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Abstract: Energy storage will be required over a wide range of discharge durations in future zero-
emission grids, from milliseconds to months. No single technology is well suited for the complete
range. Using 9 years of UK data, this paper explores how to combine different energy storage tech-
nologies to minimize the total cost of electricity (TCoE) in a 100% renewable-based grid. Hydrogen,
compressed air energy storage (CAES) and Li-ion batteries are considered short-, medium-, and
long-duration energy stores, respectively. This paper analyzes different system configurations to find
the one leading to the lowest overall cost. Results suggest that the UK will need a storage capacity of
~66.6 TWh to decarbonize its grid. This figure considers a mix of 85% wind + 15% solar-photovoltaics,
and 15% over-generation. The optimum distribution of the storage capacity is: 55.3 TWh in hydrogen,
11.1 TWh in CAES and 168 GWh in Li-ion batteries. More than 60% of all energy emerging from
storage comes from medium-duration stores. Based on current costs, the storage capacity required
represents an investment of ~£172.6 billion, or approximately 8% of the country’s GDP. With this
optimum system configuration, a TCoE of ~75.6 £/MWh is attained.

Keywords: renewable penetration; energy storage capacity; storage duration; grid flexibility; lev-
elized cost of electricity

1. Introduction

Replacing traditional fossil-fueled power plants by clean renewable generation is
key to achieving a sustainable, zero-carbon economy. Considerable progress has been
achieved in recent years. According to REN21, in 2019, renewables provided ~27.3% of
the world’s electricity [1]. However, efforts across all sectors need to be scaled up to meet
global decarbonization targets in time.

According to the International Renewable Agency, more than half of the renewable
capacity added in 2019 achieved lower costs than the cheapest new fossil-fueled plants [2].
Thanks to sharp cost reductions, solar-PV and wind power have consistently been the
fastest-growing forms of renewable generation in recent years, and they are likely to
provide most of the world’s renewable electricity in the future [3].

Electricity grids need to maintain a balance between demand and generation to func-
tion [4]. Currently, electricity grids have enough flexibility to balance changes in demand
thanks to the existing fossil-fueled power plants. The output of these conventional power
plants (coal or gas fired) can be controlled depending on how much energy is required.

On the contrary, variable renewables such as solar-PV and wind power are inflexible.
Their output is determined by the availability of the natural resource. Consequently, the
grid loses flexibility as renewables replace fossil-fueled generation. As the penetration
of renewables increases, matching energy supply and demand will become increasingly
challenging. Without a solution, the integration of renewables into the grid could be
capped [5].
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Energy storage helps to correct the time mismatch between energy demand and avail-
ability by taking excess electricity from the grid, storing it, and returning it when there
is not enough electricity to meet the demand [6]. To most people, ‘energy storage’ is syn-
onymous with Li-ion batteries; however, several other well-studied technologies exist [7].
These include pumped hydro storage [8], compressed air energy storage (CAES) [9,10],
liquid air energy storage [11], pumped thermal energy storage [12], flow batteries [13], and
power-to-gas systems [14]. The solution to the global energy storage challenge will come
from a combination of different approaches [15].

Considerable research has been devoted to quantifying the energy storage capacity
that will be needed to support large amounts of renewable generation. Examples of this
strand of work can be found in [16–21]. There is considerable disparity amongst the results
published in the literature [22]. However, there is broad consensus on some key points:

(A) The generation mix should be tuned so that its profile matches the profile of demand
as closely as possible, to reduce the storage capacity required.

(B) No energy storage is needed for renewable penetrations lower than ~25%. For penetra-
tions up to ~80%, a relatively small storage capacity is needed. When the penetration
of renewables approaches 100%, there is a very large increase in the storage capacity
needed [23].

(C) A small amount of over-generation (and curtailment) can reduce the requirement
for energy storage and lead to a lower overall system cost. Based on present cost
assessments, future systems that generate ~15% more renewable electricity than what
is needed appear to be optimal. If generation costs continue to reduce, then higher
proportions of over-generation will be appropriate.

In addition to quantifying how much storage capacity will be needed, we need to
understand how to provide that capacity. In future zero-emission grids, energy storage will
be required over a vast range of discharge times, from fractions of a second up to several
months. There is no single technology capable of dealing with the complete spectrum.
The range of discharge times can be divided into four main categories: (I) very-short-duration
storage (<5 min), arguably handled best by flywheels and supercapacitors; (II) short-duration
storage (5 min–4 h), which is dominated by electrochemical batteries; (III) medium-duration
storage (4–200 h), where thermo-mechanical solutions comprise the main options; and (IV)
long-duration storage (>200 h), which will require by far the largest storage capacity and is
mainly achieved by storing fuels such as hydrogen, ammonia or bio-gas.

Objectives and Contribution

This paper is a continuation of previous work by Cardenas et al. [24], which esti-
mated the energy storage capacity that the UK will need to decarbonize its electricity grid.
This could happen as early as 2035. The previous study explored the effect of different
mixes of renewables and different levels of over-generation.

In this study, we aim to determine the optimum mix of energy storage technologies
to provide the storage capacity required at the lowest system cost. This study seeks to
demonstrate that each of the three storage durations studied (short, medium, and long)
have an important role to play in a future zero-emission electricity system and that the
total cost of electricity can be minimized by using different storage technologies to serve
each of the three functions. Very-short-duration storage is not included in this study due to
the lack of historical data with a fine resolution.

We aim to provide some guidance to policy makers in the country regarding the
best route—from an economic standpoint—towards a 100% carbon-free electricity supply.
Although this study considers the UK as a reference case, the methodology followed is
well described and could easily be used with data from other regions.

2. Electricity Demand and Renewable Generation in the UK

This section presents the profiles of electricity demand and renewable generation (wind
and solar-PV) in the UK. These data are the basis for this study. These data were obtained
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from the ‘Balancing Mechanism Reporting Service’, which is the primary channel for operational
data relating to the UK’s electricity grid. Therefore, the data are deemed reliable.

Figure 1a shows the profile of electricity demand in the UK in 2017 and 2018 [25].
In 2018, the country consumed approximately 335 TWh of electricity [26]. The maximum
power seen by the grid at any one time is ~60 GW.
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Figure 1. Profiles of electricity demand in the UK: (a) in the period 2017–2018; (b) normalized
historical data. Data from [25,27].

Figure 1b shows the profile of historical electricity demand in the UK from 2011 to
2019 [25,27]. This profile is used as one of the inputs for the model. The data shown in the
figure have been normalized on an annual basis to facilitate their use. Details on the way
the data are handled are discussed in Section 3.

