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This paper explores the impacts of energy policies for supporting low-carbon infrastructure on the
economic and financial performance of energy storage when coupled with a generator. The study sets in
the UK context and the unit of analysis is the generator connected with energy storage. An analytical
method is derived to assess the impact of policy schemes for low-carbon infrastructure on energy
storage. The case study of energy storage systems coupled with a Small Modular nuclear Reactor (SMR) is
quantitatively investigated in three scenarios: 1. SMR-only (the baseline); 2. SMR with thermal energy
storage; and 3. SMR with Lithium-ion battery. For the strike price at 100 £/MWh, the net present value
for scenarios 2 and 3 reduces from 562 M£ to 379 M£ and from 376 M£ to -1144 M£, respectively, when
the energy storage capacity increases from 100 MWh to 1 GWh. As the net present value reduces with
increased energy storage capacity (when coupled with generation), this work shows that low-carbon
incentives are, unintentionally, barriers to the development of energy storage due to: (A) current
generator incentives give a favourable return on investment and energy storage would diminish it; (B)
energy storage cannot participate in generator only incentives.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Renewable (Lai et al., 2017) and nuclear (Locatelli et al., 2018)
technologies are capital intensive with marginal costs being close
to zero. As a low-carbon infrastructure, these technologies have
received and receive support from several governments according
to their energy policies. For instance, in the UK, these policies
included the Non-Fossil Fuel Obligation/Scottish Renewable Obli-
gation, feed-in tariff, and Renewable Obligation. Today, the UK
energy policy for low-carbon electricity, consisting of Contract for
Difference (CfD) and Capacity Market (CM) (Electricity Market
Reform (EMR), 2017). In Germany, low-carbon electricity is sup-
ported by feed-in tariffs and low interest loans (About RES LEGAL
Europe). Similar incentives are in place across the world including
the EU, USA, and Asia (Barkatullah and Ahmad, 2017).

Generally, renewable energy systems have limited controlla-
bility of the output power. Solar power output is directly propor-
tional to the solar irradiance, and it is affected by atmospheric
. Lai), g.locatelli@leeds.ac.uk

r Ltd. This is an open access articl
conditions and the diurnal cycle (Lai, 2019). Wind power is a
function of wind speed, density of air, and rotor swept area (Wang
et al., 2018). Nuclear reactors and hydropower plants can be used
for load-following, but the generation cost is substantially fixed
(Locatelli et al., 2018). As such, with the increment of low-carbon
generation over time, energy storage is relevant to ensure grid
flexibility by providing power generation-demand balance (Cebulla
et al., 2018). Energy storage can act as a load and store the surplus
electricity (i.e., generation is greater than demand) or meet the
energy deficit by acting as a generator and discharge electricity (Li
et al., 2020).

There are several types of energy storage ranging from electrical,
electrochemical, mechanical, and hydro (Amirante et al., 2017). In
particular, there are two classes of systems when considering en-
ergy generation and energy storage, namely Generation Integrated
Energy Storage system (GIES) and non-GIES. GIES stores energy at
some point, along with the transformation between the primary
energy form and electrical energy (Garveyet al., 2015a). An example
of GIES is the concentrated solar power with thermal energy stor-
age, as heat is the primary energy form and also the energy for
storage. Non-GIES directly converts the primary energy into elec-
tricity for storage, such as a permanent magnet synchronous
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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generator for wind energy with electrochemical energy storage
(Xia et al., 2018). Pumped-hydro energy storage is the most com-
mon technology for storing MWh, while compressed air energy
storage is emerging (Ghorbani et al., 2020). In the past five years,
there has been an upsurge in building MWh scale energy storage
with batteries due to the increase of renewable penetration,
reduced cost and technological maturity of batteries (e.g., Lithium-
ion) (Lai et al., 2017). In the future, GIES should be increasingly
deployed for storing several MWof capacity. However, the majority
of low-carbon infrastructure investments has been focused on
generation but not in energy storage technologies, e.g., European
countries in 2018 have invested 57.6 B£ in low-carbon energy with
over 80% of the investment in wind (onshore and offshore) and
solar technologies (Clean energy investment trends, 2018). These
renewable technologies need energy storage, but investments in
energy storage are an order of magnitude lower. This work aims to
present, discuss, and quantify the unintended effect of policies
designed for low-carbon infrastructures on energy storage in par-
ticularl for GIES. Without loss of generality, the paper adopts the UK
as context and will detail analytically and numerically a case study
of a nuclear reactor coupled with energy storage.

This paper aims to:

1. Clarify the mechanisms supporting the low-carbon power
generation and energy storage in the UK by describing their
similarities and differences;

2. Investigate to what extent these mechanisms supporting low-
carbon power generation become unintended barriers for the
deployment of energy storage systems. This analysis is twofold:
2a) analytically to show the theoretical limits of supporting

mechanism;
2b) numerically to quantify the impact in case of Small Modular

nuclear Reactors (SMRs) coupled with GIES and non-GIES.

The rest of the paper is organised as follows. Section 2 presents a
review on the drivers of growth for energy storage by identifying
the energy storage installation growth globally and in the UK and
European countries. Section 3 reviews the policy mechanisms in
the UK for low-carbon energy generation and storage. To examine
the financial effect on the energy storage technologies with the
presence of low-carbon CfD, Section 4 analytically and numerically
investigates the unintended effects of incentives for low-carbon
generation when coupled with energy storage. Section 5 con-
cludes the paper and provides policy recommendations for energy
storage.

2. Energy storage installation and policies

This section firstly presents a review of the energy storage
installation growth in the world. Next, the UK context is assumed
and the forecasted energy storage installation growth in the UK is
provided. The drivers for energy storage growth are given in the
UK; these are: 1) rapid installation of non-dispatchable energy
sources, 2) revenue sources, mechanisms, and policies for energy
storage.

2.1. Global energy storage capacity installation

Fig. 1 shows the global energy storage installed capacity
considering grid-scale (i.e., front-of-the-meter) and behind-the-
meter sectors. Energy storage deployment achieved a record level
in 2018 at 8 GWh (nearly doubling from that in 2017), and behind-
the-meter storage (i.e., not grid installation) trebled from 2017 to
2018 (Energy Storage,: Tracking clean energy progress). Behind-
the-meter storage growth matches grid-scale storage growth. The
2

leading countries are Korea, China, USA, and Germany (Energy
storage: Tracking clean energy progress). Lithium-ion battery
continued to be the most popular installed electrochemical energy
storage (after pumped-hydro energy storage) accounting for 85% of
all new capacity installed. China became the market leader of en-
ergy storage installation in 2018, due to grid companies supported
using energy storage for network operations and the introduction
of markets for frequency regulation services (Energy storage:
Tracking clean energy progress).

A relevant case for energy storage is microgrids. Microgrids are
low voltage distribution networks with different distributed gen-
erators, storage systems and controllable loads that can operate
interconnected or isolated from the main distribution grid as a
controlled entity (Hatziargyriou et al., 2005). For instance, deliv-
ering natural gas to power plants in Iran is challenging, which
drives the need for microgrids (Safdarian et al., 2014). Hence,
Safdarian et al. (2014) presented an optimisation model for
microgrid’s, built for a factory, day-ahead operation planning. The
microgrid consists of a gas turbine, PV, fuel cell, hydrogen storage
tank, electrolyser, reformer, boiler, and thermal and electrical loads.
The model maximises the profit and satisfies economic and tech-
nical constraints whilst avoiding load shedding. The authors
concluded that installing microgrids in the USA would be more
economical than Iran, considering the energy prices in 2014 and
without the fuel subsidies in Iran from 2011.

