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ABSTRACT

‘How much storage do we need in a fully electrified future?’ On the face of it, this is a perfectly sensible technical
question that needs to be answered if energy systems are to be decarbonised and if climate change goals are to be
met. In this deliberately provocative paper, we argue that this question is itself part of the problem.

In working towards this conclusion, we argue that assumptions surrounding i) spatial and temporal scale; ii)
the equivalence of storage and demand side management; and iii) the nature of demand that underpin methods
of calculating the need for energy storage are critical, yet often hidden or absent. We demonstrate the importance
of such assumptions in practice today through the instrumental case of the electrification of the car fleet.

Our analysis advances the argument that current approaches reproduce interpretations of normality that are,
ironically, rooted in an era of fossil fuels. This has the perverse effect of reproducing present standards and modes
of living and perpetuating ultimately unsustainable routines and expectations. We argue that the way out of this
impasse is to invite more open discussion about the social worlds implicit in contemporary scenarios and fore-
casts. Rather than thinking about the types of storage needed to preserve the status quo, the challenge is to
imagine the temporal, spatial and organisational qualities of energy systems, including systems of storage, that
might be compatible with much lower carbon ways of life, and with very different patterns and levels of demand.

1. Background

Debates about energy storage are hugely important in the UK, a
country which has one of the first global commitments to reduce emis-
sions to ‘net zero’ [1]. Part of the story in the UK is that coal, nuclear,
and the oldest gas fired power stations are reaching the end of their lives.
This, together with increasing reliance on intermittent forms of renew-
able energy, means that the mix of energy supply is changing, so much
so that strategies like those of activating and deactivating gas fired
power stations in response to changes in demand for electricity over the
course of the day, or year, are less and less viable. In this context, the
challenge is not that of storing the means to produce electricity (e.g.
coal, gas), but of finding ways of storing electricity that has already been
generated from intermittent sources such as wind or solar.

This becomes especially pressing given parallel proposals to extend
(decarbonised) electrification to areas of energy demand (heating and
transport) which have traditionally depended on fossil fuels. In essence
the vision is of a ‘fully electrified future’, that is a future in which fossil
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fuels are not consumed at all, supposes the widespread penetration of
electric vehicles and heat pumps on every street and in every home [2],
and a correspondingly massive increase in electricity consumption [3].
So, how much storage do we need in a fully electrified future? For ex-
perts who work in these areas [4,5], figuring this out is central to a host
of decisions about the sorts of technologies that will be required, and the
types of investment needed if carbon emissions targets are to be met.
In response to this shift, there has been a body of work which at-
tempts to estimate the need for energy storage. In Section 2 of the paper,
we review some key studies to demonstrate that, whilst different tradi-
tions of modelling and forecasting exist, most take current demand for
granted and most evaluate possible technical solutions in terms of their
ability to meet these ‘needs’ now, or in a projected future assuming that
growth continues, and that it is ‘business as usual’. This is problematic in
that estimates of future demand for energy and for storage are ‘perfor-
mative’ — by which we mean they influence patterns of investment and
related interpretations of normal and acceptable provision. We conclude
the section by contending that there are three key assumptions which

E-mail addresses: tragrm@leeds.ac.uk (G. Marsden), e.shove@lancaster.ac.uk (E. Shove), j.torriti@reading.ac.uk (J. Torriti).

https://doi.org/10.1016/j.erss.2024.103580

Received 3 December 2023; Received in revised form 26 March 2024; Accepted 6 May 2024

Available online 17 May 2024

2214-6296/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tragrm@leeds.ac.uk
mailto:e.shove@lancaster.ac.uk
mailto:j.torriti@reading.ac.uk
www.sciencedirect.com/science/journal/22146296
https://www.elsevier.com/locate/erss
https://doi.org/10.1016/j.erss.2024.103580
https://doi.org/10.1016/j.erss.2024.103580
https://doi.org/10.1016/j.erss.2024.103580
http://crossmark.crossref.org/dialog/?doi=10.1016/j.erss.2024.103580&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Marsden et al.

underpin methods of calculating the need for energy storage which are
critical to exploring questions of timing, scale and the nature of storage
needs but which are currently marginalised:

i) The flattening out of the importance of spatial and temporal
scale;
ii) the equivalence of storage and demand side management; and
iii) the nature of demand is taken for granted.