Figure 2 shows the profile of wind power generation in the UK in the period 2017–
2018 [25,27]. We can see that there are marked diurnal, day-to-day, and seasonal varia-
tions [28]. In 2018, approximately two-thirds of the total wind output was produced during
the colder months (October–March) [29]. Figure 2b shows the profile of wind power gener-
ation from 2011 to 2019 [25,27]. The normalized data account for the increase in installed
capacity. The strong inter-annual variability of wind output can easily be seen here.
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Figure 3a shows the profile of solar-PV power generation in the UK in the period
2017–2018 [30]. The inter-day variations in the solar resource are considerably smaller than
in the case of wind power. However, solar-PV power generation in the UK has a stronger
seasonality. Approximately 75% of all the electricity generated by PV panels in 2018 was
produced between April and September [28].
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Figure 3b shows of the profile of solar-PV generation data over the 9 year period [31].
This normalized profile shows the estimated power output of a 1 KW (rated) solar panel
based on UK historical (measured) solar irradiation data.

Analyzing a single year of data has the risk of missing some of the potentially large
inter-annual variations in renewable generation, which can lead to a severe underestimation
of how much energy storage capacity is needed [32]. The actual storage capacity that is
required to deal with the inter-annual variability of renewables is several times larger than
what a single-year analysis may suggest.

3. Methodology

In a previous study, Cardenas et al. quantified the energy storage capacity that the UK
will need to achieve a renewable penetration of 100% by 2035 [24]. Different mixes between
wind and solar-PV power as well as different levels of over-generation were explored.
It was found that for a renewable penetration of 100% and ~43 TWh of storage capacity are
needed. This result considers a mix of 85% wind + 15% solar-PV, a storage efficiency of
70% and over-generation of 15% of the total electricity demand. The mix of renewables
has a strong effect on the storage capacity required. Depending on the mix, the profile of
generation may resemble to a greater or lesser extent the profile of demand. For example,
a 100% wind-based supply would require ~74 TWh of storage whilst a 50% wind + 50%
solar would require ~68 TWh. It was found that a mix of 85–15% is the optimum, requiring
only ~43 TWh with a storage efficiency of 70%. A lower storage efficiency leads to a greater
storage capacity requirement.

This paper assumes an 85/15% wind + solar-PV mix. Nuclear power is not considered
in the mix because it is too expensive to achieve a significant uptake as the UK decarbonizes
its generation fleet. Wind power has already achieved costs per MWh that are less than
half of what nuclear can offer [33]. The costs of wind and solar-PV keep reducing at an
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accelerated pace. For this reason, the authors believe that nuclear will not play a significant
role in the UK.

This paper explores mixes of different storage technologies (hydrogen, compressed
air, and lithium ion) to find the most economical way of supplying the storage capacity
that a 100% renewable-based electricity grid needs.

Hydrogen is excellent for long-duration (or bulk) energy storage as it is very cheap,
but it is not ideal for frequent charging/discharging due to its low efficiency. Conversely,
batteries are ideal for fast transactions but are not well suited for holding large amounts of
energy due to their high cost per unit capacity. CAES bridges the gap between these two
technologies, being an excellent alternative for medium-duration storage [34,35].

This study is divided into two phases. The first phase uses demand and generation
data with a resolution of 1 h to determine the optimum split (from an economic standpoint)
of the total energy storage capacity between H2 and CAES. The second phase focuses on
the optimum H2/CAES mix found and uses data with a much finer resolution of 5 min to
determine the duty of Li-ion batteries.

Batteries have a considerably higher cost per unit storage capacity than H2 and
CAES systems. Therefore, their total installed capacity will be small compared to the
other two technologies. Notwithstanding, they are key to dealing with short-duration
imbalances in the grid as H2 and CAES not only have lower efficiencies but also have
slower response times and ramping capabilities which impede them from reacting to fast
changes in frequency in the grid [36].

The reason for having two datasets is pragmatic, as carrying out all the analyses
using 9 years of data with a 5 min resolution (~1 million points per time series) is too
computationally demanding for it to be feasible.

3.1. Splitting Net Demand into Work Cycles for Long- and Medium-Duration Stores

Figure 4 shows the general process followed. The split of the storage duty between
H2 and CAES is characterized by a ratio called X. This ratio indicates the proportion of the
energy that is put into CAES with respect to the total energy that will be put into storage.
The fraction of the storage duty that is provided by H2 is the remainder (i.e., 1 − X). A ratio
X = 0 indicates that hydrogen is providing all the storage capacity while a ratio X = 1
indicates that CAES provides all the storage capacity.

A one-dimensional analysis is carried out by varying X. For each value of X, a profile
of net demand is created. Net demand refers to the difference between electricity demand
and renewable generation. The periods when net demand is negative are times when
electricity should be stored. The periods when net demand is positive are times in which
the electricity stored is discharged to meet demand.

Determining the profile of net demand is an iterative calculation. The process starts
by estimating how much renewable energy is needed (Eneed). This is done by means of
Equation (1), where ED is the total energy demand over the period analyzed, Ω is the
percentage of allowable over-generation and L are the total storage losses. The first guess
for L takes a value of zero.

Eneed = (ED) + (ED ×Ω) + L (1)

The normalized profiles of wind and solar generation are amplified so that the energy
that each resource produces over the 9 year period corresponds to its penetration level
(85% for wind, 15% for solar). The profile of net demand (Dnet) is created by subtracting
the amplified wind and solar profiles from the profile of electricity demand (D).

The next step is to integrate Dnet to determine the energy content below zero (Eneg)
and above zero (Epos). Eneg includes the energy that will be put into storage as well as the
energy that will be curtailed. Epos is the energy that the store will return to the grid.
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The energy that comes out of the store should be equal to the energy that went into
the store multiplied by the storage efficiency. The combined efficiency (ηcombined) of the two
types of energy stores is used.

ηcombined = (X× ηCAES) + (1− X)× ηH2 (2)

A check variable is calculated as Equation (3) shows. The iterative process concludes
when ‘check’ equals the combined efficiency of the two stores. The amount of renew-
able generation required to meet demand and to compensate for storage losses has been
calculated and the profile of net demand is now known.

check =
Epos

abs
(
Eneg

)
− (ED ×Ω)

(3)
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The profile of net demand will change as the value of X varies, because H2 and CAES
have different efficiencies. As X becomes smaller, more energy is put into the H2 store,
which represents increased losses. The output of renewables is amped up to compensate
for the increased losses and this changes the shape of the net-demand profile.

Before proceeding to split the net-demand profile into two separate work cycles
(for H2 and CAES), it is necessary to remove the energy that was over-generated. This is
still embedded in the negative part of the profile.

