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Abstract—Energy storage represents one of the key enabling
technologies to facilitate an efficient system integration of inter-
mittent renewable generation and electrified transport and heat-
ing demand. This paper presents a novel whole-systems approach
to valuing the contribution of grid-scale electricity storage. This
approach simultaneously optimises investment into new genera-
tion, network and storage capacity, while minimising system
operation cost, and also considering reserve and security re-
quirements. Case studies on the system of Great Britain (GB)
with high share of renewable generation demonstrate that energy
storage can simultaneously bring benefits to several sectors,
including generation, transmission and distribution, while sup-
porting real-time system balancing. The analysis distinguishes
between bulk and distributed storage applications, while also
considering the competition against other technologies, such as
flexible generation, interconnection and demand-side response.

Index Terms—Energy storage, Dispersed storage and genera-
tion, Power system planning, Power generation scheduling, Pow-
er system economics, Wind power generation.

I. NOMENCLATURE

A. Constants

ogq Ratio of flexible electricity demand to total demand

a:fp Proportion of flexible loads that can be interrupted
to provide frequency response

o™ Proportion of flexible loads that can be interrupted
to provide operating reserves

o ? Proportion of storage charging that can be inter-

rupted to provide frequency response

(o, B)Ln Linear coefficient and constant term for the n-th
piecewise linear approximation of LOLP function

Uq Demand-Side Response (DSR) efficiency [%]

U Storage efficiency [%]

1l Number of existing generating units

Tz Distribution network reinforcement cost per unit

e Transmission network reinforcement cost per unit

T, Generation operating cost per unit

o Generation investment cost per unit

Ty Generation no-load-cost

T3 Storage investment cost per unit
Generation start-up cost
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T Total time horizon [h]

d Electricity load [MW]

dn Peak load that can be accommodated without net-
work reinforcement

f Existing transmission network capacity [MW]

g Minimum stable generation [MW]

g Power rating of a generating unit [MW]

LF Load factor of a generator

Tan Ramp-down limit [MW]

Tyup Ramp-up limit [MW]

rsp Maximum response limit [MW]

3 Existing storage capacity [MW]

sc Number of hours that storage can produce electrici-
ty at maximum power (i.e. storage duration)

Srp System frequency response requirement

Srs System operating reserves requirement

Dn Minimum down time [h]

Up Minimum up time [h]

B. Variables

0 Voltage angle

u Number of units in operation

1 Number of additional generating units installed
d, Increased electricity load due to DSR [MW]

d_ Reduction in electricity load due to DSR [MW]
dn Additional distribution network capacity [MW]
ds Number of generating units being de-synchronised
es Energy content of storage [MWh]

f Additional transmission network capacity [MW]
g Electricity production [MW]

res Spinning reserve provided by generators [MW]
rsp Frequency response provided by generators [MW]
Sy Electricity generated by storage [MW]

S_ Electricity consumed by storage [MW]

S Additional storage capacity [MW]

st Number of generating units being synchronised
cM Capacity margin [MW]

LOLP Estimated Loss of Load Probability (LOLP)

C. Functions

Can(-)  Piecewise linear distribution network reinforcement
cost function

Cy() Generation operating cost function

F() Power flows function



D. Sets

D Set of electricity loads

DN Set of distribution networks; DN; is a set of compo-
nents belonging to distribution network i

D, Set of operating snapshots on the x-th day

F Set of transmission/interconnection corridors

G Set of generators

S Set of storage devices

T Set of operating snapshots

II. INTRODUCTION

OVERNMENTS around the world are committed to

substantially reducing energy system driven greenhouse
gas emissions in the coming decades. As part of this effort
electricity systems are expected to integrate significant
amounts of intermittent renewable generation in combination
with less flexible nuclear and Carbon Capture and Storage
plant, while large segments of the transport and heat sectors
are expected to be electrified.

Integration of intermittent generation characterised by a
low capacity value, accompanied with potentially substantial
increases in peak demand driven by transport and heating
electrification, may lead to very significant degradation in the
utilisation of generation infrastructure and electricity network
assets. Furthermore, operating reserve requirements and the
need for flexibility at high penetration of intermittent renewa-
ble generation increase significantly above those in the con-
ventional systems. This in turn will decrease the ability of the
system to absorb intermittent generation, if these services are
provided through traditional generation based resources. This
becomes a major problem during off-peak hours, particularly
if it coincides with high renewable output, which may lead to
highly undesirable curtailment of renewable output. As a re-
sult, system integration costs are expected to increase consid-
erably.

Energy storage technologies have the potential to support
future system integration of renewable energy. However, the
potential value that storage brings to the system, and therefore
its cost targets, are currently not fully understood, especially in
terms of the ability of storage to simultaneously deliver bene-
fits in multiple segments of the electricity system, including
distribution networks, transmission networks and interconnec-
tion, real time demand-supply balancing and supply adequacy.