Section three explores each of these assumptions through an exam-
ination of the case of the electrification of passenger cars. Electric ve-
hicles' are a critical technology in the transition to net zero [6]. As part
of this transition, the potential for vehicles to charge during times of
excess supply and feed back to the home, business or grid2 during times
where demand might otherwise exceed supply has long been recognised
[7,8]. As such, it is both a significant case but also one where all three
assumptions are under the spotlight. Our methodological approach is
‘critical review’ [9] where the aim is to provide a “reflective account’ of
the previous work on a topic to expose points for further theoretical and
methodological improvement. We use the electrification of passenger
cars as an ‘instrumental case’ which Stake (1995) [10] suggests is
important because it is illustrative of a broader issue.

Having established that these assumptions matter for how the future
need for storage is understand, we discuss the implications for research
and practice in Section 4. The current approaches, by marginalising
these assumptions inadvertently reproduce an ultimately counterpro-
ductive logic of substitution in which the aim is to decarbonise supply
whilst perpetuating current levels of consumption [11]. We argue that
the way out of the challenges we identify is, therefore, to think differ-
ently about the future. One frequently deployed approach is to construct
alternative societal scenarios, where quite other forms and scales of
storage should be in scope. The scenario work around storage which has
been conducted to date has tended to explore the dialling up or down of
adoption rates for technologies without considering the wider social
questions which our work suggests matter. In confronting these topics
head on we contribute to the literature on energy storage by questioning
‘normal’ methods of evaluation and assessment and calling for greater
transparency and debate about lower carbon social futures, and the
energy systems associated with them (see [12,13] for evidence on the
need for such debate).

2. Estimates of storage needs and key assumptions

This section reviews some of the main approaches to estimating how
much energy storage we need. There already exists a huge range of es-
timates of potential storage needs, with recent estimates of the amount
of storage required to integrate renewable sources of electricity into a
net zero grid in Great Britain ranging from 13 GW [14] to 46 GW [15] -
see Table 1.

Any estimate of storage need has, as one of its key inputs, some es-
timate of the overall demand for electricity or energy against which the
characteristics of the supply system is compared. The National Infra-
structure Commission concluded, for example, that without storage in
2050 the need for electricity at peak times of the day could double from
60 GW to 120 GW, owing to an influx of heat pumps and electric vehicles
[16]. Equations of this kind reflect the anticipated shift from gas, oil etc.
to (decarbonised) forms of electricity supply. However, little attention is
paid to the history or the patterning of consumption. In other words, the
‘need’ to keep homes warm or to travel is taken for granted: what varies
are the means by which this is achieved.

! Electric Vehicles may be abbreviated to EV

2 Such systems can be referred to as V2X - a term which captures the potential
for energy from the vehicle battery to go direct to domestic use or to feed into
the grid
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Table 1
Example estimates of storage requirements.

Organisation How much storage Key document(s)

Energy department 30 GW of storage by 2050  Transitioning to a net zero
(BEIS) energy system: smart systems
and flexibility plan 2021 [22]
National Grid (2021). Future
Energy Scenarios. [14]

Transmission
System Operator
(National Grid)

Climate Change
Committee

Aurora

13GW of energy storage
by 2030

18 GW of battery storage
capacity by 2035.

46GW of electricity
storage and 24GW of long
duration electricity
storage required by 2035
to integrate wind power
into a secure Net Zero
electricity system

By 2050 smart charging

The Sixth Carbon Budget [30]

Long Duration Electricity
Storage in GB [15]

Energy regulator Enabling the transition to

(Ofgem) and V2X together could electric vehicles: The
reduce peak demand by regulator’s priorities for a
32GW green, fair future. [31]
National Without storage in 2050 Smart Power [16]
Infrastructure the need for electricity at
Commission peak times of the day

could double (i.e. 120
GW)

(i) how much storage
capacity is technically
needed.

(ii) economic potential of
storage in a fully
electrified future

Research studies
[4,28,29,32-34]

Whilst issues of temporal patterns of demand and their spatial dis-
tribution have always been important, they are now becoming even
more so. For example, whilst storage provides a means of managing the
uneven ‘production’ of wind and of solar power, peaks in wind supply
can be five to six times as much as those of solar, even though the annual
output for both is broadly comparable depending on latitudes [17]. For
example, the proposal to electrify heating implies there will be some
mechanism for storing large amounts of electricity over long periods, in
order to manage seasonal swings in consumption. At present gas pro-
vides at least 220 GWh within-day energy storage [17] for about half of
the days in the October to March heating season: at the moment there is
no equivalent buffer in the electricity system, and no means of providing
one.