To avoid prescribing the times where curtailment occurs, a time-stepping algorithm is
adopted [24]. The process begins by making a guess for the capacity (‘size’) of a single store.
The algorithm models the operation of the store throughout the work cycle. If the energy
store is too small, there will be excessive curtailment of energy. The guess for the storage
capacity is updated and a new iteration is carried out. The process concludes when at the
end of the work cycle, only the correct amount of energy has been curtailed. Curtailment
has occurred where it was necessary rather than at prescribed times. Three important
things are revealed: (1) the minimum storage capacity (provided by a single store) required
to handle the duty, (2) the profile of curtailment and (3) the profile of net demand without
any ‘excess’ energy.

Determining the optimum amount of over-generation is a decision based on economics.
Small percentages of over-generation lead to a reduction in the cost of the energy store.
These savings exceed the increase in the cost of generation. It has been found that the
optimum level of over-generation for the UK is ~15% [24]. However, this figure depends
on the storage efficiency considered. In this study, the overall efficiency varies with X.

A parallel analysis was carried out to determine the optimum level of over-generation
(Ω) for each ratio X. For values of X close to 1 the optimum, Ω is ~17% of total demand,
while for values of X close to 0, the optimum Ω is ~7%. This is discussed in further detail
in Section 4.1. The values found are used to produce the different net-demand profiles for
the different values of X.

Figure 5 shows some of the different net-demand profiles created. In the figure, we
can see the portion of over-generated energy that has been removed.
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After having curtailed the over-generated energy from the profile of net demand,
we can proceed to create the work profiles for the H2 and CAES stores. This is done by
splitting the profile of net demand into two separate profiles using a ‘sign-preserving filter’.
This filter will be used as the primary tool for creating the work cycles for the different
system configurations explored. A comprehensive explanation of the mechanics of the
filter’s operation can be found in [37].

The filter takes a curtailed profile of net demand (A) and splits it into two work cycles,
a mostly low-frequency one (B) which is assigned to H2 and a mostly high-frequency one
(C) which is assigned to CAES. The key feature of the filter is that both work cycles created
always have the same sign. This prevents energy counter-flow (i.e., discharging one store
to charge the other), which is undesirable due to the stack up of inefficiencies.

The signal splitting or ‘filtering’ is an iterative process. The process stops when the
energy content of C (profile for CAES) corresponds to the value defined for X. As mentioned,
the proportion of energy that the hydrogen store will receive is 1 − X. After the splitting
the net-demand profile, the energy content of signal B (profile for H2) corresponds to the
value of 1 − X.

Eneg(C)
Eneg(A)

= X (4)

Eneg(B)
Eneg(A)

= 1− X (5)

Figure 6 shows the different splits created for different ratios X. This is the result of
passing the net-demand profiles through the sign-preserving filter. For simplicity, not all
‘splits’ are shown.

3.2. Post-Split Optimization of the Work Cycles

The two profiles produced by the filter for any given ratio X (shown in Figure 6) could
be used directly as inputs for the techno-economic assessment. However, each pair or ‘split’
can be optimized to achieve a lower overall system cost. This post-split optimization is
done in two stages. The first stage focuses on flattening hydrogen’s charging/discharging
power, as it has a higher cost per kW than CAES. The second stage focuses on reducing
CAES’ storage capacity (without reducing the energy that passes through it) as it is more
expensive per kWh than H2.

For the first stage, we make use of a simple script which identifies the maximum
charging power in the hydrogen profile (negative side) and creates a cut-off line at a given
∆ from it. The function identifies all the negative points in the H2 profile below the cut-off
line. All these points are removed from the H2 profile and added to the CAES profile.

In order to keep the ratio X constant, the function needs to carry out the inverse
operation (compensation) as well. It finds others points in the profiles where power can
be added to the H2 profile and removed from CAES. Choosing where to perform the
compensation requires evaluating the overall cost of the system to ensure that the overall
system cost is indeed reducing.

The function keeps moving the cut-off line by ∆ until no further reallocation of points
is possible. Then, a similar process is carried out for the positive part of the H2 profile,
which represents the discharge power of the store.

The second stage of the post-split optimization focuses on reducing the storage capac-
ity of CAES. The storage capacity of both energy stores can be calculated by integrating
the work cycles and looking at the curve of accumulated energy over time. The storage
capacity required is given by the difference between the maximum and minimum values
of the curve of accumulated energy.

A script like the one used in the first stage of post-split optimization is launched.
This function focuses first on the positive side of the profiles. It reduces the discharge
power of CAES at a given time t by an amount ∆ and increases the discharge power of H2
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at that same time t by the same ∆. The function needs to carry out a balancing operation
somewhere else in the profiles to keep the ratio X constant.
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The objective of these rearrangements is to reduce the difference between the maximum
and minimum values of the CAES’ profile of accumulated energy, which directly reduces the
storage capacity of CAES. The capacity of H2 will increase because of this re-arrangement.

Several iterations are carried out with a decreasing ∆. The iterations end when there
are no more points whose reallocation yields a reduction in the storage capacity of CAES
and the overall system cost. A similar procedure is carried out with the negative side of
the profiles. Figure 7 shows a comparison of the work profiles for CAES and hydrogen
(for X = 0.5) after the sign-preserving filter and after the post-split optimization.

Figure 8 shows the work profiles created for different splits after having been processed
through the two stages of post-signal optimization. This concludes the first phase of this
study, which uses data with a resolution of 1 h to determine the optimum split of the storage
duty between H2 and CAES. With the profiles shown in Figure 8, an economic assessment is
carried out to find which split leads to the lowest overall system cost. Section 4.1 provides
a discussion on this preliminary techno-economic assessment.
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The second phase of this study takes the H2/CAES split that yields the lowest system
cost and repeats all the calculations for this specific ratio X using data with a resolution of
5 min. After the profiles have been optimized, an additional ‘ramp-rate’ function is used to
determine the duty of Li-ion batteries, which will be the high-frequency (short-duration)
energy store of the system. Section 4.2 discussed in detail the ramp-rate function as well as
the economics seen after the introduction of batteries to the storage mix.

4. Results and Discussion
4.1. Preliminary Assessment Based on Hourly Data

Using the splits of net demand shown in Figure 8, this section analyzes how different
system parameters vary with respect to the mix of storage technologies. An economic
assessment is carried out to determine the value of X that yields the lowest possible total
cost of electricity (TCoE).

This study assumes that renewables supply 100% of the country’s electricity, which
could happen as early as 2035. A mix of 85% wind + 15% solar-PV is considered. This gener-
ation mix was determined to be optimal for the UK in a previous study by Cardenas et al. [24].
Different proportions of wind and solar will cause a greater mismatch between the profiles of
generation and demand, which leads to an increased energy storage capacity requirement.

This study does not consider nuclear as it is too expensive in comparison to renewables
in the UK. Nuclear has a cost of ~92 £/MWh [38] while wind and solar-PV power have
already achieved costs as low as 40 £/MWh [39,40] and 60 £/MWh [41,42], respectively.
The cost of renewables is reducing at a fast rate and is unlikely that nuclear will achieve
similar cost reductions. For this reason, we think the contribution of nuclear to the UK’s
energy mix in a 2035 or even a 2050 scenario will be minimal.

