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Abstract The contribution from variable renewable
energy (VRE) to electricity generation is projected to
increase. At low penetration, intermittency can usually be
accommodated at low cost. High-penetration VRE will
displace conventional generation, and require increased
grid flexibility, geographic and technology diversity, and
the use of electrical storage. Energy return on investment
(EROI) is a tool that gives greater weight to the principles
of energetics over market prices, and may provide a long-
term guide to prospective energy transitions. The EROI of
electrical storage may be critical to the efficacy of high-
penetration renewable scenarios. However, there is no
generally agreed upon methodology for incorporating stor-
age into EROL. In recent years, there have been important
contributions to applying net-energy analysis to storage,
including the development of storage-specific net-energy
metrics. However, there remains uncertainty as to how to
apply these metrics to practical systems to derive useful or
predictive information. This paper will introduce a frame-
work for evaluating storage at a system level. It introduces
the surplus energy-storage synergy hypothesis as a general
principle for exploring the role of storage. It is argued that
the useful energy available to society is determined by both
the net-energy of the energy source and the stored energy
as stocks. This hypothesis is translated across to electric-
ity systems with the use of electrical reliability indices
to evaluate the value of storage. A case study applies the
framework to a suite of VRE simulations. The case study
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was modelled as a limiting case of VRE plus storage, and
is therefore not intended as a comprehensive cost-optimised
solution to high-penetration VRE. A shift from an elec-
trical system based mostly on energy stocks to one based
mostly on natural flows is constrained by the quantity of
storage required, and the quantity of VRE overbuild to
charge the stores. The application of the framework shows
that the value of electrical storage and overbuild exhibits a
marked diminishing returns behaviour at rising VRE pen-
etration and therefore the first units of storage are the most
valuable. The framework is intended to stimulate further
research into using EROI to better understand the role of
VRE and storage in prospective energy transitions.

Keywords Storage - EROI - Renewables - Energy surplus
Introduction
Overview

Regardless of climate goals, the contribution from renew-
able energy is projected to increase significantly over the
medium to long term (Krey and Clarke 2011). The IPCC
ARS 450 ppm suite of energy scenarios (Edenhofer et al.
2014, p. 12) are characterised by rapid improvements in
energy efficiency, and a significant scaling up of the share
of low-carbon energy supply. Nearly all substantially
increase the deployment of renewables, many deploy an
increasing share from nuclear and/or fossil fuels with car-
bon capture and sequestration (CCS), and some include the
possibility of bioenergy with carbon capture and storage
(BECCS). All of these options have net-energy implica-
tions, and some (e.g. nuclear and CCS) face additional bar-
riers and risks (Edenhofer et al. 2014, pp. 20-22).
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At low penetration, intermittency can usually be accom-
modated at low cost (Gross et al. 2006). High-penetration
RE will displace conventional generation, and require
increased grid flexibility, geographic and technology diver-
sity, and the use of electrical storage (Denholm and Hand
2011).

The need for storage increases the energy burden of elec-
tricity supply systems, and thus lowers the EROI (Carba-
jales-Dale et al. 2014). However, there is ongoing debate as
to how much storage will be required in a shift to an elec-
trical system based mostly on VRE, and whether this rep-
resents an additional but affordable cost, or a fundamental
constraint on VRE penetration (Morgan 2014). Although
there are estimates of the embodied energy of storage from
the life-cycle literature, there is no agreed methodology on
how to apply these estimates to a comprehensive estimate
of EROI (Pickard 2014a).

Definition of EROI

EROI is a unitless ratio, defined as the ratio of the gross
flow of energy E, over the lifetime of the project, and the
sum of the energy for construction E,, operation E,,, and
decommissioning E; (Murphy et al. 2011, Eq. 1). More
generally, Murphy and Hall (2010) state that “EROI is the
ratio of how much energy is gained from an energy produc-
tion process compared to how much of that energy (or its
equivalent from some other source) is required to extract,
grow, etc., a new unit of the energy in question”.

Eg
ERO] = ————— (D
E.+ E,+ E,

Although there is usually general agreement on the con-
cept of EROI (i.e. energy out/energy in), there is a diver-
gence of objectives and methodologies (Carbajales-Dale
et al. 2015; Pickard 2014a). The divergence is perhaps most
acute with VRE, compared to say oil, because VRE does
not substitute one-for-one with conventional generation,
with uncertainty related to the allocation of energy costs
for integration and storage. Unlike oil, which is pervasive
and substitutable, VRE produces electricity, which has high
utility but is not globally fungible and currently makes up
only 18% of global total final energy consumption (Interna-
tional Energy Agency (IEA) 2016, p. 28).

Storage Literature Review

Much of the literature that explores the value of storage has
focused on the relationship between storage and markets,
and the potential for storage to add value within incumbent
systems [e.g. McConnell et al. (2015); Salles et al. (2016)].
Some of the analyses explore a strategic network role (i.e.
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supporting networks rather than contributing to bulk gener-
ation) and the potential role of technological disruption of
distributed solar and storage, although much of the disrup-
tion is occurring within markets, rather than in transforma-
tions of the physical systems.

There have been a number of approaches taken to
include the embodied energy of storage into a system-level
EROI analysis. Much of the analysis has attempted to iso-
late storage devices to determine a device-specific EROIL.
The main weakness to date has been establishing a dynamic
function for incorporating storage into EROI.

Barnhart and Benson (2013) defined the metric Energy
stored on invested (ESOI), defined as the ratio of electri-
cal energy stored over the lifetime of a storage device, to
the embodied primary energy required to build the device.
In contrast, Weilbach et al. (2013) considered the storage
capacity of the storage device (in this case, pumped hydro
storage) required to provide an equivalent baseload role for
VRE. Both of these approaches try to ascertain the embod-
ied energy debt of storage, but may not reflect the differ-
ing value of storage depending on their role and context.
WeiBlbach assumed a baseload role with 10 days of storage;
however, it is not clear why 10 days should be a reference
and a high-VRE scenario would value other characteristics,
especially flexibility. Furthermore, Raugei (2013) noted
some methodology inconsistencies that reflect differing
approaches to net-energy analysis.

Barnhart et al. (2015) provided a broader context for the
role of storage by exploring the various trade-offs between
curtailment, storage, and greenhouse emissions. The trade-
off was illustrated with the use of a graphic that depicted
energy intensity (as a proxy for EROI) versus carbon inten-
sity. The plot encompassed both generation and storage
devices. It was dissected into four quadrants; ‘do today’,
reflecting options that are worthwhile; ‘reduce emissions’
and ‘improve EROI’, as prospective options requiring fur-
ther development; and ‘avoid’, reflecting options that have
a poor EROI and poor emission performance.

Using the specific context of off-grid rooftop solar,
Palmer (2013) considered the role of storage within the
context of an overall system. In this case, the role of storage
and surplus solar capacity (to ensure adequate winter sup-
ply) in a rooftop solar system was evaluated to establish the
lifetime EROI of the complete system.