Previous research on the value of storage for integrating in-
termittent renewable generators mostly focused on the capabil-
ity of storage to perform arbitrage [1] or provide reserve [2] in
systems characterised by high penetration of intermittent gen-
eration. In that respect, a framework for assessing the benefits
and market potential of storage for utility-related applications
is outlined in [3]. Specific uses of energy storage systems to
manage the output variability of wind and solar generation are
addressed in [4] and [5]. Stochastic approaches to valuation of
storage for arbitrage and reserve, such as the one provided in
[6], are particularly suitable for studying the value of storage
in systems with large shares of wind generation. Previous
work investigated a number of different storage technologies
and their potential applications, such as: stochastic optimisa-
tion of pumped-storage units [7] or compressed air energy
storage [8] to support market participation of wind generation;

grid-scale application of batteries [9]; or sizing and control of
flow batteries [10].

Reliability benefits of energy storage in a system with high
wind penetration including the improvement of wind capacity
credit are quantified in [11] and [12], while the problem of
optimal sizing of storage systems is addressed in [13] and
[14]. The potential of storage to contribute simultaneously to
both energy markets and frequency regulation is evaluated in
[15] and [16].

Various control approaches for distributed storage have
been proposed in [17] and [18], based on the objectives of
reducing losses, improving the voltage profile, and enabling
post-fault load restoration. The net present value (NPV) of
storage installations in distribution substations is quantified in
[19] as a function of unit costs of storage power and energy.
References [20] and [21] analyse the impact of storage on
improving the economic performance, reliability and the inte-
gration of renewable sources in a microgrid-based environ-
ment.

This paper presents a novel whole-electricity systems ap-
proach to valuing the contribution of grid-scale electricity
storage. This model simultaneously optimises investments into
new generation, distributed and bulk storage technologies,
interconnection, transmission and distribution assets while
minimising short-term operation cost of system through hourly
system operation representation, while considering reserve and
frequency regulation requirements. System adequacy and
security requirements together with emission constraints are
also considered within the same framework. The model further
includes a detailed representation of electricity demand, and
considers the capability of demand response technologies,
using the inputs supplied by detailed bottom-up demand mod-
els.

This approach reveals trade-offs between multiple services
that energy storage is able to provide, which result in generally
higher aggregate values for storage than in previous approach-
es that considered such services in isolation.

The advantages of this approach are illustrated by model-
ling and analysing the value of grid-scale storage in the future
GB electricity system. The paper aims at addressing some of
the key questions in relation to the future role of electricity
storage: What are the cost targets and scale of deployment?
What are the benefits of storage across different time scales
and different sectors of the system (from real time operation to
investment time scale, considering generation, transmission
and distribution sectors)? What type of storage delivers the
highest value and where should it be placed on the network?

III. WHOLE-SYSTEMS APPROACH TO POWER SYSTEM
ANALYSIS

When considering system benefits of storage technologies
it is important to consider two key aspects: (i) Different time
horizons: from long-term investment-related time horizon to
real-time balancing on a second-by-second scale; this is im-
portant as storage technologies can contribute to both savings
in generation and network investment but also to increase the
efficiency of system operation; and (ii) Different assets in the
energy system: generation assets (from large-scale to distribut-
ed small-scale), transmission network (national and intercon-
nections), and local distribution network operating at various



voltage levels. This is important as storage technologies may
be placed at different locations in the system, from bulk tech-
nologies connected to the national transmission network, such
as large-scale storage to highly distributed technologies con-
nected to local low-voltage distribution networks.

In this context, the novel whole-systems approach proposed
in this paper simultaneously optimises investments into new
generation, storage, interconnection, transmission and distri-
bution assets while considering short-term operation of the
entire system on an hourly basis. System adequacy and securi-
ty requirements together with emission constraints are consid-
ered within the same framework. The model further includes a
detailed representation of electricity demand, and considers
the capability of demand response technologies, using the
inputs supplied by our detailed bottom-up demand models.

It should be noted that energy storage in the context of this
paper refers to dedicated storage installations for grid applica-
tions (either bulk or distributed), but does not include demand-
side technologies with storage capabilities such as electric
vehicles (EVs), as these technologies are not deployed solely
for the purpose of storing electricity. These technologies are
however considered in this analysis as part of DSR.

Due to a great variety in parameters of different storage
technologies, a technology-agnostic approach has been adopt-
ed in this paper where no particular choice is made with re-
spect to storage technology. The objective is rather to assess
the system value of storage represented through generic pa-
rameters (power rating, duration, efficiency, installation cost
etc.), while varying the value of these parameters in a rather
broad range in order to cover a wide variety of storage tech-
nologies potentially available in the future.