The analysis presented in this paper is based on current demand levels. Forecasting
what the electricity consumption will be in the coming years is an important but broad
area of research, which is out of the scope of this study. Nevertheless, the results of this
work will provide valuable information.

Electricity demand is expected to increase with time as the population and economy of
the country grows. The installed renewable capacity will also increase with time to follow
demand and to meet decarbonization targets. After we achieve a renewable penetration of
100%, an increase in demand will prompt a proportional increase in renewable generation.
What determines the energy storage capacity needed is not so much the magnitude of
demand or generation, but the penetration of renewables and how closely the profile
renewable generation matches that of electricity demand.

Electric vehicle (EV) charging is an interesting future load to consider. Currently their
uptake is small, but it will grow rapidly in the coming years. We do not know with certainty
what the charging patterns will be. However, a reasonable assumption is that EV charging
will have very well-defined daily patterns and little seasonality: people return from work
at the same time every day and they need to drive throughout the year. This means a
proportional increase in the demand profile across the whole year. Renewable generation
will also increase in order to supply the additional demand. This proportional increase in
both quantities (demand and generation) may not affect dramatically the requirement for
energy storage. As mentioned before, the amount of storage capacity required depends
much more on the shape of the profiles and how well they match each other, rather than
on their absolute magnitudes.

The storage capacity requirements presented in this paper can be seen as an assessment
or estimation of the energy storage capacity that the country will need to decarbonize its
electricity grid by 2035 if the future pattern (not magnitude) of consumption resembles the
current pattern, and if the pattern of renewable generation resembles the behavior of the
resources over the past 9 years.

In this study, regardless of the distribution of storage capacity between the two
technologies (CAES and H2), renewables generate a ‘baseload’ of 3015 TWh over the
9 year period analyzed. An average annual demand of 335 TWh (similar to current
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level) is considered, but there are year-to-year differences in generation. Considering the
aforementioned wind + solar mix, these inter-annual differences can be +11% or −16%
with respect to the average value.

In addition to the baseload, there are two other components of renewable generation
that do vary with respect to X; these are shown in Figure 9. The first component of
additional generation relates to the storage losses. The amount of energy generated is
calculated so that after losses there still is enough energy in the system to meet net demand.
CAES has a higher efficiency than H2 storage; therefore, as X increases, the overall system
losses reduce.
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When all the storage capacity is provided by hydrogen (X = 0), the system sees losses
of approximately 650 TWh, which is equivalent to ~21% of the total demand. On the other
hand, when the storage capacity in the system is provided entirely by CAES, energy losses
reduce to ~8% of the total demand.

The other component of variable renewable generation is ‘over-generation’, which is a
small amount of additional generation calculated as a percentage (Ω) of the total demand.
In this work, over-generation is independent of the extra-generation required to compensate
for storage losses. Some over-generation in the system improves the match between the
generation and demand profiles, which reduces the requirement for energy storage capacity.
The ‘loss compensation’ generation has this effect too albeit to a lesser extent.

Figure 9 shows that greater values of X allow larger amounts of over-generation.
This is because smaller X ratios require larger amounts of energy to compensate for storage
losses, which leaves little room for any further extra generation. Generation costs start to
counteract the economic benefits of a reduced storage capacity.

A preliminary assessment was carried out to determine the optimum level of over-
generation for each one of the different values of X. This assessment used the economic
figures shown further on in Table 1. The preliminary assessment explored several values of
Ω for each specific ratio X. A profile of net demand was created for each combination of Ω
and X. This net demand profile was split into two components using the sign-preserving
filter and a TCoE was calculated. The optimum Ω for a given X is the one that minimizes
TCoE. The blue curve in Figure 9 shows the optimum level of over-generation for each
ratio X.

Figure 10 shows how the storage capacity varies with respect to X. The storage
capacities shown in the figure are calculated based on the optimized profiles shown
previously in Figure 8. In an X = 0 scenario, ~108 TWh of capacity in the form of H2 is
needed. On the other hand, an X = 1 scenario requires ~42 TWh of CAES storage capacity,
which is similar to previous findings in [24].

The considerable difference in capacities between the two ends of the X range is caused
by the different efficiencies of the two storage technologies. H2 storage has a roundtrip
efficiency of ~45% [43] (~80% electrolyzer and ~55% turbine [44]) whilst CAES can achieve
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a much higher efficiency of ~70% [9,10]. Consequently, for a given energy output, H2 will
need a greater energy input and larger storage capacity than CAES.
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This study treats the UK’s electricity grid as a single node and determines the amount
of storage capacity required to balance the system. In this study, this storage capacity is
provided by 2 large, centralized stores (H2 and CAES). In reality, the total storage capacity
will be provided by an array of small energy stores distributed throughout the country.

The location of these stores is important to prevent grid congestion and avoid excessive
transmission losses. Research effort should be devoted to understanding this, but it is out
of scope for this paper. A reasonable assumption is that the small stores could be located
next to generation sites. In any case, the location of the stores does not have a big effect on
the amount or type of storage capacity that is required, which is the focus of this paper.

The rated powers of the two stores are another important set of parameters. H2 storage
uses markedly different technologies for converting electricity into hydrogen (electrolysis)
during the charging phase and for converting hydrogen back to electricity (combustion in
turbines) during the discharge phase [45,46]. These two very different technologies have
very different costs per unit power. Large-scale CAES also uses different sets of machinery
for charging (compressors) and discharging (expanders) the system. The compression and
expansion processes are similar to each other therefore the two sets of machinery have
similar costs.

Figure 11 shows how the rated charging (Pc) and discharging (Pd) powers of H2 and
CAES vary with respect to X. As expected, the charging and discharging powers of CAES
increase with X whilst the rated charging and discharging powers of hydrogen increase as
X reduces. The maximum rated discharge power of either store is ~60 GW as this is limited
by the demand profile (See Figure 1).
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Figure 12 shows the evolution of the state of charge (SoC) of the two stores throughout
the 9 year period analyzed. Regardless how net demand is split, the work profiles of the
two stores are balanced. The energy that is put into a store throughout its work cycle is
equal to the energy that comes out of that store (useful output + losses). Because of this,
the stores start and finish their operation with the same SoC.
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Figure 12 reveals an interesting aspect of the system’s operation. The state of charge
of the H2 store moves at a much slower rate than that of CAES. Regardless of X, the hydro-
gen store becomes fully charged (SoC = 1) or discharged (SoC = 0) much less frequently
than CAES. This is owed to the fact that the low-frequency component produced by
the sign-preserving filter was assigned to hydrogen, while CAES was given the high-
frequency profile.

