of
renewable electricity (an energy carrier) to fossil primary energy. |
now comment on this assumption.

5.1. Using the model to consider ‘primary energy equivalents’

The notion of choosing a fundamental energy numeraire has
been explored by various biophysical and other economists.
Howard T. Odum explored the concept of ‘emergy’ as embodied
solar energy (over all time) as a unit energy basis [35]. Several
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Table 5

A comparison of ‘fossil primary energy equivalent’ of the NEER (EROI) of renewable
electricity to the GER of fossil primary energy shows how both change as the elec-
tricity grid mix changes.

% Grid that NEERgys renewable  NEERgys renewable  GERgys fossil energy

is fossil electricity electricity fossil

electricity («) PE equivalent

99% 1.89 5.67 111
50% 1.18 3.54 6.84
10% 0.89 2.67 5.27
1% 0.84 2.52 5.02

authors including Cleveland, Hall, Stern, Kaufmann, and Zarnikau
compared various ways of ‘aggregating’ energy into a single
equivalent metric or basis using price information. These aggre-
gation methods include the Divisia Index for aggregation as well
thinking of relative energy prices (e.g., price of electricity relative to
coal) to compare other primary energy and energy carriers
[9—11,34,47,48]. There is no fundamental mathematical reason to
consider renewable electricity in terms of ‘fossil primary energy
equivalents’ versus the consideration of fossil electricity in terms of
‘renewable primary energy equivalents. Using the modeling
construct of this manuscript, I can show how the exact same model
inputs translate to NER using different primary energy numeraire.

For example Ref. [37], state “We argue that, by expressing Eour-
eq [of PV electricity output] in terms of its ‘Primary Energy equiv-
alent” and calculating EROlpgeq [primary energy equivalent]
accordingly ..., one is in fact calculating how much Primary Energy
is virtually ‘returned’ to society (i.e. preserved for alternative uses)
per unit of Primary Energy invested in PV, given the composition of
the current electric grid.” Ref. [37] Continue ... the EROIpg_¢q of PV
... may arguably be compared to the EROIf of fossil fuels as such
(e.g. oil or coal), assuming in first approximation that the energy in
the extracted and delivered fuels (Energy Carriers, to which EROIf
... strictly refers), is only negligibly different from that contained in
the respective raw fuels (Primary Energy Sources).”

Using the model (e.g. a ‘world’) of the previous section assuming
only one generic fossil and one generic renewable electricity
technology, I can directly address how to calculate ‘energy equiv-
alents’ (not the theoretical reasoning for or against). By explicitly
modeling both the renewable and fossil primary energy resources,
it is possible to consider either:

o the renewable electricity output scaled by 1/nsssii to compare it
to the ‘primary fossil equivalent’ energy input to fossil elec-
tricity, or

o the fossil electricity output scaled by 1/79renew to compare it to
the ‘primary renewable equivalent’ energy input to renewable
electricity.

First, consider the NEER values in Table 4 (NEER corresponds to
the EROIpy in Ref. [37]). The NEER of renewable electricity in the in

Table 6

The ‘renewable primary energy equivalent” of the NEER (EROI) of fossil electricity
changes as the electricity grid mix changes, but the GER of renewable primary en-
ergy is always infinite.

% Grid that NEER;y; fossil NEERgy; fossil GERyys renewable

is fossil electricity electricity renewable energy
electricity () PE equivalent

99% 2.85 19.0 0

50% 1.67 11.1 0

10% 1.23 8.20 ©

1% 1.16 7.73 oo

the 3rd column of Table 4 can be scaled by 1/9fssii = 3. The
NEERGys renew elec. = 0.84 with a = 1% becomes NEERgys renew elec. -
fossil-eq = 2.52. The claim is that this can be compared to
GERfossii = 5.02 as in Table 1 (same concept as EROIg of [37]. Table 5
shows the NEER of renewable electricity scaled to fossil primary
equivalents as compared to GER of fossil energy.