As this example suggests, preferred strategies vary depending on the
amount of time for which energy is stored - what are known as short
duration batteries (currently) last up to four hours; long duration bat-
teries last for longer, and pumped hydro, compressed air, liquid air and
flow batteries provide storage over days and months. In the ‘real world’,
location is also important. Some planners are, for instance, keen on
reducing costs to end consumers by co-locating storage in areas where
renewable energy is generated [18]. Others are in favour of more
distributed systems and more localised forms of battery storage geared
towards the ‘needs’ of specific areas, districts and neighbourhoods. Ar-
guments run in both directions but as Boait et al. (2019) point out [19],
the ‘local’ bleeds into the ‘regional’ meaning that distinctions between
larger scale, and more localised patterns of supply and demand are also
contested [20]. This leads us to our first key assumption:

Assumption 1. Models tend to flatten out the importance of spatial
and/or temporal scale.

A further complication for analyses of storage relates to the equiv-
alence which can be presumed between different technologies which
only vary with respect to their ability to store energy and the cost of
doing so over different timescales [21]. This notion of equivalence ex-
plains why storage and demand side response (which is a technique
deployed to avoid the need for storage and other grid upgrades) are
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treated as alternatives. Both can be used to smooth discrepancies be-
tween supply and demand and the pros and cons of both can be quan-
tified and compared (given some of the assumptions noted above). The
UK Government ‘Smart Systems and Flexibility Plan’ is clear on this
point. To quote:

‘By 2050, our illustrative scenarios indicate that we will need around
60GW of total flexible capacity, with around 30GW of combined
short-term storage and demand side response (DSR) and 27GW of
interconnection leading to the lowest system cost. The analysis
indicated that short-term storage and DSR were broadly substitut-
able. In our scenarios we assume 15GW of each technology, but other
combinations would likely lead to similar outcomes’ ([22], p. 23).

Energy modellers typically initiate their analyses by considering
current or modified future projected demand scenarios and explore how
different combinations of energy supply and storage options could be
integrated to optimally meet these requirements. However, the detailed
assessment of the equivalence between storage and demand-side mea-
sures, particularly concerning their estimated impact and cost, remains
inadequately addressed. For instance, reports such as that by the Royal
Society highlight the need for large-scale storage solutions, encom-
passing various technologies such as batteries, or by compressing air,
using heat, or making hydrogen using electrolysers, over a wide range of
timescales [23]. Analyses like these give a sense of scale, but they do not
consider exactly what it is that is stored (gas, coal, oil or electricity),
when or for how long. For instance, Hirth [24] aims to evaluate the cost
of generating power at peak time compared with that of bringing stored
energy on stream. The complexity of the energy sector introduces
challenges in assessing the cost implications of storage technologies.
While government models suggest that using electric vehicles and heat
pumps to store electricity and moderate demand will have the lowest
impact and that reliance on Li-Ion batteries would be the most expensive
option [22], studies also highlight uncertainties regarding consumer
uptake and the viability of grid-connected electric vehicles as electricity
providers during peak demand periods [25,26]. The comparative eval-
uation of alternative storage options, such as that conducted by Chang
et al. (2021) [27], emphasises factors like total system costs, investment
costs, dispatch costs, and social welfare implications. However, the
underlying assumptions and methodological choices shaping these re-
sults are frequently obscured, thereby hindering a comprehensive un-
derstanding of the cost-effectiveness of storage solutions. Whilst on the
one hand, there is a notion of interchangeability between storage and
demand side measures, they are not equivalent. For demand side man-
agement to work requires large amounts of under-utilised assets capable
of avoiding, accepting or releasing charge at times when this helps the
grid and, therefore, makes a much broader set of assumptions about the
social world than simply adding additional batteries would. This leads to
our second assumption:

Assumption 2. There is a misleading equivalence between storage and
demand-side measures, that underpins comparisons of potential impact
and cost.