As shown in the graphs, the low-frequency work cycle (assigned to H2) deals with the
inter-annual variations in renewables. In this case, hydrogen helps shifting ‘excess’ energy
from some years into other years in which renewable generation is not enough to meet
demand. This task requires very large storage capacities. H2 storage is very well suited for
this role due to its very low cost per kWh [36].

On the other hand, the high-frequency work profile (assigned to CAES) deals with the
day-to-day and seasonal variations in renewables. This task requires much smaller storage
capacities compared to inter-annual energy shifting. The work profile for CAES becomes a
medium-frequency profile after batteries are added to the storage mix. Batteries take on
the high-frequency (short-duration) energy storage duty.

As shown in the graphs, CAES has a faster charging/discharging rate than H2, there-
fore its storage capacity is much better utilized. The storage capacity of CAES is ‘exercised’
more due to how much more energy passes through it with respect to its capacity. A uti-
lization factor can be defined as the ratio between the energy output of a store with respect
to its storage capacity.

Figure 13 shows how the utilization factor of both stores varies with respect to the ratio
X. The utilization factor of hydrogen (left axis) takes values between 3.8 and 4.8 depending
on the value of X. This reinforces what was seen in the state-of-charge plots; the H2 store
accumulates large amounts of energy but it does not discharge often. The storage capacity
is mostly used to shift energy to years with low renewable generation.
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In contrast, the utilization factor of the CAES store (right axis) goes from 12.8 up
to 46.5 depending on the value of X. At a ratio X = 0.5, the utilization factor of CAES is
25.2 while the utilization of H2 is only 4. The large utilization factors of CAES are owed
to the frequency of its work cycles (i.e., how often the store is charged and discharged).
A high-frequency profile allows a greater amount of energy to pass through storage in a
given period of time.

The remainder of Section 4.1 focuses on the economics of the energy stores and the
overall electricity system. The capital cost of either store (Cstore) can be calculated by means
of Equation (6). In the equation, α is the cost per unit of storage capacity (£/kWh) of the
particular technology, β is the cost per unit power of the charging machinery (£/kW) and γ
is the cost per unit power of the discharging equipment (£/kW).

Cstore = α× Size + β×max(|Pc|) + γ×max(Pd) (6)
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In a CAES system, the storage capacity cost is linked to the provision for storing
air at a high pressure, which for systems of relevant size is normally an underground
solution-mined cavern [47]. The power costs are related to the compression/expansion
machinery used to charge and discharge the system. According to figures available in the
literature, the cost per unit capacity (α) of a CAES system is ~3.5 £/kWh and the costs per
unit rated power β and γ are ~300 £/kW [48,49].

In a power-to-H2 storage system, the cost of storage capacity relates to the ability to
store hydrogen. Similar to compressed air, hydrogen can also be stored in underground cav-
erns [50,51]. According to some figures available in the literature, the cost per unit capacity
of hydrogen storage is ~0.67 £/kWh [52]. This cost is lower than that of CAES because the
volumetric energy density of hydrogen is higher in comparison to compressed air.

Electrolyzers are used during the charging phase to produce H2. Electrolyzers cur-
rently have costs of ~1100 £/kW [53]. There are two options for discharging the energy
stored: (i) fuel-cells and (ii) burning hydrogen and using turbines to produce mechanical
work. Fuel cells can achieve higher efficiencies than turbines but their costs would be too ex-
pensive for large-scale applications. Turbines have costs in the order of ~450 £/kW [54,55].

Figure 14 shows how the overall capital cost required for the energy stores varies with
respect to X. The figure breaks down the total capex into storage capacity costs and power
conversion costs. When all the storage capacity is provided by hydrogen, the capital cost
adds to ~£235 bn. In this system configuration, the hydrogen storage capacity represents
31% of the cost while the power conversion machinery accounts for the other 69%. More
than 80% of the power conversion cost is owed to the electrolyzers used for ‘charging’
the stores.
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On the other hand, when CAES provides all the storage capacity for the system, the
capital cost required reduces to ~£204 bn. In this configuration, 74% of the cost is owed
to the storage capacity while the power conversion machinery (compressors/expanders)
account for the remaining 26%.

The capital cost is minimized in the region 0.45≤ X≤ 0.55. For a ratio X = 0.5, the total
capex is £160.25 bn. CAES accounts for 55% of this cost while H2 makes up the other 45%.

The costs shown in Figure 14 represent the capital expenditure associated with the
energy storage provision (capacity + power) required to support a 100% renewable electric-
ity grid. These costs do not consider the cost of the generation capacity. The ‘total cost of
electricity’ (TCoE) or ‘total system cost’ is a metric that includes the two main contributors
of cost: the capex of the energy stores and the cost of generating electricity. The TCoE
represents the total average cost of producing and storing a unit of electricity. In this study,
the transmission and distribution costs are not included in the TCoE calculation.

The cost of generating electricity is given by the levelized costs of wind and solar-PV.
The levelized cost of electricity (LCoE) is a lifetime cost that encompasses capital cost, load
factors, efficiencies, operation costs, and other expenses associated with the generation of
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electricity. This paper uses economic figures available in the literature (provided in Table 1).
The system’s TCoE is calculated through Equation (7):

TCoE =
Cw + Cs + CCAES ×

(
τ
λ

)
+ CH2 ×

(
τ
λ

)
ED

(7)

In Equation (7), ED is the total electricity demand over the 9 year period (3015 TWh).
EG is the total energy generated by renewables and comprises baseload generation, loss
compensation, and over-generation. The penetrations of wind and solar (Pw and Ps) are
85% and 15%, respectively. CW is the total cost of the energy generated from wind while
CS is the cost of the energy produced by solar panels.

EG = ED + (ED ×Ω) + Losses (8)

CW = EG × PW × LCoEW (9)

CS × PS × LCoES (10)

The calculation of the TCoE considers a fraction of the capex of the stores that is
proportional to the 9 year period (τ) that is being analyzed. A useful life (λ) of 30 years is
assumed for both CAES and H2 [36,56,57].

Figure 15 shows the total cost of electricity (generation + storage) for different values
of X. Table 1 summarizes the economic figures used for the calculation. The figure shows
2 curves: grey and blue. The grey curve shows the costs calculated with basis on the
profiles obtained from the filter (pre-optimization). Given that those profiles had not been
optimized in any way, their costs are high.
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Table 1. Figures used for the calculation of the total cost of electricity.

Value Unit Ref.

LCOE of wind 40 £/MWh [39,40]
LCOE of solar PV 60 £/MWh [41,42]

CAES storage capacity cost (α) 3.5 £/kWh [48,49]
CAES charging power cost (β) 300 £/kW [48,49]
CAES discharge power cost (γ) 300 £/kW [48,49]

H2 storage capacity cost (α) 0.67 £/kWh [52]
H2 charging power cost (β) 1100 £/kW [53]
H2 discharge power cost (γ) 450 £/kW [54,55]

Lifetime of CAES (λ) 30 Years [56,57]
Lifetime of H2 (λ) 30 Years [36,57]
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It can be seen in the figure that a system that only uses CAES would achieve a TCoE
of 73.7£/MWh, which is considerably lower than the 78.8 £/MWh that would be seen if all
the storage capacity were provided by hydrogen.