Similarly, the NEER of fossil electricity in the column could
be multiplied by 1/fenew = 6.67 to approximate the primary
renewable energy equivalent of net fossil electricity (see Table 6).
For example, NEERysfossil elec. = 2.85 with a = 99% becomes
NEERGys fossil elec.renew-eq = 19 scaled to ‘renewable equivalent.” This
value would then ‘compare’ to GERepew = oo (e.g., sunlight is free).
Thus, even if scaling up the NEERys, fossil elec. t0 its primary
renewable energy equivalent, the ‘renewable equivalent’ scaled
value will always be smaller than GERepew!

There is no answer as to which is a more correct interpretation:
fossil energy carriers as renewable primary energy equivalents or
renewable energy carriers as fossil primary equivalents.

21’1d

5.2. Focus on extraction of each primary energy flow and stock

As an additional thought experiment, consider if, instead of
being a human on the surface of the Earth, you were a subterranean
being that lived in a coal seam. In this alternative ‘upside down’
world, GER¢al = oo as it is exposed to you at no effort, but GERsuniight
is finite because it takes effort to ‘drill’ up to the sunlight at the
Earth surface! Instead of comparing one carrier that uses one pri-
mary energy feedstock to a second energy carrier that uses a
different primary energy feedstock, it is much easier just to state
how much of each primary energy resource type is needed for a
given desired output (Tables 2 and 3). At that point, one can focus
on the nuances of the difference between the energy resources (e.g.
temporal implications of using primary energy stocks versus flows)
that govern their ability to provide equivalent energy services. LCA
models don't independently inform the ability to substitute one
primary energy resource for another; the inputs required for
equivalent substitution must be known from engineering and
physical system modeling as inputs into the LCA model.

5.3. Seeing the forest instead of the trees: the need for relating ERRs
to the economy

Why do we need ERR metrics at all? Many claim we can simply
use economic cost metrics and ignore energy-based metrics such as
ERRs. In this case, those of us calculating ERRs are only a small
group of analysts separated from the decisions of the real world. I
do believe there is a role for ERRs in long-term thinking and deci-
sion making, and there is a great need to translate among ERR,
LCOE, and other economic and cost calculations. This translation is
one way to interpret the relevance of ERRs to the non-academic
world and better explain the role of energy in the economy and
society. The works of Ayres and Kiimmel show that a more nuanced
view of ‘energy x technology’ provides a valuable perspective for
considering the role of energy technology in macroeconomic
growth equations [1,2,28]. Their works counter the usual assump-
tion of using ‘total factor productivity’ without explicitly providing
an interpretation of how energy technology describes a large
amount of technological growth. Stern has also demonstrated the
role of long-term capital (e.g. technology) substitution for fuels and
that the move toward more refined (high quality) energy carriers is
causal to economic growth [40—42]. ERRs are one set of metrics for
assessing ‘energy x technology’, and they provide one tool for
projecting energy scenarios.

I have previously demonstrated methods for translating be-
tween ERR and monetary cost metrics. Refs. [25] and [23]
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demonstrate one relatively simplified method to consider the
whole system boundary of an energy business to simultaneously
calculate LCOE and ERRs: all dollar expenditures require the
average quantity of primary energy consumption [26]. uses a price-
based proxy ERR, the Energy Intensity Ratio, to show that prices
(scaled and inverted to compare to ERRs) follow the same trends as
separately-calculated ERRs for fossil fuels and electricity prices in
the United States. Thus, energy price can be used as a proxy ERR
metric. Further, King and Hall (2011) formulated a method to es-
timate the range of prices for U.S. oil and gas extraction based upon
the EROI of oil and gas.

While [27] and [26] analyze United States data, they both
demonstrate the somewhat trivial, yet often neglected point: en-
ergy cost per unit is inversely proportional to the ERR metric (e.g.
$/BBL ~ EROI" ). The lower limit values of NER = 0 and GER = 1
correspond to infinite energy price. If GER = NER = NEER = o, such
as for solar primary energy, the price is zero. In the real world we
pay for energy commodities with NER between zero and infinity.
Future research efforts should focus on refining this simple
conclusion in the context the economy's structure.