Germany and the UK led the energy storage installation growth
in Europe. Germany and France together committed 1.7 BV to
support local manufacturing in batteries (Energy storage: Tracking
clean energy progress). Co-location of renewable energy produc-
tion systems and energy storage is becoming increasingly popular
in Europe and the USA (Energy storage: Tracking clean energy
progress). This is largely driven by increasing the value of electricity
produced by providing additional flexibility.

2.2. Energy storage and low-carbon power generation installation
growth in the UK

In 2020, there was continued development and growth in en-
ergy storage with 164 MW of new energy storage capacity (mostly
batteries). Most energy storage systems are connected to the dis-
tribution network (Future energy scenarios, 2020a). Other types of
energy storage include non-electrochemical technologies such as
liquid air energy storage (i.e., inexpensive electricity cools air to a
liquid state and is later heated and pumped to run a turbine). 80% of
these projects are being installed on the distribution network and
possibly alongside generators (Future energy scenarios, 2020b).
Most co-located projects are with solar and wind generation, but
also include co-located hydro, tidal or gas generation.

Fig. 2 shows the projected energy storage installation growth for
four scenarios. Energy storage projects will need multiple income
streams to be commercially viable for all scenarios, including price
arbitrage and grid services (described in Section 4), where the
energy storage owner is paid for delivering energy to the grid at
challenging times including energy imbalance events (Fast reserve;
Short Term Operating Reserve (STOR)).

The National Grid study may not have taken the policy impli-
cations into account (such as CfD). Also, new electricity tariffs and
business models in the energy storage market are expected to be
developed, which affect energy storage growth. The energy storage
installation increases for “Community Renewables” and “Two De-
grees” due to the grid’s flexibility needs caused by low-carbon
power generation. The installation growth is less significant for
the other two scenarios. The growth is steeper from the 2030s for
“Community Renewables” as both renewable generation (i.e., wind
and solar) and demand increases. Different to “Two Degrees”,



Fig. 1. Global grid-scale and behind-the-meter energy storage deployment in different countries (Energy storage: Tracking clean energy progress).

Fig. 2. National Grid’s future energy storage installation forecast (Future energy
scenarios, 2020b).
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“Community Renewables” assumes that there are fewer grid in-
terconnections and more small-scale generation energy storage co-
located systems.

For the “Community Renewables” scenario, the country ach-
ieves the 2050 decarbonisation target in a decentralised energy
landscape (Future energy scenarios, 2020b). Local energy schemes
would flourish, consumers are committed and enhancing energy
efficiency is the top agenda. Most homes and businesses will adopt
electric heat. Consumers would incline for electric transport, and
simple digital solutions to assist them effortlessly to manage their
energy demand. Policies will be developed to promote onshore
3

wind generation and energy storage technology development.
Novel schemes will be developed to provide a platform for other
green energy innovation to satisfy local needs. In summary,
“Community Renewables” foresees an emission reduction target
from 503 MTeCO2 (year 2017) to 165 MTeCO2 (year 2050).

For the “Two Degrees” scenario, the country achieves the 2050
decarbonisation target with large-scale centralised solutions
(Future energy scenarios, 2020b). Large-scale solutions (e.g., energy
storage) would be available, and consumers are assisted in picking
alternative heat and transport options to achieve the 2050 target.
Homes and businesses would adopt hydrogen and electric tech-
nologies for heat. Consumers prefer electric vehicles and hydrogen
is widely adopted for commercial transport. Growing renewable
capacity, enhancing energy efficiency and accelerating new tech-
nologies, including carbon capture, usage, and storage are policy
priorities. The emission reduction target is the same as that of
“Community Renewables” scenario.

The UK has been advocated on low-carbon energy provision to
tackle climate change. Internationally, the UK participates The Paris
Agreement within the United Nations Framework Convention on
Climate Change (Batailleet al., 2018). The EU commitments influ-
ence the UK’s low-carbon power generation and carbon reduction
energy policy. There are two key Acts of Parliament related to
climate change:

� Climate Change and Sustainable Energy Act, 2006 (Climate
Change and Sustainable Energy Act, 2006): Aims to boost the
number of heat and electricity micro-generation installations.
The act aims to reduce carbon emissions and fuel poverty

� Climate Change Act, 2008 (Climate Change Act, 2008): The
Secretary of State is tasked to ensure that the net UK emission
account for all six Kyoto greenhouse gases by 2050 is at least 80%
lower than the 1990 baseline. This act made the UK the first



C.S. Lai and G. Locatelli Journal of Cleaner Production 280 (2021) 124626
country to establish a long-term, legally binding framework to
cut carbon emissions

Fig. 3 presents the UK energy shares of renewable, nuclear, and
fossil fuel generation (Roberts and Clark; "Historical electricity d,
1920). To the best of the authors’ knowledge, there is no compa-
rable figure for current energy storage in the UK. Since the 2010s,
renewables rapidly grow due to the plummeting cost and techno-
logical maturity. At the same time, the Government provides in-
centives such as feed-in tariff for small-scale (under 5 MW
capacity) renewable generation. Therefore, renewables have
become another important form of electricity generation (Swanson,
2006).

As of 2019, eight nuclear power stations were in operation
which supplied 18.7% of the total electricity supply in 2018 (Roberts
and Clark). Eleven nuclear plants (above 200 MW) have retired
(Country nuclear power profiles, 2018). Nuclear installed capacity
peaked at 12.7 GW in 1995 with Sizewell B beginning operation
(the final nuclear reactor to commence servicing). The UK has a
robust plan for revamping its nuclear capacity. As of 2020, there are
3.2 GWe of nuclear power under construction a and a further 7.8
GWe is proposed in already identified sites, plus a strong interested
toward Small Modular Reactors.

As of 2019, 69% of renewable generation was from weather-
dependent energy sources, mostly wind and solar (Waters and
Spry, 2020). The major renewable sources are wind (onshore and
offshore), solar photovoltaic and concentrated solar power, hydro,
wave, tidal, landfill gas, plant biomass, and anaerobic digestion
(Digest of UK Energy Statistics (DUKES)). Energy storage is needed
to overcome the intermittency. On Aug. 9, 2019 at 4:52 p.m., one
million British people suffered a loss of electricity from a blackout
(Interim report into the low frequency, 2019). It was one of the
worst blackouts over a decade affecting commuters on a Friday
Fig. 3. Electricity supply with nuclear, renewables and fossil fuel in the UK
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rush hour.Wind and gas generators providedmost of the electricity
(30% each) shortly before the blackout. After lightning strikes on
the transmission circuit, the Hornsea offshore windfarm and Little
Barford gas power station both reduced the electricity supply to the
grid. All “reserve power” (including 472 MW of battery storage)
were usedwith the hope to balance the power supply. However, the
scale of generation loss was too big, so loads have to be discon-
nected to recover the grid’s frequency.

Distribution energy storage supplying energy to the local load
demand will reduce the need for transmitting electricity via long-
distance transmission lines. Effectively, energy storage provides
backup power to local loads and better utilise intermittent gener-
ation energy to enhance system resilience for distribution systems
(Kim and Dvorkin, 2018). Generally, power system resilience
characterises the system’s ability to resist, adapt to, and timely
recover from disruptions.