The blue curve (post-split optimization) reveals that the system cost is minimized
with X = 0.5. For clarity, a ratio X = 0.5 indicates that both stores (H2 and CAES) receive
the same amount of energy throughout the 9 year period. However, their outputs are not
the same due to their different efficiencies. Table 2 summarizes the technical parameters of
the system configuration based on a ratio X = 0.5, which achieves the lowest TCoE.

Table 2. Technical parameters of the optimum system configuration, achieved with a ratio X = 0.5.

Parameter Quantity

Total renewable generation 3854.8 TWh
Baseload generation 3015 TWh
Loss compensation 394 TWh

Over-generation (Ω ~ 15%) 445.82 TWh
Ratio X 0.5

Total energy put into storage 927 TWh
Total output of H2 208.6 TWh

Total output of CAES 324.4 TWh
H2 storage capacity 51.6 TWh

CAES storage capacity 12.7 TWh
H2 rated charging power 28.1 GW
H2 rated discharge power 14.4 GW

CAES rated charging power 99.3 GW
CAES rated discharge power 46.6 GW

H2 utilization factor 4
CAES utilization factor 25.5

H2 storage duration 3574 h
CAES storage duration 273 h

At the optimum ratio X = 0.5, the system sees a TCoE of 70.9 £/MWh. A reduction
of ~4% with respect to the cost that could be attained with X = 1 may seem small at a first
glance. However, considering an annual demand of 335 TWh, this reduction in the TCoE
translates into yearly savings of up to ~£938 million.

Figure 16 presents a simple decomposition of the TCoE for different values of X into
three cost components: generation, storage capacity and power conversion equipment.
Regardless of the value of X, generation accounts for more than 70% of the TCoE. Depending
on X, storage capacity accounts for between 9% and 20% of the TCoE. The contribution of
storage capacity to the overall system cost increases with X as CAES has a higher cost per
kWh of storage capacity.
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The cost of the power conversion machinery displays almost the opposite effect. The
cost of power conversion reduces as X increases since CAES charging/discharging machin-
ery is cheaper per kW than the equipment used to transform electricity into hydrogen and
back into electricity. Power conversion costs account for between 7% and 21% of the total
cost of electricity.

Figure 17 presents a sensitivity analysis of how the TCoE varies with respect to the
cost of the two energy storage technologies. In all three figures, we see the same blue line
that was shown in Figure 15. This line is the TCoE calculated with the values given in
Table 1.
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Figure 17a shows the effect that a change in the cost per unit storage capacity (£/kWh)
of either technology has on the TCoE. Four cases are shown: a 25% increase and a 25%
reduction in the storage cost of H2 and CAES. In each case, only 1 cost varies whilst every
other cost stays constant. Figure 17b shows the effect of an increase and a reduction in
the cost of power conversion of hydrogen. It should be noted that the increase/decrease
applies to both sets of machinery (charging and discharging). Lastly, Figure 17c shows the
effect that a +/−25% variation in the power conversion of CAES has on the TCoE seen by
the grid.

For the optimum system configuration (X = 0.5), Table 3 provides a summary of the
individual contributions of different system components to the TCoE. In this optimum
scenario, 3855 TWh of electricity are generated over the course of 9 years. This amount
encompasses a baseload of 3015 TWh to meet demand, 394 TWh to compensate for storage
losses and 446 TWh of over-generation (Ω~15%), which are curtailed. A total of 85% of
the total electricity produced comes from wind power, while solar-PV panels generate the
other 15%.
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Table 3. Individual contributions of different system components to the TCoE in the optimum system
configuration (X = 0.5).

£/MWh % of TCoE

Baseload generation 43.00 60.63
Over-generation 6.35 8.96

Loss compensation 5.62 7.92
Generation subtotal 54.97 77.53

H2 charge machinery 3.07 4.33
H2 discharge machinery 0.65 0.91
CAES charge machinery 2.96 4.18

CAES discharge machinery 1.39 1.96
Power conversion subtotal 8.07 11.36

H2 storage capacity 3.44 4.85
CAES storage capacity 4.43 6.25

Storage capacity subtotal 7.87 11.1
Total cost of electricity 70.9 £/MWh

Baseload generation accounts for 60.7% of the total electricity cost, while loss compen-
sation and over-generation contribute 7.9% and 8.9% to the TCoE, respectively.

This configuration requires an overall storage capacity of 64.3 TWh. Hydrogen pro-
vides ~80% of the total storage capacity, which represents 4.9% of the TCoE. CAES con-
tributes a much smaller capacity of 12.7 TWh to the system. However, it accounts for 6.3%
of the TCoE.

Throughout the 9 years there are 927 TWh of electricity that need to be put into storage.
As the ratio X = 0.5 indicates, each store receives exactly 50% of that. Having an efficiency
of 70%, CAES loses 139 TWh whilst hydrogen, due its lower roundtrip efficiency loses
~255 TWh.

CAES has a rated charging power of −99.3 GW and a rated discharging power of
46.6 GW. These rated powers account for 4.2% and 1.9% of the TCoE, respectively. The rated
charging power of H2 is−28.1 GW while its rated discharge power is 14.4 GW. The charging
and discharging powers of the H2 store represent 4.3% and 0.9% of the TCOE, respectively.

Based on the capacity and rated power of an energy store, its storage duration can be
calculated. This parameter indicates for how long a fully charged store can provide energy
at its rated discharge power. In the optimum system configuration (X = 0.5), the hydrogen
store has a storage duration of 3574 h (~149 days) while CAES has a much smaller duration
of 273 h (~11 days).

4.2. Determining the Role of Li-Ion Batteries in the System

Up to this point, batteries have not been considered in this study. However, they do
have a crucial role to play as part of the solution to the energy storage challenge [35,58].

Batteries will handle the constant (but small) energy imbalances in the grid, acting as
the primary frequency response. Batteries will accumulate very small amounts of energy
in comparison to H2 and CAES, but they will see a proportionally large energy throughput.
The cost structure of Li-ion batteries positions them well for daily cycling applications,
where their high energy capital cost can be paid for by frequent cycling [34]. Batteries are a
good option for short-duration (high-frequency) energy storage because they have very
fast response times and a low cost per unit rated (dis)charge power.

For practical reasons, the strategy taken was to approach the ‘optimum’ system
configuration considering only H2 and CAES. Once the optimum split of net demand has
been found (X = 0.5) we proceed to reproduce this signal split using data with a 5 min
resolution to determine the batteries’ duty.