Instead of using only economic information to inform energy
analyses, it is imperative that future energy thinking and scenarios
use energy and material flow information in combination with, but
not 100% dependent upon, economic flow information. Otherwise,
there is practically no point in performing net energy analyses for
decision making because the logic is circular; translating economic
information to energy units to calculate energy metrics provides no
new information than using economic metrics to begin with. We
know that all other things being equal, an energy resource and
technology combination with a larger ERR (GER, NER, EROI, NEER,
EPR, etc.) provides for a cheaper per unit energy carrier.

At some critically low aggregate ERR, a given society can no
longer grow because energy prices, and thus expenditures,
consume too much of disposable income. We do not exactly know
the critical ERR values that indicate the need for societal changes in
growth and complexity [43]. While [19] postulated the minimum
EROI for liquid fuels in today's society (to keep from shrinking or to
keep growing), there is much more to fundamentally understand.
ERRs measure output relative to inputs, and thus are equivalent to
measuring GDP (gross domestic product) relative to intermediate
trade. Neither ERRs nor GDP metrics describes the internal struc-
ture of the system (economy) itself. By exploring the different in-
ternal structures we can measure and track the balance of different
alternatives between efficiency and resilience for the same outputs
[44]. ERRs can change (just like GDP) based upon changes in both
energy extraction and energy end-use decisions and technologies
(e.g., efficiency). If desired future energy carriers have lower ERRs,
due to limitations in modifying either energy extraction or end-use,
it is important we contemplate the necessary systemic restructur-
ing. This paper has shown that for constant technology, system
wide ERRs can change just by choosing a different mix of outputs
(e.g., going to a high percentage renewable energy system from a
dominant fossil energy system).

6. Conclusion

Humans did not create fossil energy just as we do not create
sunlight. Using these primary energy resources in combination
with conversion technologies we generate electricity for serving
many energy services. It is important to remember that electricity is
not a primary energy supply. Thus there is no ‘gross’ amount of
electricity existing in the world for humans to extract, and the gross
energy ratio, GER (=energy return on energy investment at the
mine mouth, EROlyy), is not well-defined for electricity or other
similar energy carriers such as gasoline and biofuels. At the full

system-wide scale GER = NER + 1, and for high quality primary
energy supplies at the point of extraction the difference between
GER and NER is small. For smaller GER, however (~<10), the dif-
ference in definitions and interpretation of ERRs, such as between
NER and GER, become more important to understand.

This manuscript also indicates that even with a constant elec-
tricity generation technology assumption (here equal to constant
values in technology matrix, A, for fossil and renewable electricity
processes), the energy return ratios of the system-wide grid elec-
tricity change as the definition of the grid mix changes. The
implication is that ERR calculations for single electricity technolo-
gies that depend on an assumed unmodeled mix of grid electricity
are unable to fully inform us as to a future grid mix that is signifi-
cantly different (e.g., a majority renewable electricity grid instead of
a majority fossil electricity grid). The same concept holds for future
scenarios with the majority of transportation fuels from renewable
energy versus fossil energy. The ERRs, just like energy prices, all
change simultaneously as the mix of energy consumption changes.

[ encourage net energy analysis researchers to use matrix for-
mats, as in this paper or similar constructs, to encourage better
understanding and transparency in ERR calculations. I also
encourage the net energy analysis community to link their calcu-
lations to economic measures, such as energy prices and expendi-
tures, and historical trends to enhance our understanding of energy
in our past, present, and future.

Appendix
A.1Units of technological coefficient matrix A

The units of matrix A are as follows (numerator is input needed
for unit output of denominator): FE = fossil energy flow in joules,
Ge = grid electricity in joules, Fe = fossil electricity in joules,
Re = renewable electricity in joules, M = materials in kg,
RE = renewable energy flow in joules, and Se = storage of elec-
tricity in joules.