In summary, this section has shown that there is an increasing
installation of energy storage worldwide, largely driven by higher
penetrations of renewables (the similar reason for other countries).
However, even if the energy storage installation growth (Section
2.1) has been seen promising, in general, energy storage energy
capacity installed is still a very small fraction as compared to that
produced by low-carbon power generators (e.g., in 2018, 280 TWh
of low-carbon electricity was produced in the UK alone). The next
section presents the key drivers for energy storage growth in the
UK in particular how technologies can help the country to achieve
the net-zero emissions target by 2050.
2.3. Energy storage and UK’s 2050 net-zero emissions target

The Carbon Trust and Imperial College London (An analysis of
electricity system, 2016) reported that the UK could save
17e40 B£ across the electricity system from 2016 to 2050, by
from 1955 to 2018 (Roberts and Clark; "Historical electricity d, 1920).
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adopting flexibility technologies when compared against electricity
systems that do not adopt extra flexibility technologies. The report
identified demand-side response, energy storage and inter-
connectors as the three key technologies to provide flexibility. The
“balanced” deployment of the three technologies is the “least worst
regret” pathway for the energy system. Regret is defined as the mix
of technologies for balancing the electricity system and satisfying
the electricity requirements that is more expensive than the
cheapest option which could have been adopted. A balanced
deployment strategy mitigates maximum regret scenarios which
can occur during one technology is preferred, and it happened to be
the wrong option. The minimum regret in the balanced deploy-
ment is approximately zero and occurs when demand-side
response cost, energy storage cost and energy demand are all high.

In 2019, the National Grid (Future energy scenarios, 2020b) had
reported the use of energy storage for different markets to work
together to meet the 2050 carbon reduction target. Siemens had
constructed an energy storage demonstration system to learn the
feasibility of utilising ammonia in the energy supply chain through
a low-carbon production process. The demonstration system
employed a wind-powered electrolyser to produce hydrogen.
Ammonia was synthesised with the Haber-Bosch process and
stored for conversion back to electricity when needed. Electrolysers
can work as energy storage and powered by renewable electricity.
Electrolysers under 1 MW are operating globally for transport
fuelling. The challenge is to demonstrate that mass electrolysis
production can be economically competitive. National Grid has
mentioned that projects are underway to prove the commercial
and technical viability of units up to 250 MW (Future energy
scenarios, 2020b).

In 2017, the UK government and Ofgem drafted the “smart
systems and flexibility plan” (Upgrading our energy system, 2017)
to examine the process to 1) remove barriers to smart technologies
including storage; 2) enable smart homes and businesses; 3) make
markets work for flexibility. The Government acknowledged that
energy storage faces several specific regulatory and policy barriers
which put the technology at a disadvantage compared to other
forms of flexibility. Targeted Charging Review identified that stor-
age facilities should not pay the ‘demand residual’ element of
network charges at the transmission and distribution level. Storage
providers should only pay one set of balancing system charges.
Ofgem indicated that these changes to storage charging would best
be brought forward by industry, and two modifications have now
been raised to address these issues.

For energy storage (excluding pumped hydro), the Department
for Business, Energy & Industrial Strategy (Consultation outcome,
2019) in July 2020 legislated to remove the technology from the
Nationally Significant Infrastructure Projects regime in England and
Wales. The primary consenting route for electricity storage in En-
gland is under the Town and Country Planning Act 1990. In Wales,
planning decisions for electricity storage are normally consented by
the applicable Local Planning Authority under the Town and
Country Planning Act regime. Currently, this is only the case for
electricity storage below 350 MW. These changes simplify large-
scale storage facilities to seek planning permission.

In summary, energy storage systems are critical assets for the UK
to achieve the net-zero emissions goal in 2050. Recently, the Gov-
ernment has created legislation to promote energy storage. How-
ever, additional efforts are required to make energy storage
economic and attractive to stakeholders.

2.4. Revenue sources for energy storage in the UK

Historically in the UK, there were no policy and incentive
schemes specific for energy storage. For instance, energy storage
5

was not definedwithin the legislation for the Renewable Obligation
or feed-in tariff scheme. As of today, grid energy storage can receive
revenues from the following sources:

Electricity markets: Spot price/wholesale market: Electricity is a
commodity that can be traded in the wholesale market from
various energy technologies. The wholesale price increases with
electricity demand. Nord Pool AS is a European power exchange
and is responsible for delivering power trading across Europe
(N2EX day ahead auction prices).

National Grid (grid services):

� Firm Frequency Response (FFR): FFR complements other cate-
gories of frequency response (e.g., primary response) and pro-
vides firm availability. The service can be either dynamic (i.e.,
continuously provided service for managing the usual second-
by-second system changes) or static (i.e., usually a discrete
service triggered at a set frequency deviation). The minimum
power capacity to provide the FFR service is 1 MW (Firm
Frequency Response FFR,). FFR can be from generators, energy
storage, and aggregated demand response

� Short Term Operating Reserve (STOR): The provider gives a con-
tracted level of power when called by National Grid to achieve
energy reserve requirement (Short Term Operating Reserve
(STOR)). The STOR provider must provide a minimum of 3 MW
of steady demand reduction or generation for 2 h minimum.
STOR technology requirement is the same as FFR

� Fast Reserve (FR): FR provides rapid active power by reducing the
demand or increasing the generation, as requested by the Na-
tional Grid Electricity System Operator (Fast reserve), to
participate in controlling frequency variations. FR needs all units
to be able to begin service delivery within 2min following order,
at a rate of 25 MW/min or more and deliver a minimum of
50 MW. The FR provider needs to give power consistently for a
minimum of 15min (Fast reserve). FR technology requirement is
the same as FFR

Distribution network operators: Super Red Credits (SRCs):
Distribution network operators provide SRC payments to non-
intermittent generators for providing energy during peak demand
times (i.e., super red periods). These generators allow the distri-
bution network to defer the reinforcement or grid upgrade. To
receive these credits, generators must be connected to the extra
high voltage grid. Participation in SRC payments is possible for
renewable sources with battery (Distribution Connection, 2012).

Electricity Market Reform: Capacity Market: As discussed in
Section 3.2, energy storage cannot participate in CfD. Some energy
storage (e.g., battery) can be placed far from generators, while other
energy storage (e.g., hydro) are necessarily co-located with the
generators. Remarkably, the co-location is either explicitly provided
for or strictly prohibited under the UK.

2.5. Factors influencing energy storage installation in a global
context

Gissey et al. (Castagneto Gissey et al., 2018) categorised the 16
investment barriers for delaying the energy storage deployment in
electricity markets. One of the barriers is the lack of policy or reg-
ulatory regime concerned with the energy storage in electricity
system developments. Generally, the revenue sources that affect
energy storage deployment concerning energy policies are as
follows:

Financing: Financing plays a crucial role in the successful de-
livery of the energy storage system by effectively allocate assets and
liabilities over time. Saviuc et al. (2019) examined a support scheme
(via contributing to paying the system cost) in which a third party
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(e.g., local Government) provides the financing in return for the
ownership of the battery. For energy storage operations, the eco-
nomic feasibility of residential (behind-the-meter) energy storage
is supported by the “electricity charge discount program”, an en-
ergy policy scheme in South Korea since 2015 (Jo et al., 2019). The
energy storage owners are paid by the governmental scheme based
on the energy storage contribution to the system operator, from
increasing power system flexibility, improving load management
capability and reducing peak demand. Jo et al. (2019) calculated the
economic impact of behind-the-meter energy storage with the
discount program and is one of the earliest work on the residential
energy storage economic analysis with consideration of energy
policy.