The profile of net demand is created in the same way as described in Section 3.1.
The net-demand profile is split with the sign-preserving filter and the output profiles are
optimized. The post-split optimization of a pair of work profiles with a 5 min resolution is
very computationally expensive and takes a high-performance computer approx. 3 weeks
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to complete. Figure 18 shows the work cycles created for hydrogen and CAES using 5 min
data; they are visually similar to the ones based on a data resolution of 1 h.
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Table 4 provides a comparison between the profiles with a 5 min resolution and the
profiles with hourly data. There are small differences in some parameters because hourly
data capture less information than data with a 5 min resolution.

Table 4. Comparison between work cycles created for X = 0.5 based on data with a resolution of 1 h
and 5 min.

1 h Data 5 min Data Diff.

H2 charge power (GW) −28.1 −26.49 −1.61
H2 discharge power (GW) 14.4 16.69 2.29
H2 storage capacity (TWh) 51.6 55.4 3.8

H2 output (TWh) 208.6 210.14 1.54
H2 input (TWh) −463.5 −466.97 −3.47

CAES charge power (GW) −99.3 −97.31 1.99
CAES discharge power (GW) 46.6 46.39 −0.21
CAES storage capacity (TWh) 12.7 11.04 −1.66

CAES output (TWh) 324.4 326.88 2.48
CAES input (TWh) −463.5 −466.97 −3.47

To determine the role of batteries a ‘ramp-rate function’ is used. The power conversion
equipment used for charging and discharging both stores does not have the capability of
ramping as fast as the work profiles dictate. Based on figures available in the literature,
we will assume a real ramping rate of 25% of max. power per time step (5% per minute)
for both stores [59,60].

The ramp-rate function receives a work cycle and determines all the points in time in
which the store is not capable of following the work cycle. The shortcomings are supplied
by batteries. The work cycle for batteries is composed by the shortcomings of H2 and CAES.
Figure 19 shows the work profiles for the three different stores together. CAES is the dark
blue profile, hydrogen is the green profile with capped charging and discharging powers,
and Li-ion is represented by the smaller orange profile. As mentioned, the costs per unit
power of batteries are very low compared to their costs per unit storage capacity, which
makes them an excellent option to supply short-duration power peaks. Table 5 provides
a summary of the technical specifications of the three energy stores based on the profiles
shown in Figure 19.
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Table 5. Technical specifications of the three types of energy store in the optimum system configuration.

H2 CAES Li-Ion

Charging Power (GW) −26.49 −97.31 −24.57
Discharging Power (GW) 16.69 46.39 55.98
Storage Capacity (TWh) 55.35 11.13 0.17
Energy Output (TWh) 210.22 326.90 0.93
Energy Input (TWh) −466.84 −467.21 −0.93
Storage Duration (h) 3315.37 239.91 2.99

Utilization Factor 3.80 29.37 5.52

Hydrogen sees a charging power of −26.5 GW and a discharging power of 16.7 GW.
CAES has a much higher rated charging power of 97.3 GW and a rated discharge power
of 46.4 GW. These rated powers are similar to what was obtained using data with a 1 h
resolution. Batteries have the highest discharge power of all three technologies, with a
rated power of ~56 GW. This is sensible given their low cost per kW. Their charging power
is similar to that of hydrogen, ~24.6 GW.

The storage capacities of the hydrogen and CAES stores are 55.35 and 11.13 TWh,
respectively. These values are very similar to what was initially estimated using 5 min
data but before introducing batteries into the mix (See Table 4). The storage capacity
provided by batteries is ~167.7 GWh, much smaller than that of CAES or H2. Batteries
have a very different role to play; they are in charge of stabilizing the grid’s imbalances on
a minute-to-minute basis rather than the time-shifting of substantial amounts of energy.

Hydrogen has a long duration of 3315.4 h (~138 days) due to its massive capacity and
relatively low discharge power. CAES, as expected, falls in the middle with a duration
of 240 h. Batteries, due to their small storage capacity and relatively high discharge
power, have a short storage duration of ~3 h. This is in general alignment with other
studies [34,35,61].

The authors believe that if data with a finer resolution were used, batteries would see
a much larger energy throughput and consequently a much higher utilization factor. This
would not necessarily entail an increase in their storage capacity.

Batteries have achieved costs of ~100 £/kWh [62,63]. In a Li-ion battery, the costs asso-
ciated to capacity and power cannot be easily decoupled as both functions are performed
by the same physical component (Li-ion cell). The cost associated to the power electronics
needed for batteries is very small in comparison to the costs of the power conversion
machinery used for CAES or H2 systems. In this study, we assume a cost of 0 £/kW for
batteries. The power cost of batteries is embedded in their cost per unit capacity.

In comparison to the hardware used for CAES and H2 systems, batteries have a
reduced useful life. The underground caverns and the power conversion machinery used
for CAES and H2 systems have estimated service lives >30 years. Batteries on the other
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hand, have a useful life of ~10 years before they are not fit for the application anymore [15].
Ex-service batteries can have a second life in a different, less demanding application [64].

Considering all the above, it is possible to calculate the TCoE of the system using
Equation (7) but with an additional term to account for the cost of the battery capacity.
This system configuration, based on a ratio X = 0.5, achieves a total electricity cost of
75.62 £/MWh.

This cost represents an increase of 6.6% (5 £/MWh) with respect to what was calculated
previously in Section 4.1. Due to the real-life limitations in terms of ramp rates and response
times of CAES and H2 systems, the optimum configuration found in Section 4.1 is not
practicable without including batteries.

The optimum configuration requires a total energy storage capacity of 66.65 TWh, out
of which ~83% is provided by hydrogen, 16.7% is provided by CAES and the remaining
0.3% is supplied by Li-ion batteries. Table 6 provides a summary of the technical parameters
of this system configuration.

Table 6. Technical parameters of the system configuration that minimizes the total cost of electricity.

Parameter Value Unit

R
enew

able
G

eneration

Total generation 3864.2 TWh
Energy from wind 3284.5 TWh

Energy from solar PV 579.6 TWh
Baseload generation 3015 TWh
Loss compensation 396.9 TWh

Over-generation (Ω = 0.15) 452.25 TWh
Energy

D
istribution

Ratio X 0.5
Energy put into storage 933 TWh

H2 energy input −466.8 TWh
CAES energy input −467.2 TWh
Li-ion energy input −0.93 TWh

Storage
C

apacity
and

R
ated

Pow
er

H2 storage capacity 55.35 TWh
CAES storage capacity 11.13 TWh
Li-ion storage capacity 167.7 GWh

H2 rated charging power −26.5 GW
H2 rated discharge power 11.7 GW

CAES rated charging power −97.3 GW
CAES rated discharge power 46.4 GW
Li-ion rated charging power −24.6 GW
Li-ion rated discharge power 55.98 GW

O
ther

Param
eters

H2 utilization factor 3.8 –
CAES utilization factor 29.4 –
Li-ion utilization factor 5.5 –

H2 storage duration 3315.4 h
CAES storage duration 239.9 h
Li-ion storage duration 2.99 h

The total capital cost for the 66.65 TWh of storage (inc. power conversion equip.) that
the country will need is £172.6 bn. CAES accounts for £82.1 bn, hydrogen for £73.7 bn and
Li-ion have a much smaller share of £16.8 bn. However, it should be noted that the lifespan
of the investment in batteries is only one-third of that of CAES and H2.