[FE FE FE FE FE FE FE]
FE Fe Re Ge M RE Se
Fe Fe Fe Fe Fe Fe Fe
FE Fe Re Ge M RE Se
Re Re Re Re Re Re Re
FE Fe Re Ge M RE Se
A= |Ge Ge Ge Ge Ge Ge (e 21)
FE Fe Re Ge M RE Se
M M M M M M M
FE Fe Re Ge M RE Se
RE RE RE RE RE RE RE
FE Fe Re Ge M RE Se
Se Se Se Se Se Se Se
LFE Fe Re Ge M RE Sel

A.2Model results assuming no renewable electricity storage

Instead of assuming a renewable electricity storage technology
that stores renewable energy to make it dispatchable, I can assume
that the fossil electricity generation ramps up and down to meet
the “net load = load — renewable electricity.” To some degree
increased proportions of renewable electricity can cause decreases
in thermal power plant efficiency, and hence system net energy.
The reason for this decrease in thermal efficiency is that thermal
power plants run most efficient at constant power output at the
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Table 7

Here, system wide GER, NER, and NEER of calculations assuming 1 unit of grid
electricity net output. This table assumes 75 varies as in Equation (22) and
Nrenew = 0.15. Because renewable energy is assumed to flow on the Earth without
human intervention, GER;epnew = oo in all modeled cases.

% Grid that GERgys  NERgys NEERys Fossil Renewable
is fossil fossil grid grid energy energy
electricity () energy electricity electricity  extraction extraction
99% 111 037 234 3.57 0.08

50% 7.24 0.20 1.23 2.00 4.02

10% 5.82 0.15 0.87 0.54 7.31

1% 5.59 0.14 0.82 0.19 8.06

optimal set point for torque and speed. In a previous co-authored
paper, Meehan approximated that with 5—9% of annual electricity
generation from wind power in the Electric Reliability Council of
Texas (ERCOT) during 2008—2011 caused a few percent (~ 3%)
higher CO; emissions due to slightly increased ramping up and
down of thermal fossil fueled generation units [30]. Other research
based upon experimental conditions implies that wind power
achieves approximately 75—80% of CO, emissions reductions
compared to an assumption of perfect 100% displacement of CO,
from natural gas generation [24].

For illustrative purposes of the example in this Appendix, I as-
sume a fossil thermal power plant with a maximum efficiency of
TNfossilmax = 1/3 with no renewable electricity on the grid (i.e., a = 1)
that linearly declines as a function of « to a minimum efficiency of
Nfossitmin = 0.3 with 100% renewable electricity on the grid (i.e.,
a = 0). I also assume no renewable electricity storage technology.

The necessary modifications to the technological coefficient
matrix A in Equation (14) are (1) row and column 7 of Equation (14)
become all zeros (e.g., no storage technology), (2) the concept of the
capacity factor, ¢ is no longer needed to characterize renewable
electricity flow to the now non-existing storage system, and (3) and
the fossil power plant efficiency, used in Aj, changes to the
following:

1
~ Fossil Electricity Efficiency
1

AMfossil,max T (1- a)’?fossil,min

A2

(22)

I repeat some ERR calculations using the new assumptions of
this Appendix and show the results in Table 7. For the example of a
99% renewable grid (« = 1%), 8.1 units of solar insolation and 0.19
units of fossil primary energy are required to produce the 1 unit of
grid electricity at NEERsys = 0.82 compared to the modeled case in
Section 4 of the manuscript that required 9.24 units of solar inso-
lation and 0.21 units of fossil primary energy to produce a
NEERsys = 0.57. The driving factors for the differences between the
results of this Appendix and those of the main body of the manu-
script are both lower fossil electricity conversion efficiency (due to
assumed ramping effects) and higher renewable electricity con-
version efficiency to the grid (due no longer including storage
system losses).
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