The problem is formulated as a mixed integer linear pro-
gramming problem with the time horizon of 1 year and hourly
time resolution. The objective function (1) is to minimise the
overall system cost, which consists of annuitised investment
cost associated with various generation, network and storage
assets and the annual operating cost:
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The investment cost includes (annuitised) capital cost of
new generating and storage units, capital cost of additional
transmission and interconnection capacity, and the reinforce-
ment cost of distribution networks. Various types of invest-
ment costs are annuitised using the appropriate Weighted-
Average Cost of Capital (WACC) and the estimated economic
life of the asset. Both of these parameters are provided as
inputs to the model for each technology.

System operating cost is the total annual generation cost
that consists of: (i) variable cost which is a function of elec-
tricity output, (ii) no-load cost which is a function of a number
of synchronised units, and (iii) start-up cost. These operating
cost categories have been modelled using the approach pre-
sented in [22]. The effect of carbon prices has been calculated

into the operating cost.

There are a number of equality and inequality constraints
that are taken into account by the model while minimising the
overall cost. All constraints are applied for each time interval
within the optimisation time horizon (Vt € T). These include:

Power balance constraints (2), which ensure that supply
and demand, taking into account storage and DSR, are bal-
anced at all times.
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Generator operating constraints include: (i) Minimum
Stable Generation (MSG) and maximum output constraints
(3); (ii) ramp-up (4) and ramp-down (5) constraints;
(iil) minimum up (6) and down time (7) constraints;
(iv) available frequency response and reserve constraints (8);
maximum response constraints for each generation technology
(9); annual load factor constraints (10); and the maximum
number of synchronised units (11). Constraints (3)-(11) are
applied to all generators (Vi € G).
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The model optimises both the quantity and the location of
new generation capacity for various generation technologies.
If required, a set of constraints can be put in place to limit the
investment in particular generation technologies at given loca-
tions. Annual load factor constraints (10) can be used to limit
the utilisation level of thermal generating units, e.g. to account
for the effect of planned annual maintenance on plant utilisa-
tion.

Storage operating constraints include: maximum power
rating constraints for storage charging (12) and discharging
cycles (13); constraints associated with the amount of energy
that can be stored (14); and the storage energy balance (15).
As implied in (12)-(14), the model considers new investment
in energy storage by optimising its location and capacity to
minimise the overall cost (1). Constraints (12)-(15) are applied
to all storage units (Vi € S).
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Demand-side response constraints include constraints for
various specific types of loads. Different demand categories
are associated with different levels of flexibility. Flexibility



parameters associated with various forms of DSR are obtained
using detailed bottom-up modelling of different types of flexi-
ble demand, as described in [24] and [25] for EVs and heat
pumps (HPs). A set of generic DSR constraints is presented
below. These include the demand reduction constraints (16)
and the energy balance for demand shifting (17) potentially
considering losses driven by temporal shifting of demand (as
shifting demand may increase the overall energy require-
ments), quantified through the efficiency [,. Constraints (16)-
(17) are applied to all electricity loads (Vi € D).
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Operating reserve constraints include various forms of fast
and slow reserve constraints. The amount of operating reserve
requirement is calculated as a function of uncertainty in gener-
ation and demand across various time horizons. The model
distinguishes between two key types of balancing services:
(1) frequency regulation (response), which is delivered in the
timeframe of a few seconds to 30 minutes; and (ii) reserve,
typically split between spinning and standing reserve, with
delivery occurring within the timeframe of half an hour to
several hours after the request. The need for these services is
directly driven by wind output forecasting errors and this will
significantly affect the ability of the system to absorb wind
energy. Calculation of reserve and response requirements for a
given level of intermittent renewable generation is carried out
exogenously and provided as input into the model.

The frequency response and reserve constraints are formu-
lated in (18) and (19), respectively, stating that the contribu-
tion of all generators to response (rsp) and reserve (res),
combined with the contributions from storage and DSR, needs
to satisfy the system-level requirements for the two services.
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The amount of spinning and standing reserve and response
is optimized ex-ante to minimise the expected cost of provid-
ing these services, and we use our advanced stochastic genera-
tion scheduling models to calibrate the amount of reserve and
response scheduled in the model [6],[23]. These stochastic
models find the cost-optimal levels of reserve and response by
performing a probabilistic simulation of the actual utilisation
of these services.

Power flow constraints (20) limit the energy flowing
through the transmission system respecting the total installed
capacity as the upper bound. The model optimises the location
and capacity of new transmission investment to minimise the
objective function. Power flows are calculated as a function of
net power injection, network topology and parameters.
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Due to the simplified representation of transmission net-
work used in the studies, a standard linear power flow model

(19)

is adopted. Power flow is a function of power injections by
generation, load and storage, as well as of network topology
and its parameters, as described in [26].