Underpinning both the issues of the timing and spatial location of
demand and the costs of different storage and demand-side response
models is some model of the social world in which this demand-storage
provision is playing out. Looking across academic studies which have
tried to answer the question as to how much storage is needed, we
typically see demand as an assumed input. Ueckerdt et al. (2017) [28]
for example begin their work with assumed electrical load profiles.
Kondziella and Bruckner (2016, p16) [29] reviewed a range of studies
exploring storage needs and concluded that “most of the modeling ap-
proaches evaluated in this paper have a focus on the electricity market.
Thus, further constraints due to social, environmental, or sustainability
aspects are neglected.” Cebulla et al. (2018) [4] review 18 studies and do
not mention the assumptions underpinning demand as part of their re-
view. One of the potential reasons for this might be the complexity of the
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task even if you put demand to one side, there is “a wide range of storage
requirements, which makes it difficult for the policy maker to identify
clear recommendations” [4, p450]. Complexity is clearly one consider-
ation in making decisions about what to model. Our point here is that
those tasked with modelling storage needs seem to do so by paying
limited, if any, attention to the social world underpinning the different
demand profiles used.

More practice oriented exercises such as the National Grid’s Future
Energy Scenarios® offer greater connection to demand [26]. In their
work, four scenarios are elaborated which each imply different levels of
demand for electricity and different social worlds in which the will-
ingness to adopt different technologies is included. For example, ‘Con-
sumer Transformation’ identifies a typical home owner as someone with
“an electric heat pump with a low temperature heating system and an
Electric Vehicle” whilst in their ‘Falling Short’ scenario “While home
insulation improves, there is still heavy reliance on natural gas, partic-
ularly for domestic heating. Electric Vehicle take-up grows more
slowly...”[26, p7]. What matters to these scenarios are different re-
sponses to changes in energy prices and the willingness (or not) to up-
take specific technologies. So, whilst alternative levels of demand can be
created, they are thought to be informed by variations around a broadly
standard set of assumptions about how society is structured which
mirrors the limitations of the academic system modelling set out above
and leads us to our third assumption:

Assumption 3. The nature and scale of future demand is taken for
granted or marginalised.

We turn now to electric vehicles as our ‘instrumental case’, exploring
each of the three assumptions in turn to illustrate more specifically why
these assumptions matter to answering the overarching challenge posed
— of understanding how much energy is needed in a fully electrified
future.

3. Assumptions and the electric vehicle transition

Vehicles that run on petrol or diesel depend on a fuelling system
which has been almost entirely independent from the electricity grid (oil
fields, refineries, storage tankers, fuelling stations). Storage consider-
ations for fossil fuel cars relate to fuel providers’ judgements about
aggregate demand at the pump and individuals deciding how much fuel
to keep in the tank. Since there is no substantial interaction between
vehicles and electricity supply, questions about how much fuel is
consumed, when and where are irrelevant for the management of the
grid.

It is now widely agreed that if transport is to become a zero emission
sector, there will need to be a complete shift away from fossil fuel
powered vehicles to those powered by zero emission energy provided by
the grid [30]. The electric vehicle (EV) changes the relationship between
vehicles and electricity systems completely. Ofgem,” for example, sug-
gest that the demand for electricity from EVs will be in the range 65-
100TWh by 2050, an increase of 20-30 % in total demand and that
the scale of peak demand could rise by more than 20GW, an increase of
35 % of current peak demand [31]. The relation to the electricity system
is further complicated by the fact that electric vehicles can potentially
act as ‘stores’, taking in excess electricity when supply exceeds demand,
and feeding it back into the grid when demand exceeds supply [35].
With the introduction of EVs issues that were previously irrelevant to
grid managers but that are now important, include the number of ve-
hicles, the distances travelled, the intensity of use of each vehicle, the
timing of charging, the speed of charging, the capacity of the engine
(batteries), the location of charging, the synchronicity of charging and
the extent to which vehicles would be available to act as stores or

3 National Grid is the UK’s transmission and distribution network utility
4 Ofgem is the government regulator for gas and electricity markets in the UK
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sources of supply. We explore recent work on these issues to understand
how they relate to the three key assumptions we set out.