Grid service remuneration: The grid operator can work with
the Government to develop incentives to promote energy storage
growth and strengthen the grid’s performance. Energy storage in-
vestment is uncertain due to the current regulatory requirements
and electricity market. There is a lack of economic incentives to
support network operators to maintain the network’s efficient
operation with energy storage (Anuta et al., 2014). The power
quality benefits are difficult to be quantified, and subsequently,
there is no incentive given to energy storage owners for power
quality improvement. To increase the energy storage installation,
policy options should provide remuneration for the multiple ser-
vices performed by energy storage across the energy system
(Landry and Gagnon, 2015). Forrester et al. (2017) affirmed that
energy policy and market conditions are key barriers for energy
storage to participate in multiple grid services. Using energy stor-
age as a traditional asset (i.e., the ability to provide one service)
limits investment profitability.

Novel business model: Winfield (Winfield et al., 2018) used
qualitative analysis to examine the policy frameworks develop-
ment for energy storage technologies, considering technological,
social, institutional and regulatory regimes in electricity systems
for the EU, USA, and Canada. The conventional utility business
models tend not to consider energy storage, and there is a growing
interest in the private capital in energy storage development. En-
ergy storage enables the increase of behind-the-meter activity,
whichmay disrupt conventional utility and generationmodels, that
typically work in the front-of-the-meter (e.g., frequency regulation
and capacity payment). The role of energy storage is dependent on
the configuration of the low-carbon energy system.

Electricity tariffs: By charging and discharging energy, energy
storage can participate in electricity pricing schemes to increase
revenues. The two most common electricity tariffs are time-of-use
tariff and step (tiered) tariff (Oliva H et al., 2019). The electricity
price for time-of-use tariff depends on the time of day. The time-of-
use tariff is particularly effective to encourage electricity users to
shift loads and relieve the grid burden. The electricity price for step
tariff depends on the amount of use. Step tariff is useful to
encourage energy conservation. Energy-efficient products can
reduce the energy system’s revenue due to less photovoltaic energy
is consumed locally (Oliva H et al., 2019). However, adding a battery
to the photovoltaic system generally increases the energy system’s
revenue (Oliva H et al., 2019). Oliba et al. (Oliva H et al., 2019)
claimed that batteriesmight improve the system revenue under the
flat tariff, but the revenue does not adequatelycompensate for its
cost. There is additional revenue when the battery reduces the grid
peak demand and the grid costs. With case studies for the photo-
voltaic and battery system in Italy, Greece, Finland, and Denmark,
the findings show that electricity price affects the project bank-
ability (Saviuc et al., 2019). The support level can be reduced by
high solar resource availability and high electricity price.
6

3. Energy policies for low-carbon energy

In the UK, approximately 100 B£ will be spent on the electricity
infrastructure within the next decade, from the start of the gov-
ernment energy policy called Electricity Market Reform (i.e. 2013);
to meet the increasing energy demand and to replace old power
stations (Electricity Market Reform (EMR), 2017). As of today, low-
carbon electricity is incentivised by the Electricity Market Reform
(Electricity Market Reform (EMR), 2017), which has introduced two
key mechanisms (both in operation since 2014):

� Contract for Difference (CfD): To provide long-term revenue
stabilisation for new low-carbon initiatives

� Capacity Market (CM): To ensure the security of electricity
supply at the least cost to the consumer
3.1. Contract for Difference

CfD is a private law contract between the Low-carbon Contracts
Company (company owned by Business Energy and Industrial
Strategy) and a low-carbon electricity generator company (e.g., a
utility owning a wind farm) (The CFD scheme). The purpose is to
provide electricity generators with higher revenue stability and
certainty, byminimising the exposure to changing wholesale prices
and avoiding consumers from paying for higher support costs when
electricity prices are high (The CFD scheme; Kozlov, 2014). Within
the CfD scheme, there are three partners (Policy paper Contracts for
Difference, 2019):

� Low-carbon Contracts Company: Issuing the contracts, man-
aging them in construction and delivery phase, and providing
CfD payments

� National Grid: The Delivery Body for executing the CfD alloca-
tion process

� Office of Gas and Electricity Markets: The government regu-
lator for the electricity and downstream natural gas markets in
the UK

The CfD budget is divided into three technology pots known as
“established technologies”, “less established technologies”, and
“biomass conversion” (Budget notice for CFD, 2014). The “estab-
lished technologies” are energy from waste with combined heat
and power, onshore wind (>5 MW), hydro (>5 MW and <50 MW),
photovoltaic (>5 MW), sewage gas, and landfill gas. The “less
established technologies” are advanced conversion technologies,
anaerobic digestion, tidal stream, offshore wind, wave, geothermal,
and dedicated biomass with combined heat and power. The
developer for nuclear and immature technologies (e.g., large tidal)
needs to directly negotiate with the Government on the strike price
as they are not part of the technology pots (Contracts for Difference,
2015).

National Grid determines if a project qualifies to participate in
CfD, andmanages the valuation and allocation process. In valuation,
National Grid will compare the total financial value of all qualifying
projects for the delivery year with the constrained budgets for each
pot and any other limits (e.g. budget notice). Valuation of each
application is carried out using the valuation formula set out in the
CfD Allocation Framework (Contracts for Difference, 2017a).

CfD operates as follows: Let the “current strike price” denote as
the guaranteed price the generator company receives from selling
its electricity, and the “current reference price” denotes as the
current electricity wholesale price. The generator company receives
the difference between the current strike price and the current
reference price from Low-carbon Contracts Company if the current
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reference price is lower than the current strike price. The generator
company pays Low-carbon Contracts Company when the opposite
phenomenon occurs. The operation of the CfD scheme is presented
in Fig. 4.

The strike price is an important concept in CfD. There are three
types of strike price defined as follows:

� The administrative strike price: Also known as the reserve price,
this is the maximum support that the Government is willing to
offer (Contracts for Difference, 2018). The administrative strike
price for the technology is identified from the supply curve
driven by the electricity generation cost. The supply curve rep-
resents the predicted amount of power capacity that could be
built at various strike prices, ranked from the cheapest to most
expensive (Contracts for Difference, 2018). The administrative
strike price has the following three features (Contracts for
Difference, 2018): 1. depending on credible cost information,
2. encouraging investors to participate in the allocation round,
and 3dnon-bias across technologies. In allocation, if the pot
budget is within a limit, then each qualifying project will be
offered a CfD contract at the administrative strike price for its
technology and known as unconstrained allocation. However, if
the budget exceeds, then National Grid will run an auction, also
known as competitive allocation process to split the available
budget between the most competitive projects

� The initial strike price: It is based on 2012 prices under the CfD
contract (Contracts for Difference, 2020)

� The Current Strike Price (CSP): This is also referred to as the
initial strike price with indexation adjustment (Strike price
adjustment guidance, 2018; Download current and historical).
The adjustment reflects the balancing system charges, trans-
mission losses charges and inflation (outside of the generators’
control). The CSP, PC (£/MWh), is calculated from the initial
strike price as follows (Strike price adjustment guidance, 2018):
Fig. 4. The payments in the CfD scheme under wholesale market price and strike price.

Clearing price
� £

MW

�
*capacity obligation ðMWÞ*monthly weightin
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PC ¼ðPInitial þAInitialðtÞÞ*IðtÞ (1)

PInitial (£/MWh) is the initial strike price, AInitial (£/MWh) is the
sum of the strike price adjustments for settlement unit t in base
year terms, and I is the inflation factor. The settlement unit is
different for technologies, such as baseload technologies (e.g., nu-
clear) are 30 min and 1 h for intermittent technologies (Contracts
for Difference, 2020).