Figure 20 provides a breakdown of the TCoE for the optimum system configuration.
Generation accounts for 72.9% of the total cost. Energy storage capacity accounts for 16.6%
of the total cost whilst the power conversion equipment constitutes the remaining 10.5% of
the TCoE.
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5. Policy Implementation

In the context of future zero-emission grids, energy storage will be required over
a wide range of discharge times, from milliseconds up to several months. No single
technology is well suited to cover the complete range.

This study explores how to combine three different storage technologies (hydrogen,
CAES and Li-ion) to provide, at the lowest possible system cost, the overall storage capacity
that the UK will need to decarbonize its electricity grid by 2035.

Following previous findings, an 85/15% mix between wind and solar-PV is assumed.
This study is based on varying the amount of energy that is passed through each store to
find the optimum split.

Based on the total cost of electricity (TCoE), this study reveals that the best way to
provide the storage capacity that the grid will need is to have 55.3 TWh in the form of
H2 storage, 11.1 TWh as CAES and 168 GWh in Li-ion batteries. This adds to a total
of 66.6 TWh. The total storage capacity will be most likely be provided by an array of
medium-sized stores distributed across the country, possibly collocated with generation
sites. Considering currents costs, the total investment required is £172.6 bn.

The total storage capacity of 66.6 TWh factors in 15% over-generation. If the cost
of renewables continues to reduce, then higher proportions of over-generation will be
appropriate. The system configuration described, which is considered optimal from a
techno-economical point of view, achieves a TCoE of 75.62 £/MWh.

The very large storage capacity and long duration (3315 h) provided by hydrogen
are needed to deal with the inter-annual variation in renewables. The hydrogen store
represents 42.7% of the total investment in energy storage.

CAES is the medium-duration store for the system, with a capacity of 11.1 TWh and a
duration of 240 h. CAES only accounts for ~17% of the total storage capacity but represents
47.5% of the total investment required.

Although the above seems to suggest that CAES could be replaced by hydrogen;
the latter has a lower roundtrip efficiency and a higher cost for the power conversion
equipment. Trying to cover the medium-duration duty with hydrogen would only lead to
an increased TCoE.

CAES does the heavy lifting for the system in the sense that ~61% of all the energy that
emerges from storage comes from it. A utilization factor can be calculated dividing energy
output by capacity. The hydrogen store sees a utilization of 3.8, while CAES achieves a
much higher utilization of 29.4.

In the optimum system configuration found, batteries have a much smaller capacity of
168 GWh, but they see proportionally large charge and discharge powers. The storage duration
of batteries is 3 h. Batteries are necessary in the mix as H2 and CAES do not have the ramping



Energies 2021, 14, 8524 25 of 28

capabilities that are sometimes required to meet net demand. The 168 GWh of storage capacity
provided by Li-ion batteries represent 9.8% of the overall investment required.

The present energy policy in the UK focuses almost exclusively on short- and long-
duration storage. This study shows that medium-duration energy stores will do the heavy
lifting in a future zero-carbon grid. We hope that this study helps in accelerating the
UK’s transition to sustainable economy by providing policy makers and stakeholders
information on the most cost-effective way to provide the energy storage capacity required
for a 100% renewable grid.

6. Conclusions

The UK will need ~66.6 TWh of energy storage capacity to support a 100% renewable-
based electricity grid. This figure considers current levels and trends of electricity demand,
a mix of wind and solar-PV in the country of 85% + 15%, respectively, as well 15% over-
generation and curtailment.

This study uses historical demand and generation data spanning 9 years to determine
the mix of energy storage technologies for different storage durations (H2, CAES and
Li-ion) that minimizes the total cost of electricity (TCoE). It was found that the cheapest
way to provide the 66.6 TWh that the country will need is to have ~55 TWh in the form of
H2 storage, ~11 TWh in CAES and ~0.17 TWh as Li-ion batteries. The hydrogen stores will
balance the inter-annual variation in renewables whilst Li-ion batteries will smooth out
high-frequency imbalances in the grid. The medium-duration store (CAES) will handle
the day-to day variability of generation and will do the heavy lifting for the system. This
combination of storage technologies can achieve a TCoE as low as 75.62 £/MWh.

The results of this study are in general agreement with outlooks published by other
researchers, which point out that different storage technologies will be needed for dif-
ferent discharge durations. This study demonstrates that the total cost of electricity is
reduced when a mix of different storage technologies is used to provide the total storage
capacity needed.
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Nomenclature

α Cost per unit of storage capacity (£/kWh) of an energy storage system
A Curtailed profile of net demand used by sign-preserving filter
β Cost per unit power (£/kW) of the charging machinery of an energy storage system
B Low-frequency work profile produced by sign-preserving filter
C High-frequency work profile produced by sign-preserving filter
Cstore Capital cost of a particular energy storage technology
Cs Total cost of the energy produced by solar PV panels
Cw Total cost of the energy generated from wind
CAES Compressed air energy storage
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D Profile of electricity demand
Dnet Profile of net demand (electricity demand minus renewable generation)
ED Total energy demand (TWh) over the period analyzed
EG Total energy generated by renewables
Eneed Total amount of renewable energy that is needed
Eneg Energy content of net-demand profile that is below zero
Epos Energy content of net-demand profile that is above zero
γ Cost per unit power (£/kW) of the discharging machinery of an energy storage system
GDP Gross domestic product
ηcombined Combined efficiency of CAES and hydrogen storage
H2 Hydrogen
λ Lifetime in years of a particular energy storage system
L Total energy losses due to storage inefficiencies
LCoE Levelized cost of electricity (£/MWh)
Ω Percentage of allowable over-generation
Pc Charging power of a particular energy storage system (GW)
Pd Discharging power of a particular energy storage system (GW)
PS Percentage of total energy that is generated by solar PV
PW Percentage of total energy that is generated by wind
Size Storage capacity of a particular energy storage system (TWh)
SoC State of charge of an energy store
τ 9-year period analyzed
TCoE Total cost of electricity (£/MWh)

X
Ratio that indicates the proportion of the energy that is put into CAES with
respect to the total energy that will be put into storage
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