Denholm and Kulcinski (2004) is representative of stud-
ies that are measuring the embodied energy of storage
devices, but not attempting to account for the relative value
that storage provides. In this case, pumped hydro storage
(PHS) was evaluated, along with compressed air storage
(CAES) and large-scale batteries. Denholm and Kulcinski
were concerned with establishing the life-cycle parameters
for a given power capacity (GW) rather than a given stor-
age capacity (GWh).
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Renewable Simulation Literature Review

This study will apply the framework to a renewable energy
simulation. Although there are many published regional
VRE simulations [e.g. Budischak et al. (2012); Jacobson
et al. (2015)], few apply or publish a loss-of-load proba-
bilistic assessment, or explicitly include reserve margins.
Where a reserve margin has been applied, it is usually
applied as a simple exogenous multiplier rather than emerg-
ing from the probabilistic assessment [e.g. (MacDonald
et al. 2016b, pg. 32)]. These are described as ‘first order’
demand-balance simulations (see Hart et al. (2012)) and
could be regarded as high-level, exploratory studies rather
than the ‘second-order’ system-level reliability analyses
typically carried out by electrical system operators.

Storage Requirements

Storage requirements of VRE are dominated by stretches of
low-wind and solar resource (the ‘big gaps’ problem) (Len-
zen et al. 2016). The ratio between the average monthly
solar insolation between summer and winter varies greatly
across geographic regions (PV Education 2016). Low lati-
tude regions, such as Singapore, show a relatively small
summer/winter ratio of 1.3-1.7, rising to 3—4 in the mid-
latitudes such as Nevada USA, and above 10 for higher lati-
tudes, such as London. Cloud cover is also region depend-
ent, with clear skies and low aerosols typically located in
the latitudes from 15° to 40° north or south (International
Energy Agency (IEA) 2014). Concentrated solar thermal
requires high direct normal radiation (DNI) and is usu-
ally located in arid regions in the subtropical band. Winter
insolation and extended cloudy periods define the storage
requirements for systems reliant on solar.

In the case of wind, geographic dispersion, the physical
inertia of wind machines, and aggregation provide smooth-
ing of bulk wind power at sub-hourly scales (Archer and
Jacobson 2007). At an hourly and above scale, wind speeds
are highly correlated within wind regimes, which may span
distances of hundreds to thousands of kilometres (Huva
et al. 2016). Seasonal variation is usually much less than
for solar but multi-day low-wind conditions appear to be
a characteristic of many regions (MacKay 2008, p. 187,
Oswald et al. 2008), and these low-wind stretches define
the quantity of storage or backup capacity required.

In a review of VRE storage, Pickard (2014b) assumed
that around 7 days of storage would be required in a high-
penetration VRE scenario. In a simulation for the PIM
network in the US, Budischak et al. (2012) used between
9 and 72 h storage, with 3-times VRE overbuild, which
included maintaining a significant share of the legacy fos-
sil fuel capacity, operating as infrequent reserve capacity.
Abdulla et al. (2014) found that 58 h of storage (calculated

at 1500 GWh and 25.5 GW demand) would be required for
a high PV scenario in Australia in an explorative assess-
ment. Oswald et al. (2008) found that around 6 days of stor-
age would be required to cope with continental scale low-
wind conditions in Europe.

In a 100% renewable simulation, including sector cou-
pling (i.e. heat and electricity) for Germany, 55 GWh
of battery storage, 60 GWh of PHS, and 62,000 GWh of
methane storage was used in the ‘medium’ scenario (Palzer
and Henning 2014, Fig. 3.4). At 500 TWh annual con-
sumption, the storage capacity represents around 45 days
of full-load electrical capacity (equated at average annual
demand). Likewise for North America (Canada, USA, and
Mexico), Aghahosseini et al. (2016) used around 3-times
VRE overbuild, around 2000 GWh of battery storage and
174,000-230,000 GWh of methane storage. At 6059 TWh
annual consumption, the storage capacity represents around
14 days of full-load electrical capacity.

Much of the scenario literature avoids the problem of
large-scale storage by maintaining a significant share of
conventional capacity [e.g. Budischak et al. (2012)] or
assuming the ready availability of large-scale biomass.
For example, Lenzen et al. (2016, Table 2) did not employ
conventional electrical storage but used concentrated
solar thermal with 15 h storage (equating to a theoretical
917 GWh of storage), and generated 16,500 GWh with bio-
fuelled powered gas turbines in a simulation for Australia.
Assuming the biofuels were used for seasonal storage
equates to 21 days of full-load electrical capacity (equated
at average annual demand). In a simulation covering the
eastern populated regions of Australia, Elliston et al. (2012)
employed a similar generation suite, with biofuelled tur-
bine capacity set at 71% of annual peak demand but at low
capacity factor. The resulting 28,000 GWh of electricity
generated from biofuels equates to 50 days full-load electri-
cal capacity, assuming seasonal storage. Both of these sim-
ulations set the minimisation of biofuels as an objective.

This study is not seeking to prescribe a storage type and
only considers the role of electrical storage. Sector cou-
pling (e.g. power-to-heat, power-to-gas, power-to-desal-
ination, vehicle-to-grid), and other forms of storage (e.g.
thermal storage in concentrated solar thermal) may offer
opportunities to substitute for electrical storage.

Goal Definitions

Carbajales-Dale et al. (2015) identifies three distinct
goal definitions for EROI as it applies to VRE: a descrip-
tive assessment of a particular technology; a compara-
tive assessment of alternative energy technologies; and an
exploration of the viability of emerging technologies to
completely substitute for the incumbent system.
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As a tool for comparative assessment, net-energy analy-
sis is frequently used to assess the degree to which VRE
displaces fossil fuel consumption. For example, Raugei
et al. (2012) derived a ‘primary energy equivalent’ multi-
plier in conjunction with EROI to describe the equivalent
primary energy that is ‘virtually returned to society’ (i.e.
coal or gas that is preserved for alternative uses). Raugei
et al. argue that a unit of energy invested in solar signifi-
cantly reduces the depletion of fossil fuels over the lifetime
of the solar system. This is consistent with much of the
discussion of VRE as an abatement tool within an incum-
bent system. From this perspective, it is assumed that the
problem is that there is too much readily available fossil
fuel and that without policy intervention the IPCC ‘repre-
sentative concentration pathways’ (RCPs) at the high-end
are more likely (e.g. RCP 6.0, RCP 8.5). Although RCP 8.5
should not be taken as a no-climate-policy reference sce-
nario (Moss et al. 2010), it nonetheless assumes continuing
growth in fossil fuel demand (Riahi et al. 2007).

Goal and Scope of the Present Study
Different Roles of Storage

This study is focused on the use of storage to buffer or
complement VRE, modelled as natural renewable flows.
But to date, most of the use of storage in electricity grids
has been for arbitrage and time-shifting in conjunction with
baseload (Yang and Jackson 2011). It will be argued that
the role of storage as a complement to VRE is different to
its traditional role with baseload. Furthermore, the output
of electrical storage is usually directly substitutable with
energy stocks, especially flexible generation (Denholm and
Hand 2011).

Storage can also be reduced to the extent that renewable
flows coincide with demand, or demand can be modulated
with demand management (Schreiber et al. 2015). Further-
more, geographic diversity (Grossmann et al. 2015; Huva
et al. 2016; MacDonald et al. 2016a) and resource diversity
(Bogdanov and Breyer 2016) provide a quasi-storage role
by raising the effective availability factor.