Fig. 5 presents the initial strike prices and CSPs (narrow boxplot)
for low-carbon technologies obtained from the Low-carbon Con-
tracts Company’s CfD registered on May 1, 2019. The crosses and
circles represent the outliers for the CSP and initial strike price,
respectively for onshore wind. As the offshore wind is a less
established technology, there is a higher variance in the strike price.
The only nuclear power plant with CfD is the Hinkley Point C. En-
ergy storage cannot participate in CfD.
3.2. Capacity Market

CM aims to create enough reliable capacity (both supply and
demand-side) for secure electricity supplies, in particular during
critical periods for the system (e.g., poor weather conditions) (G17 -
Capacity provider payments, 2018). CM allows the market to
determine a price for competitive capacity. Capacity agreements
are given to providers of current and new capacity, from one year
(T-1) to four years (T-4) ahead. This gives investors certainty and
confidence about future revenues under intermittent generation
and uncertain market conditions.

The CM provides revenue in monthly capacity payments. Ca-
pacity payments are paid monthly during the delivery years to
capacity providers and are calculated as follows (G17 - Capacity
provider payments, 2018):
g average ð%Þ (2)
Fig. 6 shows the clearing prices in the T-4 capacity auction. For
2022/23 delivery, the postponed T-4 auction originally scheduled in
Jan. 2019 was replaced with a T-3 auction ran in 2020. The State aid
judgment removed the European Commission’s State aid approval
for the Great Britain CM scheme and announced a standstill period
until the scheme can be approved again (Proposals for further
amendments, 2019). 2021/22 and 2022/23 show the clearing
price to be reduced. The cause of the low clearing price was that the
auction was very well met. The low prices were unable to attract
the development of new plants and secure new-build capacity. The
recent clearing price shows a much more attractive figure at 15.97
£/kW.

Capacity providers must deliver electricity at times of system
stress (i.e., System Stress Events) or face penalties. Capacity pro-
viders may also receive additional payments if exceeding the ca-
pacity obligation (i.e., over-deliver). Energy storage can
participate in CM, along with other technologies (see Table 1).

3.3. Critical summary of the UK policy scheme

According to “6.10.4. Voluntary termination for Generating CM
Units transferring to CfD or Renewable Obligation” in the CM Rules



Fig. 5. Initial and current strike prices for low-carbon technologies (Download current and historical).

Fig. 6. Clearing prices in the T-4 capacity auction (Capacity market five year review,
2019; Auction results).

C.S. Lai and G. Locatelli Journal of Cleaner Production 280 (2021) 124626
2014 (The Capacity Market, 2018), a project cannot participate in
CM and CfD schemes simultaneously. Table 1 highlights the dif-
ferences between the two schemes, where CM and CfD provide
short-term and long-term incentives, respectively. Table 1 also
presents an overview of the policy mechanisms since 1990, after
Electricity Act 1989 and the privatisation of the electricity supply
industry in Great Britain. The four policies of interest are Non-Fossil
Fuel Obligation/Scottish Renewable Obligation, feed-in tariff,
Renewable Obligation, and Electricity Market Reform (CM and CfD).
For long-term incentivisation, CfD replaces both Renewable
8

Obligation and feed-in tariff schemes for any size of eligible low-
carbon generation, with nuclear and carbon capture and storage
as an addition to the eligible technologies.

The low-carbon energy policies for other EU countries are
examined for comparison purposes. RES LEGAL Europe (About RES
LEGAL Europe), an initiative of the European Commission provides
information on support schemes, grid issues and policies regarding
renewable energy sources in the European Union (EU) 28 Member
States, the European Free Trade Association countries and some EU
Accession Countries. Table 2 presents the policies to incentivise
low-carbon power generation for relevant European countries.

In summary, the review has demonstrated that there are
mechanisms in place to support low-carbon power generations
across Europe especially for renewables. However, the number of
incentive schemes for energy storage is still relatively low as
compared to generation.

The energy landscape has changed significantly with the
implementation of several schemes. In 2018, in the UK, low-carbon
power generation had surpassed fossil fuel-based power genera-
tion for the first time. Energy storage will play a vital role in the
future power system to provide grid services and increase renew-
able energy utilisation; however, as shown in the next section,
more dedicated policies are needed.
4. Modelling the unintended effect of energy policies

This section shows how low-carbon power generation policies,
specifically Electricity Market Reform (including CfD) could unin-
tentionally undermine the economic viability of integrated energy
storage. In particular, this section firstly provides an analytical
method and secondly uses the method to scrutinise a case study.



Table 1
Comparison between the four energy policy schemes since 1990 in the UK.

Non-Fossil Fuel
Obligation/Scottish
Renewable Obligation

Renewable Obligation Feed-in tariff Electricity Market Reform

CfD CM

Eligible
technologies

Wind, hydro, landfill
gas, sewage gas,
combined heat and
power, biomass,
nuclear, and anaerobic
digestion (Mitchell,
2000).

Anaerobic digestion, biomass,
combined heat and power,
hydro, tidal, wind,
photovoltaic, landfill gas,
sewage gas, and wave
(Guidance for generators,
2019).

Wind, solar, combined heat
and power, hydro, and
anaerobic digestion (About the
FIT scheme).

Anaerobic digestion, biomass,
combined heat and power,
hydro, tidal, wind,
photovoltaic, landfill gas,
sewage gas, and wave, carbon
capture and storage, and
nuclear (Annex B).

Combined cycle gas turbines,
coal/biomass, hydro, open-
cycle gas turbine and
reciprocating engines (gas and
diesel), interconnector,
combined heat and power,
demand-side response,
nuclear, and energy storage
(Contracts for Difference,
2017b).

Active period 1990e1998 (Mitchell,
2000).

2002e2017 (About the RO). 2010e2019 (About the FIT
scheme).

2014-now (Electricity Market Reform (EMR), 2017).

Max length of
contract
(years)

21 (Mitchell, 2000). 20 (Grimwood and Ares,
2016).

20 (10 years for combined heat
and power) (Applicants).

15 (Annex B). One (can be planned for one
year ahead or four years
ahead) (Contracts for
Difference, 2017b).

Description Non-Fossil Fuel
Obligation legislation
required the former
public electricity
suppliers to procure
electricity from
renewable generators.

The UK electricity suppliers
are obliged to get an increasing
proportion of their electricity
from renewable sources by
purchasing Renewables
Obligation Certificates from
renewable generator
companies.

Investment is supported in
small-scale renewable
generation such as in
residential and domestic areas.
A fixed-rate (£/kWh) is paid to
generator owners for the
generated renewable energy.
There is an option to export
surplus electricity for
additional payments.

Investment is supported in
existing and new low-carbon
generation technologies. The
generator companies sell the
electricity to the wholesale
market. Low-carbon Contracts
Company will pay or receive
payments from the generator
company based on the
difference of the strike price
and reference price.

A “technology-neutral
mechanism” as existing
generating capacity competes
against new-build, demand-
side response, and energy
storage. The auction
determines the best mix of
capacity available in the
market, according to the best
value for consumers (Contracts
for Difference, 2017b).

Installation
size

Any (up to 1500 MW in
total (Mitchell, 2000)).

Any (Guidance for generators,
2019).

Up to 5 MW (About the FIT
scheme).

Up to 1500MW (CFD contract). Any (Contracts for Difference,
2017b).