Expanding transmission and interconnection capacity is
generally found to be vital for facilitating efficient integration
of large intermittent renewable resources, given their location.
Interconnectors provide access to renewable energy and im-
prove the diversity of demand and renewable output on both
side of the interconnector, thus reducing the short-term reserve
requirement. Interconnection also allows for sharing of re-
serves, which reduces the long-term capacity requirements.

The model can both reinforce existing transmission links
and add new capacity between previously unconnected regions
(where allowed by the user). The model will reinforce both
existing and new corridors if economically justified. Possible
additions of new transmission lines between buses that are not
initially connected would need to be specified by the user.

Distribution network peak load constraints (21): The
whole-system assessment model requires the distribution net-
work reinforcement cost to be expressed as a function of peak
load in a given distribution system (driven by electrification of
transport and heat sectors). This is informed by detailed mod-
elling of representative networks. Different types of distribu-
tion networks based on the statistical models of urban, semi-
urban, semi-rural and rural networks [27],[28] are analysed, as
well as different levels of penetration of EVs and HPs and
their operating regimes. This approach allows for the quantifi-
cation of respective reinforcement costs. As an example, the
cost function for a generic urban network is presented in
Fig. 1. If the model decides to install distributed storage, its
operation will likely change the aggregate demand profile and
consequently the necessary reinforcement cost.

As the network reinforcement cost function is likely to be
non-linear and lumpy, a piecewise linear approximation of the
cost function is proposed for the whole-system model formu-
lation.
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Security constraints ensure that there is sufficient generat-
ing capacity in the system to supply the demand with a given
level of security and estimates the Loss of Load Expectation
(LOLE). Fig. 2 illustrates the use of piecewise linear functions
to approximate the LOLP function. The LOLP curve, being a
function of the capacity margin (CM), has to be built a priori
for a given system using a standard reliability approach. The
CM is defined as the ratio of surplus generating capacity (in-
cluding storage when it produces electricity) and the peak
demand. Sharing of capacity between interconnected regions
can also be taken into account to increase the CM.



Fig. 1. A generic urban network with its low voltage (LV) and high voltage
(HV) network reinforcement cost function for various peak demand condi-
tions
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Fig. 2. Piecewise linear approximation of LOLP function

Constraints (22) are used to approximate the LOLP, and the
sum of LOLP across the year should meet the reliability crite-
rion as defined by LOLE (23).
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(22)
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The mixed integer linear problem defined in this section has

been implemented in the FICO Xpress optimisation tool [29].

IV. CASE STUDY: LOW-CARBON UK SYSTEM

A. System Description

We apply the proposed whole-system modelling approach
on the UK system in 2030, a scenario developed by the UK
government. The total contribution of renewable generation is
54.7% of the total annual energy demand, with the contribu-
tion of intermittent wind generation of 52.5%, which corre-
sponds to 68.7 GW of installed wind capacity.

On the demand side, the 2030 renewable scenario is charac-
terised by a fast electrification of transport and heating sectors,
accompanied by highly ambitious measures in the area of
improved building insulation and energy efficient consumer
behaviour. In the heating sector about 50% of heat demand in
the residential and commercial sectors is met by electricity,
while 63% of road transport is expected to be based on EVs.

Winter peak demand is estimated at 104 GW and minimum
summer demand is 26 GW, with total annual electricity de-
mand of 433.5 TWh. Given that the GB transmission network
is characterised by significant North-South power flows, for
the purpose of this study the GB system was represented using
5 key regions and their boundaries: 1) Scotland, 2) North Eng-
land and Wales (EW-N), 3) Middle England and Wales (EW-
M), 4) South England and Wales (EW-S), and 5) London

(embedded within the South England and Wales region). The
topology of this system is depicted in Fig. 3. The two neigh-
bouring systems, Ireland (IE) and Continental Europe are
represented as separate areas, with an option to link Ireland
directly to mainland Europe. Network lengths in Fig. 3 reflect
the equivalent distances which take into account the additional
local network investment that interconnection may require.
Network capacities indicated in the figure refer to the capaci-
ties expected to be in place by 2020."

Fig. 3. Topology of the interconnected GB system used in the study

Both economic and reliability considerations are involved
in transmission network and interconnection design [30]. In
each of the regions distribution networks are represented by a
mix of 10 statistically representative distribution networks
based on the approach developed in [31].

The model described in Section III determines the optimal
volume of storage that should be deployed in each of the GB
regions. In the case of distributed storage the model further
decides how much storage capacity to install in each of the
representative distribution networks associated with different
areas. The user of model can also impose constraints regarding
the amount of new storage that can be added in each of the
regions and/or distribution networks, in order to reflect various
external constraints, such as restrictions associated with land
use.