Energy Capital Substitution

This study will frame EROI in the context of energy capi-
tal substitution, rather than fuel substitution (i.e. to what
degree can VRE plus storage replace the capital stock of
fossil fuel extraction and conversion rather than just sup-
plant the flow of fossil fuels). It is more concerned with
assessing the possibility of future energy systems being
able to both sustain themselves, and provide society with
sufficient surplus energy (Hall et al. 2009).

@ Springer

A justification for focusing on substitution of capital is
the German Energiewende. The term ‘Energiewende’ can
be dated to a study by the German Oko-Institut in 1980
(Krause et al. 1981), with the title ‘Energy turnaround,
growth and prosperity without oil and uranium’ (Joas
et al. 2016; Maubach 2014). Between the starting point
of the EEG in 2003 and 2014, total installed power gen-
eration capacity grew by 51%, although total annual gen-
eration was virtually unchanged (Bundesministerium fiir
Wirtschaft und Technologie 2015).

The Energiewende has been accompanied by grid
expansions and tariff increases, although wholesale spot
prices have declined (Poser et al. 2014). Hence the Ener-
giewende is reducing the direct fuel load and CO, emis-
sions, at a cost, but not replicating the substitution of infra-
structure that has typically accompanied historic transitions
(i.e. the incentive policies encourage a process of adding to
the capital stock rather than substituting away from the leg-
acy capital stock). The tariff increases need to be balanced
against the broader societal costs of energy, including sub-
stantial German fossil fuel and nuclear subsidies (Morris
and Jungjohann 2016; van der Burg and Pickard 2015).
One interpretation is that the Energiewende is succeeding
in reducing the environmental burden of electricity genera-
tion, but that the shift is reliant on the strength of the Ger-
man economy, the relatively high economic output per unit
of energy, and the high EROI of the global energy system.

Reformulation of Storage and EROI

The contribution of this study is to reformulate the analysis
of storage. Firstly, it will be argued that energy storage is
a fundamental property of net-energy. An understanding of
the transition from hunter-gatherer, through pastoralism and
agriculture, the Industrial Revolution, and twentieth cen-
tury economic development, can be enhanced through sup-
plementing the concept of net-energy with the concept of
the energy surplus-storage synergy. This approach follows
the precedent of applying behaviours observed in natural
ecology to industrial ecology [e.g. Brown et al. (2011)]. In
the pre-industrial context, energy referred mostly to food
and fodder, but by the twentieth century, energy included a
broader range of traded energy sources and biomass (King
et al. 2015).

Secondly, the cost structure of electricity systems is
dominated by capital-intensive infrastructure and fixed
operating costs (Brown and Faruqui 2014). It is the nature
of all utilities (e.g. electricity, water, telecommunications)
and many public services (e.g. passenger rail) that the
infrastructure must be built to meet peak demand. Some
services, such as urban transit systems and water supply
systems, can dampen peak demand by permitting conges-
tion or using built-in storage. For example, trains can queue
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passengers on platforms during peak periods, allowing con-
gestion to buffer peak demand without the train system fail-
ing; the pressure of water supply can fall during summer
heat waves, permitting a stressed system to remain func-
tional but at a lower quality of service.

In contrast, the real-time flow limitation of electrical sys-
tems does not permit ‘soft’ congestion management during
peak periods. Furthermore, unlike gas or water pipelines,
which may store several hours (or days) of product within
distribution networks that can be readily drawn down, AC
networks do not possess an equivalent ‘draw down’ capa-
bility without storage devices. Instead, infrastructure must
be maximally sized to meet reliability standards, although
infrastructure requirements could be marginally reduced if
reliability standards were relaxed (Australian Productivity
Commission 2013).

Finally, a framework for incorporating storage into
EROI is presented. This requires calculating EROI of
the VRE and storage as a sub-system, and measuring the
resulting EROIygg, ong. Telative to the displaced capacity
of conventional generation. The benefit of measuring the
result relative to the displaced capacity is that it is possible
to trade-off the rising availability factor with the diminish-
ing returns of marginal storage, thereby overcoming the
limitation of arbitrarily setting the quantity of storage and
RE overbuild. The result reflects the energy investment to
substitute for energy infrastructure, rather than displacing
fossil fuel consumption.

Historical Precedents
Food Storage as a Pivotal Development

The contemporary value of energy storage is not unique,
and a historical parallel can be drawn from the Neolithic
transition, beginning around 10,000 years ago. Prior to this
period, Palaeolithic man lived a subsistence life of hunting
and gathering, governed by the diurnal and seasonal cycles
(Diamond 2005).

In the transition, humans began domesticating plants
and animals (Hibbs and Olsson 2004). There are different
hypotheses for why humans chose to adopt agriculture in
the first place (Diamond 2005). But it gradually led to spe-
cialised crop cultivation, land clearing, and basic irrigation.
These advances permitted seasonal food storage for the first
time, increased population density, and represented a prel-
ude to non-farming specialists, villages and later, cities.

The decisive break came from collecting of grain,
then the evolution of grain, and cereal farming. The cru-
cial advantage of grains and cereals was that it permitted
agricultural surpluses to be converted into seasonal stor-
age. But in the early period at least, the relative calorific

return from agriculture may have been less than tradi-
tional foraging and hunting, and it is not obvious that
farming would have been worth the effort. Agriculture
requires intense effort over long periods, often with vari-
able results.

The capacity for storage was to prove crucial. On the
one hand, grains have several useful properties. They are
hard and dry, and do not readily rot and go bad. Since
they are dry, they have a high calorific-to-weight ratio,
making them both storable and readily transportable
(Laudan 2015). But on the other hand, they are excep-
tionally difficult to turn into something useful and digest-
ible. Most food gathered or caught by hunter-gatherers
is eaten in its raw state or cooked over a fire, but grains
require several processing and conversion stages. Wheat
must be harvested, threshed, winnowed, and ground.
Finally, the flour can be mixed with water and baked to
produce unleavened bread. The case of wheat suggests
that there must have been a strong evolutionary advan-
tage to adopting agriculture and perhaps derive an easily
storable product.

The history of salt provides another example of the
importance of food storage. Salt was used since antiquity
for curing foods such as beef, pork, fish, and later butter.
Such was its importance that it was sometimes a strate-
gic commodity and was used as an early form of currency
(Cowen 2005).
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Fig. 1 Stylised graph of energy surplus versus storage. ‘Value’ is
defined as the vector of surplus and storage
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Value as the Vector of Energy Surplus and Storage

The evolution of storage is depicted in Fig. 1 in which
‘value’ is defined as the vector of energy surplus and stor-
age. The early adoption of farming may have had a lower
calorific return than foraging but storage contributed to a
greater vector of value than with no storage.

In the early industrial era, steam engines were extremely
inefficient in converting chemical energy to mechanical
motion, and the net-energy of early steam must have been
remarkably low by contemporary standards. Newcomen’s
early engines were around 1% efficient and Watt’s early
innovations lifted this to 2-4% (Buenstorf 2004). None-
theless, as ‘stored sunlight’, coal was able to provide copi-
ous quantities of power on demand. Coal and steam power
evolved within a virtuous cycle to leverage the power out-
put of steam, and were to break the ‘organic limit’ imposed
by reliance on solar energy flows (Wrigley 2010).