Source of
funding

Fossil Fuel Levy on all
electricity bills paid for
by electricity consumers
(Mitchell, 2000).

By electricity suppliers, from a levy on consumers’ energy bills
(Third part and industry charges).

Supplier Obligation
mechanism (Electricity market
reform).

Settlement Costs Levy and the
Capacity Market Supplier
Charge (G15 - Capacity Market,
2018).

Table 2
Energy policies to incentivise low-carbon power generation for five European countries (About RES LEGAL Europe).

UK Germany Denmark France Belgium

Mechanisms CfD, feed-
in tariff,
capacity
market

Renewable energy surcharge (EEG) feed-in tariff, KfW
Renewable Energy Programme, BMU innovation
programme, market premium, flexibility premium,
flexibility surcharge, tenant electricity surcharge,
sliding feed-in premium

Loan guarantees, net-
metering, tender scheme

Feed-in tariff, premium tariff
(compensation mechanism), tenders,
tax regulation mechanisms (income
tax credit)

Net metering,
green
certificates,
subsidy

Eligible
technology

Table 1 Solar, offshore and onshore wind, hydro, biomass
including cogeneration, PV, and geothermal, battery
storage

Offshore and onshore wind
farms, biogas, biomass, solar,
wave, tidal, hydro

Wind, solar, biogas, hydro,
geothermal, biomass

Wind, solar,
geothermal,
biogas, hydro,
biomass

Source of
funding

Table 1 Electricity consumers, KfW Bankengruppe, plant
operator

Electricity consumers and
Public Service Obligation,
state budget (Danish Energy
Agency)

Electricity consumers, Public Service
Obligation, state

Electricity
consumers and
state budget
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4.1. Relationship between CfD strike price and energy storage
profitability

This section shows how the CfD scheme for low-carbon in-
frastructures impacts on energy storage economics. This approach
considers the operating cost and revenue. The rationale is that if the
operations are not at least profitable, then the overall investment
will not be, since there is at least the capital cost has to be paid for.
In this scenario, a generator has the choice to sell its electricity to
the market (at wholesale price or CfD, depending from the case
considered) or store it, and the energy storage can sell electricity to
the wholesale market.

Without loss of generality, it is assumed that EIn is the electricity
(MWh) stored in energy storage priced at the opportunity cost of
9

not selling to the wholesale market (MWh), EOut is the energy sold
to the wholesale market (MWh), h is the efficiency of the energy
storage (%), CIn is the cost of buying the electricity (£),ROut is the
revenue for selling the electricity (£), PUpper is the upper bound
wholesale price (£/MWh), PLower is the lower bound wholesale
price (£/MWh), and the following equation stipulates the rela-
tionship between price, energy, and revenue.

EOut ¼ EIn:h (3)

CIn ¼ EIn:PLower (4)
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ROut ¼ EOut:PUpper ¼ EIn:h:PUpper (5)

PLower ¼ PUpper � DP (6)

To be profitable, the cash from selling electricity should be
greater than the opportunity cost, i.e., ROut >CIn,

EIn:h:PUpper > EIn:PLower (7)

h>
PLower

PUpper
(8)

By substituting Eq. (6) into Eq. (8)

h > 1� DP
PUpper

(9)

Let n to be the total duration (e.g. 8760 h), PMax and PMin are the
maximum and minimum wholesale price (£/MWh) and t to be the
time interval; the average wholesale price, PAvg is depicted in Fig. 7
and calculated with Eq. (10).

PAvgz
1
n

Xn

t¼1

Pt z
PMax þ PMin

2
(10)

By substituting Eq. (10) into Eq. (8),

h >
2:PAvg
PUpper

� 1 (11)

Fig. 7 graphically illustrates the relationship between the strike
price and the wholesale price. The three regions in the wholesale
price influencing the energy storage value when CfD exists are
identified as follows:

Region 1: The CSP is below the average wholesale price. There is no
value in storing energy with energy storage and sell it to the
wholesale market at a high price since the generator will make the
same or higher revenue for selling the energy throughout the day.
Therefore, PCfD should be greater than PAvg for CfD to bemeaningful
to generators.

Region 2: The CSP is above the average wholesale price but lower
than the upper bound wholesale price. According to the above logical
reasoning and derivation, it concludes that for energy storage to be
Fig. 7. The wholesale price and strike price (for illustration purposes).

10
valuable, PUpper > PCfD > PAvg. In addition to rearranging Eq. (11), the
CSP, PCfD should satisfy the following condition:

PUpper > PCfD >
ðhþ 1Þ:PUpper

2
(12)

Eq. (12) shows that the maximum CSP is linked to the efficiency
of energy storage. This is both an economic and physical limitation
on the implementation of energy storage. If the efficiency is low,
then there is an incentive using energy storage for price arbitrage.
Fig. 8 presents the hourly day-ahead auction prices for the UK in
2019. The wholesale electricity price data satisfy the normal dis-
tribution. Based on the law of large numbers, the proposed method
can be applied to the wholesale market in the UKwhen considering
the study to be long-term.

Region 3: The strike price is higher than the upper bound wholesale
price. Energy storage has no value as the profit from the wholesale
market is always less than the CfD (moreover there are energy
storage costs (capital and Operation and Maintenance (O&M)) and
energy losses (efficiency)). Therefore, PCfD should be less than PMax
to retain the usefulness of energy storage (from profitability
perspective).

4.2. Case study

GIES systems are intended to store a large amount of energy
(several MW) (Garveyet al., 2015a). Thermal options are, techno-
logically, the more simple and investigated ways to store several
MW (Garveyet al., 2015b), particularly when the production is
coupled with the storage. Nuclear power plants are the most rele-
vant low-carbon infrastructure that involved the production of
consistent thermal power. Among the different types of nuclear
power plants, we chose to use Small Modular Reactors as they are
novel, but increasingly popular between scientists, industry and
policymakers.

Small Modular nuclear Reactors (SMRs) are “newer generation
(nuclear) reactors designed to generate electric power up to 300 MW,
whose components and systems can be shop fabricated and then
transported as modules to the sites for installation as demand arises”
(Advances in small modular, 2018). Different from conventional
reactors, SMRs are “reactor designs that are deliberately small, i.e.,
designs that do not scale to large sizes but rather capitalise on their
smallness to achieve specific performance characteristics” (Ingersoll,
Fig. 8. The wholesale electricity price for the UK in 2019 (N2EX day ahead auction
prices).
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2009). The UK government is strongly interested in the technology;
Department of Business Energy and Industrial Strategy (one of its
departments) has set out a clear direction for advanced nuclear
technologies via the “Advanced Nuclear Technologies” framework
(Advanced Nuclear Technologies, 2019). The framework aims to
encourage the development of advanced nuclear technologies and
consists of the following elements: financing, advanced modular
reactor R&D programme, regulatory readiness, land access and
siting, and supply chain development. In 2017, Department of
Business Energy and Industrial Strategy launched the advanced
modular reactor feasibility and development project for 44 M£ to
understand and identify the technical feasibility and commercial
viability of modular reactor designs (Advanced Nuclear
Technologies, 2019).

Previous research projects stressed the importance of load
following (Locatelli et al., 2018) and energy storage for SMRs
(Edwards et al., 2016). Nowadays, several SMRs are at the feasibility
study stage in many countries (UK, USA, Canada, China, India,
Argentina, Russia, etc.). The global market potential for low-carbon
and low-cost SMRs is estimated to be worth 250 B£ to 400 B£ by
2035 (Mignacca and Locatelli, 2020). Mignacca et al. (2020) pre-
sented a key element in the feasibility studies of all these countries
is the support from the national Government. For all these reasons,
we chose to use an SMR in this case study.