3.1. Assumption 1: the flattening of temporal and spatial scale

Understanding the detailed temporal and spatial patterning of
vehicle use, which is necessary to think about electricity demand and
storage potential, is a comparatively new undertaking [36]. Babrowski
et al. (2014) [37] explore the importance of spatial variation in charging
patterns, by exploring the impacts of whether vehicles are available to
be charged or to return charge at the workplace during the 9-5 working
day. This, they conclude makes a big difference to “potential for load
shifting through controlled charging” [37, p283]. This provides insights
into the potential for spatially distributed patterns of charging and
storage but does not engage with questions of how work is changing,
such as increased patterns of telework, shorter working weeks, changes
in departure times or the nature of work [38]. Nor does it connect well to
policy interventions which might seek to reduce car commuting because
of the other congestion, safety and health impacts that the commute has
[39]. The lack of consideration of spatial variation can also be found in
work on estimating the need for charge points by the UK Department for
Transport, looking out to 2030. Even with such a short time window,
estimates of the range of points needed varies between 280,000 and
720,000 [40]. As the authors of that research acknowledge, theirs is an
economic model with no spatial component and — we might add - no
understanding of current trends and variations in mobility. Instead, their
method is to average anticipated demand “across all days of the year”
[40, p134].

Other research considers temporal patterns, but the implications for
future storage are based on an assumption of a perpetuation of current
patterns of movement or charging. For example, Castillo et al. (2022)
[41] explored the importance of diurnal variations in charging patterns
from EVs with two scenarios. One, where all future EV charging was
based on patterns of EV charging established in 2014 and a second
where controls were placed on EV charging for charging at times of
“base-load, such as during midnight hours” [41, p3]. This approach
relies on early EV adopters which, whilst providing data on actual
charging events, significantly risks building models that assume that the
practices of early adopters of EVs are indicative of future patterns of
demand when they are known not to be representative of the driving
population [42]. Dixon and Bell (2020) [43] evaluate the implications of
different battery size, charge station numbers and charging speeds on
demand at the peak. Their assessment assigns vehicles to users based on
an existing travel diary data set and assesses the demand implications at
a neighbourhood scale. They find that increasing battery sizes and
charging opportunities reduces the likely impact of electrification on
peak demand whereas greater charging power could increase the peak
demand [43, p1]. This example takes a broader behavioural basis than
Castillo et al. [41] as it draws on travel diary data. However, sophisti-
cated though the work is in merging data sources, it takes existing
mobility profiles as the basis for the system design when these have
changed substantially over recent decades. So, whilst this body of work
recognises the importance of spatiality and temporality of demand, that
importance is not underpinned by any basis for understanding how
temporality or spatiality of demand is changing.

Whilst the literature suggests that energy modelling is beginning to
take account of spatial and temporal patterns of driving, it is currently
positioned within a paradigm where such patterns remain unchanged.
There are elements of travel patterns which have greater certainty. Sleep
patterns have changed relatively slowly over time, for example, and so
the tendency for vehicles to be close to their home address overnight
seems likely to persist. This makes assumptions about the potential to
nighttime charge more robust. By contrast, those which rely on where
and when vehicles are connected during the day and their ability to
resolve peaks in grid demand by acting as stores and feeding back to the
grid are much more uncertain. If, as the existing work suggests, spatial
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and temporal patterns are important, then it is also necessary to un-
derstand how those patterns might also be on the move. We discuss this
further as part of considerations in the next two assumptions.

3.2. Assumption 2: the misleading equivalence of storage and demand
side flexibility

The second assumption points to the assumed interchangeability of
storage and demand side flexibility. In the UK, Ofgem’s ambition is to
“ensure they [energy networks] are prepared for the increased demand
for electricity” and to build “a smart and flexible energy system that can
utilise the huge number of EV batteries that are going to be plugged into
our system to keep costs down for everyone” and allowing “the sale of
electricity back to the grid when it's most needed” [31, p3, brackets
added]. Ofgem draws on National Grid’s Future Energy Scenarios which
explore potential routes through which the energy system might align
with nationally agreed goals on climate change. In it, different system
transformation projections are made which are estimated on the basis of
different technology uptake rates of smart meters, time of Use Tariffs
and vehicle to grid connections. Coupled with different incentives [26,
p871. Ofgem concludes that smart charging could avoid 5-15GW of peak
demand and the capacity of V2X could exceed 30GW. In this work [31],
the equivalence between storage and demand potential of electrification
is quite clear.