The Role of Energy Storage
Conventional Storage

Nearly all electrical storage to date has been pumped hydro
storage (PHS), which makes up 97% or 142 GW of global
power capacity for electrical storage (United States Depart-
ment of Energy (DOE) 2016). The three leading PHS coun-
tries are Japan with 26 GW, China at 24 GW, and the US
at 22 GW. The Eurelectric region comprising the 34 Euro-
pean countries that are part of the five European synchro-
nous regions has a total installed capacity of 35 GW. These
figures relate to power but comprehensive data on storage
capacity (GWh) are less readily available.

From facility-level author calculations, the storage
capacity of most PHS facilities in the US, Japan, and China
range from 8 to 25 GWh per GW of installed capacity, cor-
responding to a typical daily arbitrage cycle with spare
capacity. In Europe, the storage capacity of 2500 GWh
is dominated by Spain with 1530 GWh in 17 PHS plants
comprising around 4.8 GW (Pirker et al. 2011).

From Pickard (2012), the ten largest capacity facilities in
the US total 13.4 GW with 332 GWh of storage capacity,
equating to 25 GWh per GW. If the storage ratio is extrap-
olated to all 36 facilities, the storage capacity equates to
545 GWh.

PHS has historically operated in unison with coal and
nuclear baseload. In the US, the deployment of PHS was
relatively slow until the 1960s, but developed in parallel
with nuclear during the 1960s and 1970s, and subsequently
slowed in the 1980s when nuclear deployment came to a
standstill (Yang and Jackson 2011). Baseload-PHS usu-
ally operates with a daily arbitrage cycle between inflexible
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overnight off-peak and daytime peak. The daily cycling
maximises energy throughput for a given storage capacity
and underpins the economic return for PHS, while provid-
ing a demand sink for surplus off-peak baseload (Barnes
and Levine 2011). Since the deregulation of electricity
markets, the use of pumped hydro has expanded to cover
a range of additional services, including rotational inertia,
load following, frequency control, spinning reserve, and
voltage regulation (MWH 2009).

At a global scale, other utility scale storage includes
thermal storage (e.g. concentrated solar thermal) at 1.7 GW,
which assuming 6 h storage equates to around 10 GWh.
Other storage includes electro-mechanical (e.g. flywheel) at
1.4 GW, battery at 0.75 GW, and hydrogen at 0.003 GW
(United States Department of Energy (DOE) 2016).

Connecting the Pre-Industrial with the Contemporary
Role of Storage

The question is—how to connect the pre-industrial or
organic conception of surplus-storage with the role of
storage within a modern electricity system? In the pre-
industrial context, the value of storage was in guaranteeing
survival during winter or times of poor harvest. Survival
during austere times was more important than feasting dur-
ing good harvests—favourable harvests were valuable to
the extent that food could be stored for later consumption.
This aligns with a marginalist interpretation of energy sup-
ply (i.e. the first units of energy are the most valuable but
there is a diminishing return to surplus energy).

In the contemporary interpretation, the guarantee of
electricity supply is provided by the built infrastructure
and a high ‘availability factor’ from a suite of generators.
Modern electricity markets are founded on the concept of
marginal cost pricing, in which there is always a surplus
of available power. Generators with the lowest short-run
marginal cost (SRMC) bid into the market first, with higher
marginal cost generators providing load following.

Most of the value to residential and industrial consum-
ers, and the cost of providing that service, is in the guar-
anteed connection and available power flow, rather than
the cumulative energy consumption per se. For example,
the electrification of the United States during the twentieth
century was a major contributor to rising productivity and
output (Jorgenson 1984; Schurr 1990). Much of the produc-
tivity gain from industry was a result of the ‘fact of elec-
trification’ and the associated re-organisation of industrial
production. In the early industrial period, the shift away
from line-drive permitted organisations to adopt flexible
and more efficient production processes (Rosenberg 1994).
Electricity was a key enabler of innovation in industrial and
consumer devices through the twentieth century.
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The value of storage is therefore proportional to
the degree that storage contributes to the assurance of
demanded power flow. Fortunately, the electricity supply
industry has a suite of probabilistic reliability indices that
fall under the broad categories of availability factor and
forced outage (Billinton and Allan 1996). The availability
factor defines the proportion of nameplate power that is
available on demand, or in the case of VRE, the quantity
of dispatchable power that is displaced (Preston 2015b).

Availability Versus Capacity Factor

The value of stored energy is evident in the availability
factor versus capacity factor graph (see Fig. 2). Conven-
tional generators convert stocks of energy into an elec-
trical power flow. Providing the stocks are available, the
energy converters (generators) can be dispatched in real-
time, subject to technological and physical constraints,
such as ramp-rate limits (the time rate of change of power
output). In contrast, the capacity factor (often described
as the full-load hours) describes the usage of the genera-
tor, and is driven mostly by the short-run marginal cost
(SRMC) for dispatchable generators, or the availability of
the natural flows in the case of VRE (Tasman 2009).
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Fig. 2 Graph of capacity factor versus availability factor with typi-
cal ranges shown as whisker plots. Availability and capacity factor
representative figures from Sims et al. (2011, Table 8.1), Sims et al.
(2007), Bashmakov et al. (2014), Australian Energy Market Opera-
tor (AEMO) (2012, Table 6), US Energy Information Administra-
tion (EIA) (2015), International Renewable Energy Agency (IRENA)
(2012, Table 1)

From the perspective of an individual generator, con-
ventional generation can be considered to have access
to unlimited fuel storage within a planning time frame
(i.e. sufficient fuel at all times), and therefore possess
high availability factors. In contrast, solar PV without
storage has a low availability factor, except to the extent
that solar insolation coincides with annual peak demand
(Denholm et al. 2015). The rising availability of the vari-
ous types of concentrated solar is a direct result of solar
tracking, solar field multipliers, built-in storage, and
natural gas backup, which are reflected in progressively
higher costs (International Renewable Energy Agency
(IRENA) 2012).

Role for VRE Storage

From an operational viewpoint, the purpose of storage is
to increase operational flexibility. From the perspective
of VRE, the role of storage is to boost the availability—
that is, a greater proportion of the nameplate power of the
VRE is considered ‘firm’ when power is demanded. From
the perspective of large thermal generators, the role of
storage is to increase utilisation during off-peak periods
(see Fig. 3).

high
Baseload . _>
Storage lifts
capacity factor
j .
i)
|9}
«
=
g Storage improves
kS availability factor
<
low . Variable RE
low high
Capacity factor

Fig. 3 Stylised effect of storage on baseload and variable renewable
energy
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Methods
EROI Assessments Have Focused on Net-Energy Only

In EROI assessments, storage is rarely, if ever, explicitly
incorporated. This is probably due to the universality of
storage being embedded within fossil fuels - the notion
of stored sunlight is simply built into the energy sources
(Schramski et al. 2015). Many analyses have incorpo-
rated ‘energy quality’, or exergy, as a scaling factor in
EROI analysis (e.g. Ayres and Warr (2010); Murphy
et al. (2011)) to differentiate between the economic use-
fulness of energy in its various states—a megajoule of
electricity is more useful than a megajoule of coal.