By inserting control rods into the reactor active zone, the power
output in nuclear power plants, including SMRs, can be adjusted.
However, frequently reducing nuclear power output is not ideal as:
1) nuclear power generation consists mainly of fixed and sunk
costs, reducing the power output doesn’t reduce generating costs;
2) the plant is thermo-mechanically stressed with long-term issues
(Locatelli et al., 2015). Reducing power of nuclear reactors is un-
fortunately non-infrequent. For example, France has a high pene-
tration of nuclear power plants; some need to have the power to be
routinely reduced to meet the daily load curve (Zhang et al., 2020).
Another example is Germany, where nuclear power plants must
operate in a load-following mode to balance the fluctuations of
power generation (Zhang et al., 2020). Since providing a constant
and full power output is the most cost-efficient option, energy
storage is needed to reduce the curtailment of nuclear power.

4.2.1. Key assumptions and inputs
This section presents economic and financial analyses for SMR-

only, GIES, and non-GIES. GIES and non-GIES consist of thermal
energy storage and Lithium-ion battery, respectively.

As depicted in Fig. 9, the two revenue sources considered are the
wholesale market and CfD. For non-GIES, the SMR and battery can
be seen as two independent entities. There is an option to store the
electricity for sale to the wholesale market. GIES (for the thermal
energy storage to be “built-in” the SMR plant) is a technology not
included in Electricity Market Reform. Therefore, this paper makes
the reasonable assumption of a scenario where the SMR sells the
electricity to CfD and the energy of the thermal energy storage to
the wholesale market. The turbine generator is sized according to
the combined power rating of the SMR and thermal energy storage,
at a ratio of 1.2 (as the thermal energy storage is approx. 20% of the
SMR rating), known as the “electricity generation power rating” for
GIES (Garveyet al., 2015a).

Table 3 presents the technical, economic and financial input for
the SMR technology in GIES and non-GIES. The complete list of
model inputs (e.g., specific overnight cost of energy storage and
storage efficiency) is presented in (Lai and Locatelli, 2019). Fig. 10
depicts the critical relationships between stakeholders in the
financial model with Discounted Cash Flow (DCF). The financing
consists of a mix of equity and debt. Sainati et al. (2020) presented
an overview of the financing mechanism for large infrastructure,
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focusing in particular on the legal and regulatory barriers in (Sainati
et al., 2019).

The model computes key metrics including:

1. Levelized Cost of Electricity (LCOE): This is the electricity price
required to provide the revenue to repay the life cycle cost. The
formulation is (Lai and McCulloch, 2017):

LCOE
h £

MWh

i
¼
PN

n¼0
CcapnþCO&Mn

ð1þWACCÞnPN
n¼0

En
ð1þWACCÞn

(13)

Where Ccap is the capital cost [£], CO&M is the operational and
maintenance cost [£], E is the system energy output [MWh], and N
is the system lifetime [years]. The LCOE is computed with the
earnings before interest and taxes cash flow. The cash flow for the
LCOE is discounted at the discount rate or the Weighted Average
Cost of Capital (WACC) (Levelized cost and levelized, 2019). The
WACC calculation is in (Lai et al., 2019):

WACC¼KE:qCAPEX þ KD:ð1� qCAPEXÞ:ð1� qTaxÞ (14)

Where KE is the cost of equity [%] and KD is the cost of debt [%]
which are relative to the investment risk. qCAPEX is the equity share
on CAPEX [%] and qTaxis the effective tax rate [%�. Policymakers and
engineers use the LCOE in comparing the techno-economic per-
formance of technologies and approximating the electricity sales
price for the technology to break-even.

2. Net Present Value (NPV) to the equity: This is the sum of the
levered cash flows. Discounting the “free cash flow to the eq-
uity” at the cost of equity provides the NPV to the equity. NPV to
the equity is the NPV from the viewpoint of equity holders (i.e.
the “owners of the energy storage”) after the debt has been
repaid to the debt holders. The equity holders obtain a payment
equivalent to the cost of equity if the NPV is zero.
The hypotheses for the economic and financial analyses are as
follows:

� The SMR size is 300 MW
� The number of Lithium-ion battery and thermal energy storage
replacements are 5 (every 12 years) and 3 (every 20 years),
respectively (Lai and Locatelli, 2019)

� The electricity stored will be sold during the peak at an upper
bound wholesale price.

� The CfD lasts for 35 years (Hinkley Point, 2017)
5. Results

This section presents the results from the cash flow modelling.
The most likely values are used as inputs. The model outputs the
NPV to equity for SMR-only, GIES, and non-GIES based on different
CfD strike price. The implications of setting the strike price with the
existence of the energy storage are presented in Section 5.1.

SMR’s LCOE is calculated to validate the discounted cash flow
model. The calculated LCOE for the SMR is 0.073 £/kWh which is
consistent with the literature (Mignacca and Locatelli, 2020).

The LCOEs for GIES and non-GIES are 0.091e0.098 £/kWh and
0.101e0.197 £/kWh, respectively, for 100e1000 MWh energy stor-
age. This is reasonable since the capital cost of thermal energy
storage is much lower (capital cost at 18.65 £/kWh) than Lithium-
ion battery (capital cost at 396 £/kWh) (Lai and Locatelli, 2019).
The LCOE for non-GIES is much greater than GIES due to the high
capital cost for the Lithium-ion battery.

There are LCOE studies related to energy systems with energy
storage and low-carbon power generators. The LCOEs is



Fig. 9. Energy transformation, transmission and revenue sources for the three system configurations with SMR.

Table 3
Technical, economic, and financial inputs for SMR.

Inputs Min. Most
likely

Max. Note and reference

Technical Capacity factor [%] 75 90 95 The flexibility requirement can affect the capacity factor, and higher flexibility (e.g., load-
following) can give a lower capacity factor (Mignacca and Locatelli, 2020).

Construction time [yr] 3 4 5 SMRs on average have a shorter construction time than large reactors (Mignacca and Locatelli,
2020).

System life (excluding construction) [yr] 50 60 70 Mignacca and Locatelli (2020).
Economic Specific fixed O&M power cost for

generator (CO&M�Gen) [k£/MW-yr]
57 87 144 The most likely value is from (Iyer et al., 2014); the max and min values are obtained from cost

estimation class 5 (Dysert et al., 2016).
Specific overnight cost for generator
[£/kW]

2145 3300 5545 According to several SMR designs (e.g., pressurised water reactor and sodium-cooled fast reactor)
(Mignacca and Locatelli, 2020).

Financing Cost of debt [%] 6 9 12 (Locatelli and Mancini, 2010; Locatelli et al., 2014).
Cost of equity [%] 11 12 15

Fig. 10. Schematic of the financial model for GIES and non-GIES studies. Adopted from (Lai et al., 2019).
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comparable to previous research. For instance, Mundada et al.
(2016) calculated the LCOE for a kilowatt hybrid energy system
with photovoltaic, battery and combined heat and power. At a 10%
discount rate, the LCOE is between 0.20 £/kWh and 0.26 £/kWh
with a loan term of 5 years and 25 years respectively. The deep-
cycle lead-acid battery replacement happens every 10 years.
Malheiro et al. (2015) calculated the LCOE for a kilowatt hybrid
12
energy system (with battery, wind, photovoltaic and diesel gener-
ators) to be 0.18 £/kWh. For the off-grid system, the photovoltaic
generator occupies most of the installed capacity and cost. Simi-
larly, the replacement happens every 10 years for the lead-acid
battery.