As documented in [32], there is considerable uncertainty
regarding the future costs of electricity storage. Annuitized
storage installation costs in this paper have therefore been
assumed within relatively broad ranges: £50-400/kW.year for
bulk and £100-500/kW.year for distributed. A slightly higher
range of installation costs associated with distributed storage
reflect the effect of economies of scale, which is likely to
make a unit of distributed storage capacity more expensive
than bulk. Given the annual time horizon of the assessment
model, which balances system operation with investment cost
in networks, generation and storage the investment cost are
represetnded through annuitized values rather than total capital
cost.

Key assumptions on annuitized generation and network ca-

' No direct link was assumed to be in place between Ireland and continen-
tal Europe in 2020, but the model was allowed to build new capacity between
the two systems if economically justified.



pacity cost, as well as fuel and carbon cost based on UK na-
tional projections are provided in Table I. A number of other
generator parameters was also used, in particular the dynamic
parameters such as minimum up or down times, or no-load
and start-up costs. Assumptions on the costs of distribution
network assets have been taken from [31], and are omitted
here for brevity.

TABLE |
ASSUMPTIONS ON INVESTMENT AND FUEL COSTS

Technology Al(lg/lll(i\txi/s;g;())st Commodity Cost
Nuclear 352.9 Coal $110/t
CCGT 56.6 Gas £0.70/therm
Coal 133.9 Oil $130/barrel
CCGT CCS 197.2 Carbon permit £74.2/
Coal CCS 431.6
OCGT 47.5
'HVDC transmission | £96.0/MW km.year

B. Benefit of Storage

Fig. 4 and Fig. 5 present the net system benefits of bulk en-
ergy storage and distributed energy storage respectively, for
storage durations of 6 and 24 hours. In each chart the compo-
sition of annual system benefits is given in £bn per year, for a
range of assumed energy storage annuitised capital costs (top
horizontal axis) also corresponding to different optimal vol-
umes of storage proposed by our model (bottom horizontal
axis). Components of system savings depicted include: opera-
tion cost (OPEX), generation investment (G CAPEX), trans-
mission investment (T CAPEX), interconnection investment
(IC CAPEX) and distribution investment (D CAPEX). Opti-
mal level of investment into energy storage (S CAPEX) is
plotted as negative benefit, resulting in a net system benefit
that is also depicted in the figure (“Total”). The same notation
is used in the remaining figures in the paper.

Net benefits from deploying storage, after discounting its
investment cost from gross system benefits, reach up to about
£1.8bn/year for bulk storage available at the annuitised in-
vestment cost £50/kW.year (Fig. 4) and above £2bn/year for
distributed storage available at the annuitised investment cost
£100/kW.year (Fig. 5). We note that the optimal storage vol-
ume increases as the storage investment cost drops, as ex-
pected.

Storage cost (E/kW.year)
400 200 150 100 75 50 400 200 150 100 75 50

Annual savings (Ebn/year)

Bulk (6h) Bulk (24h)

Installed storage capacity (GW)

EOPEX ®TCAPEX ®=ICCAPEX ®DCAPEX = SCAPEX ¢ Total

Fig. 4. Annual net benefit of bulk storage in 2030 for 6-hr and 24-hr duration

Storage cost (£/kW.year)
500 250 200 150 125 100 500 250 200 150 125 100

Annual savings (Ebn/year)

Installed storage capacity (GW)

EOPEX BGCAPEX ®TCAPEX ICCAPEX ®DCAPEX SCAPEX ¢ Total

Fig. 5. Annual net benefit of distributed storage in 2030 for 6-hr and 24-hr
duration

We also notice that storage duration is a factor influencing
the volume of storage deployed. For the cost of storage below
the level of £150/kW.year for bulk i.e. £200/kW.year for dis-
tributed, higher durations suggest a lower optimal volume of
storage deployed when available at the same cost (for higher
storage cost there is no significant difference). This is a conse-
quence of a larger energy that can be stored in a 24-hour stor-
age when compared with e.g. 6-hour storage having the same
installed capacity in GW. We observe that when 6-hr bulk
storage is available at £50/kW.year, the optimal amount in-
stalled is 24.6 GW, while for distributed storage available at
£100/kW.year, the optimal amount is 17.7 GW. In case that
24-hour storage is available at these cost levels, the total
amount installed is reduced to 14.9 GW for bulk and 14.8 GW
for distributed.

Also, for the same cost a lot more distributed storage capac-
ity is deployed, when compared with bulk storage. Further-
more, even when distributed storage is more expensive than
bulk (such as e.g. for the cost of bulk of £150/kW.year and the
cost of distributed of £200/kW .year), the capacity of distribut-
ed storage added to the system can be higher.