Overview

The proposed framework requires calculating the
embodied energy of the VRE-storage sub-system rela-
tive to the displaced capacity of conventional generation.
The methodology can be applied at any point along an
energy transition pathway. In this context, conventional
generation refers to thermal generation or hydro. The
key concept is that the EROI of conventional genera-
tion substitutes should be compared against the capacity
they are replacing. In contrast, the conventional abate-
ment approach is to consider the cost of displacing fossil
fuel consumption as a consequence of applying environ-
mental taxes or regulation on energy (Enevoldsen et al.
2009).
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Reliability Metrics for Conventional Generation

The availability of conventional generation is approxi-
mately proportional to the inverse of the forced outage rate
(Billinton and Allan 1996, chpt.11). The forced outage
rate is defined as the proportion of operating time that a
unit is out of service due to unexpected problems or fail-
ures. Since forced outages are usually uncorrelated between
conventional generators (i.e. the distribution functions are
independent random variables), the system reliability at a
given power asymptotes towards 100% as additional gen-
erators are added to the system.

To illustrate this, Fig. 4 plots the cumulative density
function (CDF) (left) and probability density function
(PDF) of a given capacity being available in any hour for
a hypothetical suite of 10 generators, each 100 MW with a
forced outage rate (FOR) of 0.1 (or equivalently, an avail-
ability of 0.9). An FOR of 0.1 means that there is a 10%
probability of an outage in a given hour. The plot has been
calculated using the recursive convolution algorithm given
in Preston (2016a). The left plot indicates that there is a
93% probability of at least 800 MW being available. The
right plot indicates that there is 19% probability of exactly
800 MW being available. The CDF of annual demand is
often referred to as the ‘load duration curve’. The electric-
ity supply industry uses many indices to describe availabil-
ity, including seasonal derating factors and planned mainte-
nance [see IEEE (2007)]. In this context, availability refers
to effective availability factor (EAF) in IEEE (2007).

The PDF, such as the right side of Fig. 4, can be com-
bined with the projected demand function, to produce
a probabilistic reliability assessment for each hour. The
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Fig. 4 Available capacity curve for 10 generators, each 100 MW, and forced outage rate (FOR) of 0.1. Lef—cumulative density function

(CDF), right—probability density function (PDF)
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Fig. S Stylised probability den-
sity function (PDF) for Texas
ERCOT system for a year.
LOLE is equal to the intersec-
tion of the areas bounded by the
demand and supply curves

Probability ————p

Loss of load

Generator
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demand
distribution
Reserve
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probability of demand exceeding supply for each hour is
termed the loss-of-load-probability (LOLP). The LOLPs
for every hour are added to give the loss-of-load-hours
(LOLH) over the projected time frame (e.g. 1 year). Alter-
natively, the LOLP for the peak hour only for each day
can be added to give the loss-of-load-expectation (LOLE).
There may be slight differences in methodology across
regional operators. For example, LOLE can be expressed as
either days/year, or hours/year (OFGEM 2013). An alterna-
tive energy-based metric is the expected unserved energy
(EUE), which is the sum of the unserved energy over all
hours in a year.

Figure 5 illustrates this graphically for a stylised exam-
ple of the Texas ERCOT grid over a year. The intersection
of the areas bounded by the demand and supply curves
gives the probabilistic LOLH. Note that this does not imply
that demand will exceed supply but that there is a small but
finite probability of unmet demand.

Since surplus generator capacity is costly, and outages
are also costly, the optimal arrangement is to install only
as much capacity as is required to provide a given (small)
probability of unmet demand. In economics terminology,
this can be framed as the intersection of the reliability-cost
and reliability-worth curves (Billinton and Allan 1996,
Fig. 1.3).

The standard criteria for generator reserve margin plan-
ning vary between jurisdictions. The United States standard
is a LOLE of ‘one day in ten years’ (North American Elec-
tric Reliability Corporation (NERC) 2011). The ‘one day
in ten years’ means that an outage (of any duration) should
only occur on one day in 10 years on average. For compari-
son, a LOLE of 2.9 & per year is used within the reliability

Power (GW)

standards used by France, Ireland, and Belgium (OFGEM
2013). Australia applies an EUE standard of 0.002% of
annual consumption (Australian Energy Market Operator
(AEMO) 2013, Table 1). In this context, ‘outage’ refers to
the adequacy of the bulk system and excludes outages due
to local network interruptions due to storms etc.

The Analysed System
Reliability of Variable Renewable Generation

Renewable converters (e.g. solar panels, wind turbines)
convert natural flows into electrical power flows, but
have limited capability of controlling power on demand
(although turning down is an obvious mode of control).
Since renewable converters within a region are highly cor-
related (i.e. it is sunny or relatively windy everywhere),
VRE cannot be modelled as random independent variables
using a convolution algorithm. Instead, they must be mod-
elled as load reducers (Preston 2015b). The distinction
between ‘adding to supply’ and ‘subtracting from demand’
may appear subtle, but is important because the value of
VRE depends on both the supply and demand functions.
VRE can be conceptualised as changing the shape of the
PDF of demand (left side of Fig. 5). The degree to which
VRE changes the LOLE is related to the degree that the
rightward tail of the distribution is shifted leftward (i.e. the
reliability value of VRE is dominated by the co-incidence
of VRE with annual peak loads).

The first units of wind (or solar) produce the highest
availability factor, with additional wind power subject to
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diminishing returns. The reason for this is that if the first
units of wind reduce peak loads, those hours are no longer
peak hours, and the system reliability is dominated by
other load hours not well served by wind (Preston 2015b).
Therefore additional wind during those (now) non-peak
hours reduces net-demand but does not contribute further
to peak demand mitigation. This general property applies
regardless of the composition of the grid. The sub-system
of interest could also be composed of multiple VRE types
(e.g. wind + solar PV), which would yield a composite den-
sity function.

Therefore, the availability of a suite of VRE is defined as
the reduction in net-demand as a proportion of nameplate
capacity, at a given probabilistic reliability. For example,
if 100 MW of wind power permits an additional 10 MW
of demand at a given reliability level, the availability is
expressed as 10% or 10 MW.

Charging Storage with VRE Overbuild

A key question is the quantity of storage and the VRE
overbuild that is required to substitute for generation over
and above inflexible or baseload generation. Storage must
be accompanied by VRE overbuild in order to charge
stores. Overbuild is defined as capacity that is surplus to
demand—it can be defined at both a local or system level.
For example, at a household level, rooftop solar that pro-
duces surplus solar power could be either stored locally or
exported into the grid. At a system level, wind power that
exceeds a given usable proportion of system supply could
be exported to an adjoining grid, stored, or curtailed (Den-
holm and Hand 2011).
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Marginal Returns to Storage

The first units of storage and overbuild are the most use-
ful. The reason is that the PDF (i.e. the histogram describ-
ing the number of annual hours for each ‘bin’ of power)
for typical electricity systems is approximately bell shaped
with a tail extending rightward representing short duration
peak loads (see Fig. 5). Therefore a relatively modest quan-
tity of storage can shift the PDF of generator availability
leftward (right side of Fig. 5), ‘filling’ the highest peak
loads that make up the rightward tail of the demand distri-
bution. These peak loads are often the most valuable and
easiest to fill, particular if the peaks tend to correlate with
VRE power (e.g. solar power and air conditioning). How-
ever, progressively greater amounts of energy must be used
to fill the (new) peaks after the first peaks are filled. The
marginal returns to storage aligns with market-based esti-
mates of the value of storage [e.g. McConnell et al. (2015)]
and net-energy-based assessments [e.g. Barnhart and Ben-
son (2013)].