The fact that vehicles are stationary when feeding back electricity
from their stores or charging their batteries does not mean these pro-
cesses are equivalent. Vehicles will need to be plugged in with sufficient
charge and sufficient battery capacity to meaningfully contribute to grid
balancing to input energy during the peak. Here, we can see that the
assumptions in play are that the car of the future will be similar in nature
to that of today with the principal variable being the size of the batteries
and the range (see Assumption one). Alternative options are being
actively explored which would challenge those assumptions with, for
example, innovations in light electric vehicles that might change what
people move around in, which is not ‘a car’ [44]. A recent analysis of the
potential impacts of a more mixed light electric fleet, for example, found
that compared with a like for like replacement of electric vehicles, using
light electric mobility could result in electricity demand being 15 %
lower and the battery capacity required for the vehicles one third lower
[44]. 96 % of all journeys in the UK are under 35 miles in length [45]
meaning that there is scope for actively modifying ideas about what cars
‘are’ and what they should be able to do. This example shows that, if we
size the technology quite differently, lower demand could result. This
both mitigates against the need to feed back in to the grid as peak de-
mand would be lower but thinking is instead dominated by actors in the
energy system [46]. Equally, the ‘storage capacity’ of the fleet is distinct
as is the time required for charging. This suggests quite different costs
could be contemplated when thinking about demand and storage. If you
consider this only from a grid perspective and presume business as usual
then V2X could be an efficient means of resolving constraints. However,
in this example, avoiding the problem (or diminishing its extent)
through different transport strategy approaches tackles this in a
different way with, it is suggested, lower overall costs. By implication,
managing peak loads through demand reduction or demand shifting and
storage and V2X are not equivalent and neither are the associated total
costs or distribution of where they might fall.

3.3. Assumption 3: the nature and scale of future demand is taken for
granted or marginalised

The scale and nature of travel demand change is a matter of signif-
icant debate [47,48]. Attempts to forecast future vehicle ownership and
travel demand have been undertaken for decades to help plan for in-
vestments in transport infrastructure. The growth in car ownership,
historically, has been strongly linked with rising incomes [49]. Exercises
at a national level consider such trends as likely to persist, but
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moderated by assumptions about the saturation of the market for cars
[50]. So, for example, the Department for Transport expects a range of
38 to 42 million cars [50] to be on our roads by 2050, compared with 27
million in 2023. These assumptions are taken forward into national
projections of energy demand [14,30]. There is a presumption, there-
fore, that ownership patterns will continue as they have done in the past,
despite evidence to suggest this is not happening [51]. Such work also
assumes that the model of individual ownership persists rather than a
more shared access fleet model [52]. Shared access vehicle models are
interesting because they might reduce total vehicle fleet holding but
might mean that cars are replaced more regularly or used more inten-
sively. They have, to date, been associated with an overall reduction in
vehicle miles for those who adopt them [53].

As well as estimates of the number of cars on the roads, there are
projections made about the scale of travel demand. As with the size of
the vehicle fleet, future traffic growth is largely assessed to be influenced
by income but moderated by fuel price and by levels of congestion [54].
Under such a world view, almost every scenario anticipates the
continued growth in road traffic. Even within the relatively constrained
scenarios described, national forecasts estimate a change from 286bn
vehicle miles in 2015 to between 301bn and 391bn vehicle miles by
2040, almost a four-fold difference in growth [54]. However, it is
important to think beyond the numbers and the modelling framework
from which they are derived. Society is in a constant state of flux and this
matters to demand. For example, in many developed economies the
distances people drive, particularly in younger cohorts, has been
diminishing [55]. Research has shown this is due to a complex web of
factors including changes to higher education systems and delaying
starting a family [56]. The Covid-19 pandemic accelerated trends
around home working which can reduce overall distances travelled [45]
but is also changing the pattern of the working day and week [57].
Patterns of travel to access retail have been changing with the shift to on-
line and the move to smaller metro ‘mini-market’ business models [58].
Little of this seems directly related to the factors which are included in
the modelling tools which are currently in play.

Not only are there broader societal changes underway which will
impact demand but there are also alternative policy approaches which
might shape how demand unfolds. The Committee on Climate Change
suggests that, to be consistent with the 6th Carbon Budget, a maximum
increase of 6 billion vehicle kilometres (2 %) by 2035 would be possible
compared with 2019 [59]. In Scotland, a target for a 20 % reduction in
vehicle kilometres by 2030 has been set [60] and in Wales a 10 %
reduction per head of population [61] in order to meet current climate
change commitments. What, then, is the social future for which we
should be planning? If traffic levels were to reduce — what kinds of
journeys would be impacted and how would this impact on the time of
day of travel, charging practices, or the range requirements for vehicles?
There is very little said about this in the modelling exercises undertaken
despite the fact that different policy pathways also mean adopting a set
of assumptions about how social practices might be changing (or not).