C. Value per Unit of Installed Storage Capacity

We further present in Fig. 6 and Fig. 7 the average value of
bulk and distributed energy storage respectively for the same
cases as before, obtained by dividing the gross system benefits
of storage for a particular cost case (not considering storage
investment cost) with the optimal volume of storage deployed
in that same case. This provides interesting insights into how a
unit of storage (1 kW) performs in terms of providing benefits
to the system.

Storage cost (£/kW.year)
400 200 150 100 75 50

400 200 150 100 75 50

Value of storage (£/kWh.year)

Bulk (6h)

Bulk (24h) ‘

Installed storage capacity (GW)
BG CAPEX ®TCAPEX =ICCAPEX =DCAPEX < Total

Fig. 6. Value of bulk storage (for 6-hr and 24-hr durations)



Storage cost (£/kW.year)
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Distributed (6h)
Installed storage capacity (GW)
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Fig. 7. Value of distributed storage (for 6-hr and 24-hr durations)

Savings in operating costs mostly result from reduced cur-
tailment of wind generation and are a dominant component of
the value of storage, although they diminish with higher stor-
age penetration, as it becomes progressively more challenging
to reduce operating costs. We note that across the range of
annuitised investment costs for bulk and distributed energy
storage there is a relatively stable generation investment cost
saving of about £50/kW.year, which results from displacing
OCGTs from the system (i.e. from storage replacing genera-
tion capacity while maintaining the prescribed supply adequa-
cy standards).

In case of bulk energy storage there is additional small sav-
ings on interconnection and transmission network investment.
In addition to achieving similar levels of savings in generation
investment as bulk storage, distributed energy storage also
generates savings in distribution network investment at the
amount of around £60/kW.year. We again notice that the op-
timal volumes deployed are much higher than for bulk storage
with similar cost.

Fig. 8 shows the results of the analysis carried out for years
2020 and 2050, which reveal (on the example of distributed
storage of 10 GW installed capacity) that the value of storage
increases very significantly in the scenario with increasing
contribution of renewable generation. The value increases
predominantly through savings in operation cost and genera-
tion investment cost, which are also driven by progressively
tighter CO, emission constraints (100 and 50 g/kWh in 2030
and 2050, respectively).
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Fig. 8. Value of 10 GW distributed storage for different time horizons

D. Comparison between Bulk and Distributed Storage

As discussed, storage technologies can facilitate more effi-
cient operation and investment in network and generation
reinforcement, bringing value across the entire electricity
system. The proposed model can explicitly consider synergies
and conflicts of storage resources being used for multiple
purposes. For example, in the case of the UK system discussed

in the paper, application of distributed storage in Scotland to
reduce electricity peak load and the associated distribution
network reinforcement cost, may lead to a higher capacity
requirements of the transmission network between Scotland
and England (given the dominant transmission power flows
from Scotland to England). On the other hand, the application
of distributed storage to reduce the cost of transmission may
reduce savings associated with distribution network rein-
forcement cost. The proposed model will optimise the invest-
ment into energy storage technologies, their location and oper-
ation, trading-off between savings in operating cost and sav-
ings in system capacity cost. In most cases the additional value
from distribution network investment savings are higher mak-
ing distributed storage more valuable than bulk, as shown in
Fig. 9, where a comparison is made with respect to values
generated by bulk or distributed storage of fixed size (2, 5 or
10 GW).
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Fig. 9. Trade-off between cost savings for bulk (B) and distributed (D) stor-
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Most case studies presented in this paper assume either
bulk or distributed storage was available for deployment in the
system. Several additional studies have also been carried out
to investigate the direct competition between bulk and distrib-
uted storage when both can be simultaneously added to the
system. Fig. 10 shows the results of combined deployment of
storage obtained for different cost levels of the two storage
types — High (£200/kW.year for bulk and £250/kW.year for
distributed) and Low (£50/kW.year for bulk and
£100/kW year for distributed).” The results of individual eval-
uations of bulk and distributed storage are also shown for
reference. Circle sizes and the adjacent numbers indicate the
level of deployment (in GW) of the two storage types.

It is evident that the optimal choice between bulk and dis-
tributed storage capacity is strongly driven by the cost as-
sumptions. If both storage types are available at “Low” cost
(although this is twice as high for distributed), the optimal
deployment includes a relatively balanced mix of bulk and
distributed storage (with the ratio of about 2:3), and the total
storage capacity (18.5 GW) that is greater than in either of the
individual low-cost cases. If either of the storage types is
available at low cost and the other one at high, the low-cost
option strongly dominates the solution, and is chosen with a
similar capacity as in the individual case. If on the other hand
both bulk and distributed storage have high installation costs,

? Competition between low-cost distributed and high-cost bulk storage was
not presented as studies suggested that the result would be virtually identical
to the distributed-only case (distributed dominates bulk even when both are
available at high cost).