ERCOT Regional Grid

The framework will be applied to a suite of renewable
simulations from Preston (2015a, 2016b), with reliability
methodology described in detail in Preston et al. (1997), a
simplified procedure in Preston (2015b) and detailed out-
put files at http://egpreston.com/cases.htm. The simulations
are for the Texas ERCOT network. ERCOT is one of nine
independent system operators (ISO) in the US. It supplies
electric power to around 24 million Texas customers. The
ERCOT region has abundant wind and solar resources.
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Fig. 6 Storage status for Preston simulation (/eft) for 1 Jan 2010-31 Dec 2010 and Henning and Palzer (2014, Fig. 4.5) gas storage (right). Nor-

malised as days of full-load storage, based on annual average load
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The Preston simulations were modelled as time-series,
demand-balance simulations using Fortran, optimised
for least cost but constrained to VRE plus electrical stor-
age, with a further reliability constraint (LOLE). Since
the simulations were modelled with higher cost seasonal
storage, they are not intended as a comprehensive cost-
optimised solution to high-penetration VRE. Indeed,
commercially available electrical storage is economic
only for storage up to several hours (Luo et al. 2015,
Table 12). Since this study is concerned with VRE plus
storage, they provide a valuable tool to establish refer-
ence points to demonstrate the framework. Furthermore,
the magnitude of seasonal storage (of any type) at high-
VRE penetration is consistent with the published sce-
nario literature in relation to the days of full-load storage
required (see “Storage requirements” Section and Fig. 6).

The simulations provide a base case, two intermedi-
ate steps, and a 100% renewable simulation (see Table 1).
They are based on projected demand in 2017, using his-
torical wind and solar data from NREL, and hourly loads
from 2010 to 2012. Wind and solar data were derived
from NREL datasets. Wind was located along the coast,
Panhandle, and west Texas. Solar sites included cen-
tral Texas (Austin), south central Texas (San Antonio),
and west Texas (Pecos). They are optimised for the US
standard LOLE of 0.1. The intermediate steps and LOLE
fit readily into the proposed framework, and provide
multiple reference points for establishing framework
parameters.

Preston has started with the incumbent ERCOT system,
assumed zero wind power, but with 76 GW of fossil thermal
generation and 5.15 GW of nuclear power (see Table 1).
Each of the simulations traced 3 consecutive years with a
maximum demand of around 71 GW and minimum 28 GW.
Annual energy consumption is around 340 TWh. Addi-
tional wind and solar PV was added, while thermal genera-
tion was reduced, to maintain a LOLE of 0.1. Hence, the
VRE has replaced the installed capacity of thermal plant at
the given system reliability level. Nextly, storage was added
while reducing thermal generation to also maintain a LOLE
of 0.1. Figure 6 (left) displays the storage status for 2010

for the full year of the simulation. The right side is derived
from Henning and Palzer (2014) as a comparison. In both
cases, the requirement for seasonal storage is evident.

Embodied Energy of VRE and Storage

Embodied energy has been calculated for two storage types
for comparison: PHS and Li-ion. These have been selected
to provide low and high embodied energy references for
commercially mature storage devices. PHS is the domi-
nant form of electrical storage globally, providing a valu-
able reference for a near lower bound for embodied energy
and high round-trip efficiency. Li-ion is projected to expand
and provides a distributed generation reference. In practice,
PHS is not a large-scale option in Texas—Hall and Lee
(2014) identified several possible PHS projects in Texas but
these were relatively small. Compressed air energy storage
(CAES) possesses intermediate embodied energy (Den-
holm and Kulcinski 2004). Power-to-gas combined with
gas turbine is a potential future seasonal storage option
(Schiebahn et al. 2015), which could be assessed with the
proposed framework.

In this study, embodied energy for storage is defined
as the embodied energy per unit of storage (MJ per kWh
of storage). There are uncertainties with Li-ion embod-
ied energy, which is largely related to accessing firm-level
energy consumption and production data. Furthermore,
nearly all battery life-cycle assessments are carried out as
process-based attributional assessments, which understate
embodied energy relative to systematically complete hybrid
assessments [see Crawford (2009)].

This study uses data from Ellingsen et al. (2014), and
is based on primary data for a traction battery cell. Ell-
ingsen’s medium ‘ASV’ value of 960 MJ/kWh was used,
which is representative of the broader literature [e.g. Zack-
risson et al. (2010) 790 MJ/kWh, Rydh and Sandén (2005,
Table 6) 1510-1870 MJ/kWh for recycled and virgin materi-
als, respectively]. The current learning rate (the cost reduc-
tion following a cumulative doubling of production) of vehi-
cle battery packs using Li-ion is 6-9% (Nykvist and Nilsson
2015). Barnhart and Benson (2013) explored the theoretical

Table 1 Reference VRE plus

Scenario Wind (GW) Solar PV Storage (GW) Storage (GWh) Fossil Nuclear
storage model from Preston (GW)
(2015a)
Actual installed 16 0.3 0 0 72 5.15
capacity at Dec
2015
Reference 0 0 0 0 76 5.15
Case 4 24 24 0 0 63 5.15
Case 6 68 76 50 16,500 0 5.15
Case 7 76 84 54 18,970 0 0
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Table 2 Assumptions applied

! - Wind Solar PV PHS storage Li-ion storage
to embodied energy calculation
for Texas Capacity factor 40% 18.7% [1] N/A N/A
Embodied energy 10,512 MJ/kW [8] 5911 MJ/KW [9] 400 MJ/kWh [2] 960 MJ/kWh [3]
Modelled lifetime 25 years [4] 30 years [5] 50 years [6] 10 years [7]
Lifetime EROI of VRE only  30:1 [8] 25:1[9] N/A N/A
Annual energy production 3504 kWh/kW 1752 kWh/kW N/A N/A

[1] Representative figure derived from global horizontal irradiance averaged between Austin and El Paso
(The University of Texas at Austin 2016) [2] (Denholm and Kulcinski 2004) [3] (Ellingsen et al. 2014), use
‘ASV’ value [4] (Kubiszewski et al. 2010) meta-review ranged 15-30 years, most were 20 years, assume 25
[5] most studies assume 25 or 30 years, assume 30 years [6] assume 50+ years [7] Li-ion is cycled limited,
cycle life is dependent on depth-of-discharge and capacity degrades with cycling, assume 10 years as high-
end estimate for warranties [8] Kubiszewski et al. (2010) estimated EROI of 19.8-25.2 in 2009, assume
improvement to 30:1. Embodied energy calculated from EROI data [9] taken as a high-end estimate from
Dale and Benson (2013). Embodied energy calculated from EROI data