Overall, we suggest that, whilst a variety of outcomes in terms of
kilometres travelled are considered in transport modelling exercises,
they are derived from relatively reductionist approaches [48]. These
kinds of analysis reveal little about the role of the car within society, the
car as an object, why people travel, or of when and where they go.
Although there are evident differences between approaches in energy
and transport modelling there are also powerful commonalities in how
‘technical potential’ is represented, in how current versions of
‘normality’ are inscribed into models, how averages are mobilised and in
how ‘systems’ are understood. In essence, as we suggest in assumption
three, both traditions play down local variations, and both take present
‘need’ for granted, focusing on how it is met and at what (energy) cost,
and how this might be optimised.
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4. Discussion and ways forward

We began by reviewing methods of answering the seemingly tech-
nical question ‘How much storage do we need in a fully electrified
future?’. It is by now obvious that this question takes much for granted.
Through the example of electrification of passenger cars we have illus-
trated three key assumptions. For example, ‘need’ usually refers to the
‘need’ to maintain current standards of living. Rather than promoting
and provoking debate about all these topics, the forms of transport and
energy forecasting that we have described close the field down. In this
context the fact that technical and economic options are evaluated in
terms of their ability to meet present needs is especially important. It is
so in that the resulting analyses legitimise investments that suppose and
reinforce existing patterns of demand. Ironically, policy makers charged
with the task of carbon reduction have come to rely on models and es-
timates that reproduce the features and characteristics of a society that
supposes and relies on fossil fuel.

This is not the only way to go, and it is possible to think about the
‘need’ for storage not as a technical solution to a technical problem, but
as a necessary part of a more fundamental debate about energy demand
and the future of consumption. One option to open up such discussions is
to consider scenarios which provide a richer description of possible so-
cial futures. This provides the opportunity to more meaningfully connect
the demand and storage system assumptions to on-going processes of
social change and alternative futuring assumptions at play in sectors
which impact on the energy sector.

Johnson et al. (2023) [62] review 12 UK-based climate scenarios
conducted for four different organisations, looking out to 2050. The
studies all combined the assessment of demand reduction coupled with
an understanding of the resultant supply side implications if the scenario
is to be compliant with the legislated pathways for CO, reduction for the
period. Their study found that “All the pathways explored achieve re-
ductions of at least 32.8% in total final energy demand” and that this
could be as high as 52 % [59, pl]. The studies approach the under-
standing of alternative demand futures with varying depth. Perhaps the
most comprehensive is that by Barrett et al. (2022) [11] called Positive
Low Energy Demand Futures. There, the method began with represen-
tatives from different sectors of the economy being tasked with thinking
about how and why demand might change. For example, in the food
sector, significant emissions reductions might be expected following a
switch to vegetarian and vegan diets and a reduction in calorific intake
to current public health guideline levels. This would have further im-
plications for the energy intensity of farming and the amount of farm-
land available for reforestation [63]. In housing, alternative
assumptions about re-purposing existing building stock led to very
different levels of house building and, the resultant material energy
demand and in-use emissions for the homes [11]. This in turn would
impact where people live and where the demand for energy would be
concentrated.

Connecting back to the transport example above, one of the future
visions for transport in the study [11] built a scenario in which fewer
trips were expected to be made for shopping, business and commuting
but in which there was an increase in local and long-distance leisure
travel as a result of a reduction in flying [45]. The study explored
changes in trip frequency and trip length for different journey types and
policy shifts were also assessed which would enable those journeys to be
made in different ways. Potential trends that were thought to interact
with demand changes included a greater proportion of the population
who are retired, increased teleworking enabling a reduction in commute
and business trips and a four-day working week. Such changes could
have wide-ranging effects, resulting in the removal (or ‘unlocking’) of
what seem to be fixed routines and the redistribution of activity through
the day [64] or result in longer distances between home and work [65].
The purpose here is not to describe, in-depth, the assumptions of the
Positive Low Energy Demand Futures study, but to show that different
plausible social futures matter to energy demand. In the most ambitious
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‘Transform’ scenario, the total kilometres travelled by passengers is only
3 % lower than in 2015 but the car mode share (including taxi services)
is 44 % lower. In tandem with the change in travel demand patterns
there is an anticipated decline in the car fleet from around 32 million to
24 million by 2050, a halving of car miles driven and an increase in car
occupancy from 1.6 to 2.1 (see Anonymised 2022a for full details).
Barrett et al. (2022) [11] do not attempt to model the consequences of
reconfiguring the car and its place in society, but the underlying
assumption is that the whole ‘system’ is in flux and that this will be
important for likely charging patterns and for when, where and how
energy is stored and demanded.