distributed is the preferred option, although at a much lower
capacity than in the low-cost case. This is the consequence of
the ability of distributed storage to capture benefits in avoided
distribution investment cost, which is not possible using bulk
storage.
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Fig. 10. Optimal volumes of bulk and distributed storage (in GW) when both
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E. Impact of Storage Location

The key differences in the role and value between bulk and
distributed energy storage are further analysed in this section.
Fig. 11 illustrates the trade-offs on an example spanning three
consecutive days in Scotland for the year 2030. Scotland is
presented here due to its high installed wind capacity. During
the first day the wind output reaches the level of around
25 GW and significantly exceeds demand; wind generation
then drops rapidly to virtually zero during day 2 and remains
very low during day 3. The way energy storage located in
Scotland will operate depends on its type (positive storage
power in Fig. 11 refers to charging, while negative denotes
discharging). Bulk energy storage is charged during high wind
outputs, and discharged once the wind has dropped, except for
a brief period with low demand during the second night. The
resulting demand + storage profile is highly volatile with
22.5 GW peaks and even negative loads reaching —5 GW,
which are handled via the transmission link with England.

Distributed storage, on the other hand, follows a very dif-
ferent operating strategy. The charge and discharge pattern is
less responsive to wind changes. Instead, distributed storage
discharges in order to reduce peak load on all three days, even
during periods of high wind. It also charges during periods of
low wind if demand is low, resulting in a flattened demand
profile at the level of about 9-10 GW. The surplus variable
wind output exceeding 16 GW in this case is exported to Eng-
land, via a higher capacity transmission link, as shown in
Fig. 11.
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Fig. 11. Operating patterns of bulk (left) and distributed storage (right) in
Scotland

Different operating patterns of bulk and distributed storage
also have implications for their optimal location in the GB
network. Fig. 12 shows the optimal allocation of storage ca-
pacity between Scotland and England by quantifying the part
of storage capacity that is installed in Scotland, for the 6-hour
storage duration.
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Fig. 12. Share of total storage capacity located in Scotland

Bulk storage is preferably placed in Scotland, where it sup-
ports the integration of wind and reduces costly reinforcement
of additional transmission links with England. Only 20-30% of
the 10 GW of bulk storage is deployed in the England region
in this scenario. For distributed storage we observe an oppo-
site trend; 80-85% of capacity is located in England and only
15-20% in Scotland. The dominant positioning of distributed
storage in England is driven by a higher value accrued from
avoided distribution network reinforcement.

F. Competition with Other Flexible Technologies

In addition to energy storage technologies, there are a range
of other potential technology options available that could
contribute to real-time system balancing, support the security
of supply and mitigate investment in infrastructure reinforce-
ment. In this context we quantified the value of storage in the
presence of alternative technology solutions:
(1) Interconnection: Increasing interconnection capacity be-
tween GB and Continental Europe and GB and Ireland may
reduce balancing cost, by enhancing the ability of the system
to accommodate renewables and enabling the sharing of long-
term reserves; (ii) Flexible generation: Enhancing the flexibil-
ity of conventional generation (reducing minimum stable gen-
eration and increasing the frequency response capabilities of
fossil fuel plant) would facilitate a more cost-effective integra-
tion of renewables; (iii) Demand-side response (DSR): Flexi-
ble demand side, in the form of electrified space and water
heating in residential and commercial sectors, electrified
transport sector and smart appliances in the household sector,
may contribute to provision of energy arbitrage, reserve and
frequency regulation services.



The cost of interconnection capacity was assumed at the
level of HVDC transmission shown in Table I. Although the
model enables the cost of different flexible options to be spec-
ified, in the case studies presented in this section no cost was
attributed to more flexible generation and DSR (due to lack of
data), although the reduction in the value of storage driven by
the presence of DSR and more flexible generation, is quanti-
fied

In general, these options will reduce the value of energy
storage as indicated in Fig. 13, which presents the case of
distributed storage with 24 h duration. We observe that the
competing technologies reduce the absolute value of energy
storage, mostly affecting its contribution to reducing operating
costs and supporting real-time balancing.
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Fig. 13. Value of distributed storage in the presence of competing technolo-
gies

We also observe that the volumes of energy storage de-
ployed in the presence of interconnection and more flexible
generation are not significantly reduced compared to the base-
line case presented in Fig. 7. In the case when interconnection
expansion is allowed, there is even a slight increase in the
optimal volume of storage in certain cases, suggesting syner-
gistic effects rather than competition between storage and
interconnection. On the other hand, if storage is competing
with DSR, the deployed volumes of storage are several times
lower than in the storage-only case. This is caused by the
ability of responsive demand to flatten out the demand profile
even before any distributed storage is added to the system,
which reduces the opportunities for cost savings that storage
could bring..