Table 3 Aggregate embodied energy over 50-year time frame

50-year VRE embodied energy 50-year storage

02)) embodied energy
(PI)
Wind Solar PV PHS Li-ion
Case 4 505 227 0 0
Case 6 1430 718 6583 79,200
Case 7 1598 794 7569 91,056

Table 4 Summary of 100% VRE with storage based on simulation
model for 76 GW wind, 84 GW solar PV, 54 GW, and 18,970 GWh
storage, for two types of storage, pumped hydro storage and lithium-
ion

50-year embodied energy of ~ 50-year EROI of

VRE + storage (PJ) VRE + storage
PHS Li-ion PHS Li-ion
Case 7 9961 93,448 7.2:1 0.8:1

and resource constraints of battery manufacture and con-
cluded that embodied energy of batteries could be reduced
‘at most by a factor 2 to 3°, but also note that the great-
est potential for reducing the per-cycle embodied energy
lies in increasing the cycle life (Barnhart and Benson 2013,
Sect. 3.3). The recyclability of Li-ion packs is constrained by
the complexity of cell and battery construction, and diffusion
of elements throughout the anode, cathode, and electrolyte
(Gaines 2014). Therefore the energetic benefit of recycling
Li-ion chemistry is relatively low (Rydh and Sandén 2005,
Fig. 4). Repurposing of EV battery pack cells for grid storage
to extend their service life has also been proposed, with as
yet uncertain commercial value (Neubauer et al. 2012). The
repurposing has been described as ‘cascading reuse’ in the
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life-cycle literature, and requires allocating the environmental
burden across multiple uses. Various procedures have been
proposed for allocation, including ‘quality based’, ‘cut-off’,
and ‘50/50° (Richa et al. 2015). The use of vehicle-to-grid
storage would similarly entail allocation across multiple uses.

The embodied energy for PHS of 400 MJ/kWh is taken
from Denholm and Kulcinski (2004). PHS is a mature civil
engineering technology and therefore not subject to a pro-
jected significant decline in embodied energy. An advantage
of PHS is its long life of 60 years or greater.

The embodied energy for wind and solar PV were cal-
culated from the respective assumed EROI data as shown
in Table 2. For wind, a meta-review by Kubiszewski et al.
(2010) estimated 19.8-25.2 in 2009. Since wind has pro-
gressed in recent years, this study assumes 30:1. For solar PV,
Raugei et al. (2012) calculated 5.9-11.8 for data from 2009
to 2011. Since solar PV has progressed significantly in recent
years, this study takes a high-end estimate of around 25 from
a review from Dale and Benson (2013). A sensitivity analysis
was included with varying EROI for the wind and solar PV,
with wind from 20:1 to 40:1 and solar PV from 15:1 to 40:1.

The embodied energy and resulting EROI are shown
in Tables 3 and 4. In this work, the EROI is defined for the
VRE-storage sub-system—EROI is not defined for storage as
a stand-alone unit. ERO! yge_ e, 18 €qual to the ratio of
the gross lifetime energy supplied by the subsystem E' ,, and
the sum of the lifetime embodied energy of the VRE, E x
and storage, E ... - The lifetime of the subsystem has been
defined as 50 years. The benefit of applying this methodology
is that it is possible to trade-off the energetic costs of stor-
age with the value that storage provides, with different grid
mixes, VRE penetration, and geographic regions.
B
Eygp +E,

storage

ER 01 VRE+storage = (2)
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Fig. 7 Embodied energy of VRE plus storage for PHS for ERCOT
grid, displaced generation based on simulation by Preston (2015a)

Results and Discussion
Overview

Figure 7 depicts the embodied energy and marginal embod-
ied energy for the generalised case with pumped hydro
storage. Referring to the figure, the embodied energy (blue
curve) below 14 GW (curtailment lower bound) was calcu-
lated from Preston case 4 (zero storage) and assumed to be
linear up to 14 GW. For greater than 14 GW, a trend curve
was estimated from the method of least squares, applied to
a second-order polynomial. The second-order polynomial
was selected as the closest fit based on previous work with
off-grid solar PV and storage (Palmer 2013). The R? cor-
relation was 0.9997. The solid curves are for an assumed
EROI for wind of 30 and solar PV of 25 (see from Table 2).
The shaded areas bounding the solid lines show sensitivity
for varying wind and solar EROI, from wind at 20 and solar
at 15, up to wind at 40 and solar at 40.

From the first derivative of the embodied energy curve,
it is possible to estimate the marginal embodied energy, and
from this, the marginal EROI. The marginal EROI refers to
the EROIygg_ o140 Of the additional VRE storage required
to provide an additional gigawatt of displaced capacity.
Importantly, the marginal EROI varies depending on the
penetration of VRE. Since the trend was assumed a second-
order polynomial, the first derivative is necessarily linear.

As shown in Fig. 7, the marginal embodied energy per
unit of displaced capacity is around four times higher at the
high end-point of the line for PHS, but around 41-fold for
Li-ion (not shown in graph). This implies that it is 4 to 41
times (PHS versus Li-ion) more energetically expensive to
displace a gigawatt of conventional capacity at near-100%
VRE versus low penetration VRE.

The sensitivity shows that the EROI of the wind and
solar is much less important at high penetration since the
embodied energy is dominated by the storage. This aligns
with other studies that suggest it may be energetically pref-
erable to curtail renewable energy at times, rather than
store energy [e.g. Barnhart et al. (2013)].

The Embodied Energy and Marginal Embodied Energy
Curves

From this work, the most important outcome is the shape
and behaviour of the embodied energy and marginal
embodied energy curves. The first units of VRE and stor-
age have the lowest embodied energy (and therefore highest
EROI). This implies that the first hour of storage produces
the highest marginal EROIygp, orae» the second hour,
less so, and so on. Conceptually, VRE changes the shape
of the ‘demand distribution’ density function (Fig. 5), and
storage shifts the ‘generator availability’ density function
rightward.

The ERCOT simulation is intended to demonstrate the
framework, but different regional grids, assumptions, and
simulations would provide different results. Furthermore,
ERCOT is a single region in the US, and the simulation is
not seeking to capture the benefits of geographic diversity.
However, the qualitative relationships would be expected
to be broadly similar—all large grids exhibit a similarly
shaped load duration curve [e.g. Billinton and Allan (1996,
Fig. 2.4)] giving the characteristic PDF shown in Fig. 5.
Demand management technologies that address peak
demand effectively ‘blunt’ the rightward tail of the ‘annual
demand distribution’ (Fig. 5), shifting the right-hand tail
leftwards.

Wind and solar PV exhibit broadly similar shaped CDF
curves across different regions, shown in the bottom sec-
tion of Fig. 8. The parameters and size will vary depending
on geographic location but the characteristic shape will be
similar.