What is included and excluded from thinking in future scenarios
matters. This does not mean that we need to declare that one scenario is
in some absolute sense better than another. Our point is that all of the
scenarios depend on a raft of assumptions about the social world, and
about what counts as ‘normal’ practice even when those are not
explicitly stated. It is also clear that there is contestation and uncertainty
about social futures and that these have a material impact on the nature
of the system that people who are planning for storage work with.

5. Conclusion

We began by reviewing methods of answering the seemingly tech-
nical question ‘How much storage do we need in a fully electrified
future?’. It is by now obvious that this question takes much for granted.

In this paper our first step has been to draw out three core assump-
tions that underpin efforts to answer the question ‘How much storage do
we need in a fully electrified future’. Along the way we have discovered
that ‘need’ usually refers to the ‘need’ to maintain current standards of
living. We have also shown that storage is usually treated as a singular
concept — a solution in its own right, disconnected from complicating
considerations of location, timing and scale.

Our second step is to suggest that whether analysts are aware of it or
not, estimates of the need for storage suppose and reproduce some social
futures and not others. Future planning and the forms of transport and
energy forecasting that we have described tend to take the present for
granted, and to suppose scenarios that represent a continuation of past
trends, but this need not be the case. In this context, the fact that
technical and economic options are evaluated in terms of their ability to
meet present needs is especially important in that the resulting analyses
legitimise investments that suppose and reinforce existing patterns of
demand.

Ironically, the result is a situation in which policy makers charged
with the task of carbon reduction have come to rely on models and es-
timates that reproduce the features and characteristics of a society that
supposes and relies on fossil fuel.

The reproduction of an energy system capable of mimicking that
which has been built around fossil fuels is problematic, but this is where
methods of evaluating options, including options for storage, currently
lead. This is no accident in that dominant methods arguably revolve
around a restricted set of interests: thus the ‘we’ in the question ‘how
much storage do we need in a fully electrified future’ is usually taken to
refer to grid operators or distribution network manager. In practice, ‘we’
might be broadened to include those responsible for many policy do-
mains and for realising multiple objectives beyond decarbonisation and
grid management. To grasp this bigger picture, depends on recognising
competing socio-technical imaginaries which have a role in configuring
the kind of society we are transitioning towards.

It is, we argue, possible to think about the ‘need’ for storage not as a
technical solution to a technical problem, but as a necessary part of a
more fundamental debate about energy demand and the future of con-
sumption. In conclusion, we argue that one way forward is to open these
methods up to debate and invite discussion about the social worlds
implicit in contemporary scenarios and forecasts. Rather than thinking
about the types of storage needed to preserve the status quo, the chal-
lenge is to imagine the temporal, spatial and organisational qualities of
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energy systems, including systems of storage, that might be compatible
with much lower carbon ways of life, and with very different patterns
and levels of demand.

If policy makers and researchers are to avoid reproducing the very
problems they seek to address, they need to articulate and debate ex-
pectations and understandings tacitly inscribed in the questions they ask
and in the methods they use to evaluate the costs and benefits of
different ‘solutions’. At a minimum this implies a change of tack, and a
new agenda. Instead of jumping in and asking ‘how much storage do we
need in a fully electrified future’ the problem needs to be flipped around.
In conclusion, our argument is that it is possible, and sensible, to think
about storage but it is counterproductive to do so without also thinking
about practices and patterns of consumption, and about ways of life that
might (or might not) be compatible with carbon reduction on the scale
that is required.

Until these foundational questions of consumption and practice are
taken to heart, energy researchers, economists and policy makers will
continue digging themselves into a hole from which it will be difficult to
escape. Although exercises to imagine alternative social futures are
necessarily speculative, they have the positive effect of prompting and
promoting thought about how the world might look and work and how
technologies form part of this, rather than somehow standing apart from
it. In our view, there is much to be gained from bringing these ap-
proaches together in order to develop forms of forecasting and evalua-
tion that are more transparent, and more open about the visions and
assumptions on which they depend.
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