Finally, when distributed storage competes against all three
flexible options, the deployed volumes further reduce com-
pared to the DSR case, although not by much (with the excep-
tion of the highest cost level, where the volume drops by about
3 times). This supports the finding that the other two options,
interconnections and flexible generation, compete less directly

with energy storage.

In the above examples energy storage generates its largest
share of value from savings in operational costs, which is
driven by enhancing the ability of the system to absorb inter-
mittent wind generation while dealing with wind uncertainty
through deploying adequate levels of reserves. Given that
wind uncertainty represents a critical driver for quantifying the
system response and reserve requirements in (18) and (19),
reducing the uncertainty of wind forecasting could reduce the
value of storage for the system.

In order to illustrate the impact of improved wind forecast-
ing, it was assumed that the 4-hr forecasting error (which is
relevant for determining reserve requirements on the system
given dynamic characteristics of generation) is reduced from
10% to 8% of installed wind capacity. In addition to the im-
proved accuracy, it was also assumed that wind generation
technology is able to contribute to frequency response when
curtailed, which is in line with the expected improvements
beyond 2020. The value of storage under these assumptions
reduces significantly, as shown in Fig. 14.

600 “595

=QOPEX = G CAPEX
=T CAPEX IC CAPEX
=D CAPEX < Total

400 +

200

ﬁ 220 ﬁ 200 Qs

Value of storage (£/kW.year)

‘ Improved forecasting ‘

Normalforecasting ‘

-200 -
Installed storage capacity (GW)

Fig. 14. Impact of improved wind forecasting on the value of distributed
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G. Impact of Storage Parameters

1) Storage efficiency

All results presented so far assume a round-trip efficiency
of storage of 75%. Efficiency of different storage technologies
available today can vary widely [31], and there is further un-
certainty as to how the performance of different technologies
may improve through research and development in the next
few decades. A sensitivity analysis is therefore carried out for
the following three efficiency levels: 50%, 75% and 90%, and
for the duration of 24 h.

Fig. 15 illustrates that at low levels of deployment (i.e. high
technology costs) the added value of increased efficiency is
relatively low. However, this changes significantly if the costs
of storage drop and deployment levels increase. We note that
the optimal installed capacity of 90% efficient storage is twice
as high as the optimal capacity of 50% efficient storage at the
lowest cost point (corresponding to £50/kW.year for bulk and
£100/kW.year for distributed storage). This follows from the
fact that the marginal benefit of less efficient storage drops
faster than the benefit of more efficient storage, particularly
for high storage capacities. Faster decline of marginal benefits
of less efficient storage results in a lower capacity at which the
equilibrium is established between the marginal benefit of
storage and its cost.
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2) Value of additional storage duration

No explicit cost has been assigned to the energy capacity in
the case studies presented in this paper. However, a number of
studies have been carried out for different storage durations,
which allowed assessment of the value of additional energy by
comparing the values for a given amount of storage capacity
with different storage durations. The example of the 10 GW
storage shown in Fig. 16 demonstrates that the first additional
hour of storage duration (i.e. an increase from 1 h to 2 h) leads
to the highest additional value, with further increases leading
to diminishing returns.

Distributed storage initially gains significantly from an in-
crease in storage duration (about £34/kWh.year). To make
further increases in duration viable the cost has to significantly
reduce, falling to less than £1/kWh.year for storage durations
in excess of 6 hours. Value of additional duration for bulk
storage is lower than distributed for storage durations below 6
hours.
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Fig. 16. Value of additional duration for 10 GW storage

V. CONCLUSIONS AND FUTURE WORK

This paper presented a novel whole-systems approach to
valuing the contribution of electricity storage for grid applica-
tions, revealing trade-offs between multiple services that ener-
gy storage is able to provide, which result in generally higher
aggregate values for storage than those found in previous
studies that considered such services in isolation. The case
studies carried out demonstrate that energy storage can bring
benefits across multiple sectors of electricity industry, includ-
ing generation, transmission and distribution, while providing
services to support real-time balancing of demand and supply,
network congestion management and reducing the need for
investment in system reinforcement. The proposed approach
was applied to quantify the value of bulk and distributed ener-
gy storage and their market share in the future GB electricity
system, including the analysis of competitiveness of energy
storage against other technologies, such as flexible generation,

interconnection and DSR. The model allows assessing the
impact of various storage parameters on its value, including
the importance of additional storage duration and storage
efficiency.

Further work is needed to address the problem of “split
benefits” associated with the development of appropriate mar-
ket mechanisms to ensure that the investors in storage are
adequately rewarded for delivering these diverse sources of
value. Future improvements to the model presented in the
paper may include the impact of operating patterns on storage
cost and lifespan, as well as a more refined representation of
the transmission network.
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