Key Differences Between VRE-Storage
and Conventional Generation

There are two key differences between a VRE-storage sys-
tem and a suite of conventional generators. In the case of
conventional generation, the risk of outage between genera-
tors is mostly uncorrelated. Therefore each generator can
be treated as a random independent variable, cumulatively
adding to system available capacity. In contrast, VRE of a
particular type is highly correlated within a region, limiting
the available firm capacity. Technology diversity and geo-
graphic dispersion are two methods to de-correlate VRE
availability.
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Nextly, conventional generation can be considered to
have unlimited storage available from the perspective of
an individual generator within a planning time frame. VRE
does not have access to storage except through discrete
storage devices. The devices can only be charged through
overbuilding VRE capacity to produce a surplus at times of
high wind speeds or solar irradiation.

Consequence of Diminishing Returns

Rising VRE penetration is subject to diminishing returns
such that the marginal EROI may fall below the mini-
mum useful EROI for society. Hall et al. (2009) identifies
an EROI of around 3:1 as being the absolute lowest use-
ful EROI for oil or corn-based ethanol to provide unsubsi-
dised energy to society, but an EROI of 10:1 being required
to deliver unsubsidised energy for a modern developed
society. Lambert et al. (2014) suggest a societal EROI of
20-30:1 as being necessary for a high standard of living.

A shift from an electrical system based mostly on energy
stocks to one based mostly on natural flows is handicapped
by the energetic demands of surplus VRE and storage.
From this case study, it is readily apparent that Li-ion bat-
teries could only usefully contribute a short-term role to
buffering VRE. However, the energetic requirements of
PHS are sufficiently low to enable a greater penetration of
VRE. Future storage devices may be energetically superior
to PHS.

100% VRE Scenarios

In a prospective 100% VRE scenario, it is not necessary to
consider the displaced capacity as shown in Fig. 7 since it
is assumed that there is zero fossil fuel capacity. The sys-
tem-wide EROI,,,, is calculated as a standalone estimate
for the given probabilistic reliability (e.g. LOLE=0.1) as
shown in Eq. 3, where EROI,,,, is the ratio of the gross
lifetime energy supplied by the entire system E,, and the
sum of the lifetime embodied energy of the VRE, Eygz and

storage, E, qqe-

Eg
ERO[S},Stem = TR —E 3)
VRE

storage

Similarly, in scenarios that retain conventional capac-
ity (e.g. hydro), the methodology can be used to assess
the EROIygp_yrqge Of the non-conventional portion. Since
demand-balance simulations in the academic literature are
usually modelled without probabilistic reliability, it may be
challenging to compare alternative scenarios on a like-for-
like basis. Rigorous application of the methodology will
require the incorporation of loss-of-load estimates into sce-
nario models.

In much the same way as scenarios can be compared
based on cost (e.g. total system cost or $/kWh), they can
be compared for system-wide EROI. A high EROI estimate
would imply that the system is energetically viable from a
net-energy perspective, and therefore capable of converting
natural energy flows into demand-based electricity. A low
EROI estimate (<10:1) would imply that the system is not
energetically viable without access to an external source
of inexpensive energy (i.e. the system is only energetically
viable due to the importation of components from regions
with inexpensive energy).

Availability of Storage

This study makes no assumptions about the prospec-
tive availability of storage. To put the scale of the PHS
into perspective, the US is the third leading country in
pumped hydro storage, with an estimated 547 GWh of stor-
age capacity, and Preston’s 100% VRE ERCOT scenario
requires 18,970 GWh of storage. ERCOT (340 TWh) rep-
resents around 9% of total annual US electrical generation
(3764 TWh).

The methane or hydrogen storage option, via the power-
to-gas and gas turbine pathways described in Palzer and
Henning (2014), offers another prospective long-term path-
way with as yet uncertain costs (Gotz et al. 2016; Sterner
2009) and embodied energy. The high energy density of
methane, stored either within pipelines, underground stor-
age, or as liquefied LNG, potentially offers seasonal stor-
age. For example, it has been estimated that the storage
capacity of the German gas network is of the order of ‘hun-
dreds of TWh’ (i.e. >300,000 GWh) (Sterner 2009, p. 105).
The use of existing gas infrastructure would be favourable
from a net-energy perspective. Gotz et al. (2016) details the
various technical and economic barriers that would need
to be resolved for successful commercialisation, including
the availability of CO, sources, the dynamic behaviour of
the various processes, a low round-trip efficiency, and high
capital cost.

Conclusions

It was argued that energy storage, along with net-energy,
is a fundamental property of the useful energy available
to society, and can be described by the vector of surplus
energy and storage. The examples of the development
of agriculture, especially grains, provide an example of
the value of storage. Despite the relatively high energetic
demand of early agriculture, grains provided calories when
they were needed—access to food during austere times
was more important than feasting during good harvests.
The early Industrial Revolution provides a similar lesson.
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Early coal-fired steam was extremely inefficient and ener-
getically expensive but gave access to essentially unlimited
‘stored sunlight’, providing copious quantities of power on
demand.

These historic lessons inform a methodology for evalu-
ating the value of variable renewable energy and storage in
a modern context. The methodology is based on the EROI
metric, which gives greater weight to the principles of ener-
getics over market prices.

Much of the contemporary global shift to variable
renewable energy is adding to the capital stock rather than
substituting away from legacy infrastructure. This could be
contrasted with earlier transitions in which the substituting
energy source replaced legacy infrastructure and enhanced
productivity. The case of coal substituting for wood, and
oil for coal provides early examples. However, it may not
be necessary to completely substitute to provide value. The
addition of VRE to existing electrical grids reduces the fos-
sil fuel that would otherwise have been consumed, thereby
providing emission abatement, usually measured as the
marginal abatement cost in $/tonne CO2Eq.

This study argues that a long-run transition is better
measured by substitution of generation capacity. Through
the use of demand-balance simulations and probabilistic
reliability assessments, the embodied energy of alternative
VRE-storage options can be plotted against displaced gen-
eration to compare their efficacy in substituting for capac-
ity. In a 100% VRE scenario, the system-wide EROI is
calculated as a stand-alone estimate. The most important
conclusion is that rising VRE and storage exhibit marked
diminishing returns, and therefore the first units of storage
are the least energetically expensive. Unlike conventional
generation, which has access to essentially unlimited stor-
age in the form of fuels, VRE is handicapped by the ener-
getic demands of surplus VRE and storage.

The rate of diminishing returns is dominated by the
embodied energy of the storage device. Pumped hydro stor-
age is currently the dominant form of electrical storage,
and gives a much shallower diminishing return than Li-ion.
It is apparent that the EROI of a system reliant on Li-ion
(and other similar electro-chemical storage devices) would
rapidly fall below the minimum useful EROI for society. In
principle, if regional topography and water availability per-
mitted, the large-scale use of pumped hydro storage would
permit VRE to displace a substantial proportion of conven-
tional generation capacity. Since electrical storage is not
currently economic for seasonal storage, the scenario lit-
erature adopts lower cost strategies, such as demand man-
agement, maintaining a significant share of conventional
capacity, or assuming the ready availability of large-scale
biomass. In the future, other storage options may emerge,
such as methane via the power-to-gas and gas turbine
pathways.

@ Springer

The goal of this study was to introduce a framework for
exploring the role of storage with net-energy and stimulate
further research. Further work should include renewable
simulations across different regions that are tailored to net-
energy analysis and loss-of-load reliability metrics.
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