Tables 4 and 5 present the NPV to equity for GIES and non-GIES
with SMR, respectively. The sensitivity analysis considers the
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energy storage capacity and CfD’s CSP. For SMR only, the NPV is
negative when the CSP is less than the wholesale price. This cor-
responds to Region 1 and is consistent with the analytical method
derived in Section 4.1. When CSP is greater than the maximum
wholesale price, the SMR-only system has a positive NPV and is
more bankable than GIES and non-GIES. This corresponds to the
explanation in Region 3 that energy storage (GIES and non-GIES) is
meaningless as Low-carbon Contracts Company always pays SMR.

When the CSP is between the average and maximumwholesale
price (Region 2), it is reminded that with a higher CSP (as the CSP
approaches the maximumwholesale price), energy storage has less
margin to perform energy arbitrage and be as competitive as CfD (a
fixed-steam revenue). In other words, low CSP makes energy
storage competitive. According to the case study, SMR-only has a
positive NPV when CSP is at 60 £/MWh and the NPV for energy
storage (GIES and non-GIES) is always negative with a low CSP. The
reason for the negative NPV is that the analytical method does not
account for the capital cost, and factoring this shows that energy
storage is never economically viable. This is evident for non-GIES as
the CSP needs to be between 80 £/MWh and 120 £/MWh, for energy
storage capacity between 100 and 500 MWh, respectively. For the
less capital intensive energy storage option (GIES), the NPV turns
positive when CSP is greater than 80 £/MWh. For the strike price at
100 £/MWh, the net present value for Cases 2 and 3 reduces by 32%
(from 863 M£ and 400%, respectively, when the energy storage
capacity increases from 100 MWh to 1 GWh. Therefore, energy
policy mechanism needs to be in place to promote energy storage
regardless of GIES or non-GIES. Nevertheless, the analytical method
proposed in Section 4.1 is a very useful indicator for setting the
useful CSP (Eq. (12)), as the Government may not want to over
incentivise a generator at the cost of taxpayers.

Focusing on the comparison between GIES and non-GIES, the
incentives to use CfD are reduced as the CSP is reduced. The NPV
reduces as the energy storage capacity increases due to the
increased cost and energy losses of the system. For non-GIES, the
rate of change for NPV is greater as the energy storage capacity
changes due to the high capital cost of the battery and lifetime
replacements. For GIES, the NPV is relatively constant under
different energy storage capacities due to the lower capital cost and
longer lifetime for thermal energy storage.

In general, it is not profitable to use energy storage, even if the
wholesale price is higher than the strike price. Fig. 11 shows the
percentage of energy delivered to the grid and the revenue ob-
tained from SMR and energy storage. The SMR delivers the largest
proportion of electricity and revenue (over 75% of energy and 80%
of revenue when energy storage is 1000 MWh). Due to round trip
efficiency, the system’s energy loss increases as the energy storage
capacity increases. The energy loss for non-GIES is constant as
energy storage capacity changes, due to the Lithium-ion battery
Table 4
NPV to equity for GIES (M£).

13
efficiency is very high (i.e., at 95%). The proportion of revenue for
non-GIES is higher than GIES for the same energy storage capacity
because of the higher round trip efficiency for Lithium-ion battery.
With a larger size of energy storage (e.g., GWh), selling the energy
of the energy storage when the wholesale price is high will provide
a higher revenue, particularly in case of low CSP. In summary, the
results show that energy storage decreases the NPV; the SMR is
always better off without any kind of energy storage. Hence,
incentive mechanisms are required for energy storage and will be
investigated in future work.
6. Conclusions and recommendations

Energy storage is a relevant technology to provide energy sys-
tem flexibility. This paper showed (A) how policy mechanism (such
as CfD) designed to support low-carbon technologies could affect
the energy storage adoption and (B) there is a need for energy
policy schemes to support and protect the energy storage market.

Energy policies to date have not well addressed or considered
energy storage in a long-term effect. Furthermore, this paper shows
that CfD for low-carbon power generators can harm the energy
storage market if the strike price is set to be above the maximum
wholesale price. The strike price also needs to be above the average
wholesale price for CfD to be useful. Renewable energy technolo-
gies, especially onshore windfarm and solar photovoltaic, have
plummeted in cost. However, energy storage systems, in particular
batteries, are still expensive, and there are no long-term policy
mechanisms in place to promote energy storage growth. Consid-
ering the literature and the results of our model, we propose the
following mechanisms:

Price floor mechanism for energy storage: A price floor is a
regulatory policy, with the Government to enforce price limit or
control on how low a price can be charged for a good, service,
product, or commodity (Gissey et al., 2019). Price floor mechanisms
have been implemented for the energy sector, including for the
carbon price (Anuta et al., 2014). In April 2013, the UK Government
introduced a carbon price floor to reduce carbon market price un-
certainty and worked well with the emissions trading scheme
(Anuta et al., 2014). The carbon price floor sets a minimum market
price for carbon and was developed to deal with the low-carbon
prices in the EU emissions trading scheme, as a consequence by
the oversupply of permits and the economic recession. The carbon
price has been effective to reduce greenhouse gas emissions by
increasing the economic viability of low-carbon technologies.

Generators and energy storage systems influence the wholesale
electricity market (Gissey et al., 2019). With greater uncertain po-
wer demand and generation due to larger penetration of inter-
mittent renewables and reliance on electricity, wholesale market
price volatility is a major challenge to be dealt with. Indeed,



Table 5
NPV to equity for non-GIES (M£).

Fig. 11. Percentage of revenue and energy output from SMR and energy storage.
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negative wholesale prices have appeared in recent years (N2EX day
ahead auction prices).

With a price floor mechanism, the Government may pay the
system operator a certain value (Ppay £/MWh) to store energy when
the wholesale market reaches a level of the low market price (e.g.
20 £/MWh). Consider that many system operators may store the
energy driven by the price floormechanism, the reduction in power
generationwill increase the wholesale price. The energy stored will
be sold during a period of high prices, but given this availability of
energy, there will be less shortage of electricity; therefore, the
“peak period” will be reduced. In summary, creating a price floor
would make GIES system economically viable and, at the same
time, contribute to reducing the volatility of the Electricity market.

This opens up research questions such as, “how to define the low
market price that triggers the price floor mechanism and the optimal
14
value of Ppay?” and “how is it possible to establish a fair value for
Ppay?“. Ppay can be affected by the market arbitrage value, where an
increased value will reduce the government payment to make en-
ergy storage more economical. The holistic study requires consid-
eration of demand response mechanisms and other grid services of
energy storage.

Upfront subsidy to meet energy storage cost: The UK gov-
ernment does not provide direct subsidies for the deployment of
large-scale or behind-the-meter energy storage systems (Battery
promoting policies, 2018). However, upfront subsidies can pro-
mote the development of certain technologies. For instance, the
Green Deal was a UK government policy initiative that let the do-
mestic sector to pay for energy-efficient home improvements,
including solar panels and heat pumps through the savings on their
energy bills (Green Deal,: energy). GIES systems could benefit from



C.S. Lai and G. Locatelli Journal of Cleaner Production 280 (2021) 124626
comparable initiatives due to the relatively high cost for energy
storage and the balance of plant. Similarly, the research question of
“Howmuch upfront subsidy is required to promote GIES deployment?”
is relevant to be addressed, considering the different energy storage
technologies type and system conditions.
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