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Abstract

Hydrogen is seen by many industry leaders as an energy
vector that has the potential to provide essential energy stores
required to facilitate the wide spread connection of renewable
energy inputs. The techno economic assessment of using
hydrogen as an energy storage mechanism, where water
(H20) is split into H2 and Oxygen (O2) when excess
renewable energy is available through the use of electrolysis
will be examined. H2 will be stored and O2 vented. Fuel
Cells (FC), Internal Combustion Engines (ICE) or gas
turbines would then be used to convert stored H2 to generate
and supply electrical infrastructure with electrical power
when demand exceeds renewable supply. Presented in this
paper are the findings of a techno economic assessment of
existing energy storage systems in comparison to Hydrogen
(H2) energy storage technologies.

1 Introduction

Economical and environmental pressures coupled with recent
significant increases of fossil fuel costs have led to the rapid
expansion of electricity generation from Renewable Energy
Sources (RES). It has been indicated that as much as 46% of
global electricity could be delivered from RES by 2050 [12].
In addition BPs 2011 energy forecast predict Fossil fuel
energy source growth to fall from 83% to 64% of market
share in favour of renewable energy sources in their 2030
energy outlook [26].

Electrical power transmission and distribution grids used
around the world today must now become much more robust
as they integrate increasingly larger quantities of fluctuating
and intermittent renewable power sources and a growing
number of small, decentralised power producers. Electrical
networks must also have the ability to store excess power fed
into the grid from fluctuating and intermittent power sources.
Energy Storage Systems (ESS) are a proposed solution to
help facilitate the connection of the predicted growth in grid

connected RES. It is crucial to the wide spread adoption of
ESS to be able to assess their technical abilities and economic
impact when proposing their integration into existing
electrical infrastructure.

All electrical ESS have varying degrees of inefficiency as part
of the energy supplied into an energy storage systems cannot
later be discharged due to system efficiency losses. Typical
efficiency factors range from 45% to 80% depending on
technology and storage application, and is the main weakness
of all existing electrical storage technologies [25]. Efficiency
losses are also a significant contributing factor to the existing
perception of an unfavourable business case for their use. In
common with conventional power stations, the economic case
for energy storage systems is also affected by many other
factors such as the cost of charging electrical energy, capital
costs, operation and maintenance costs and
discharge/recharge) cycle life [21]. In addition the utilisation
of an energy storage facility is a complex interaction of
electrical transmission and distribution constraints, renewable
resource and demand/supply issues.

Many technologies for the large scale storage of electrical
energy are still relatively technologically immature [2]. One
notable exception to this is pumped hydroelectric energy
storage. The inclusion of ESS brings with it additional costs
over and above the initial costs of energy generation. ESS
will also incur additional capital (Capex) and operational
(Opex) costs associated with the energy conversion loss
efficiencies. There is also limited large scale operational and
testing experience available. However, despite these potential
drawbacks, ESS will still provide a vital role in enabling the
projected increases in renewable and sustainable energy
technologies onto electrical transmission and distribution
networks. In order to allow applying ESS in the most
appropriate manor a techno-economic assessment of ESS is
presented here with a focus on the hydrogen energy storage
technology abilities, such as the value of the sale of O2 and
H2 gases in addition to the raw energy value.

2 ESS Characteristics



A number of Energy Storage Systems have been considered
for comparison with H2 technology deployed as an ESS. To
enable comparison a number of key characteristics are
summarised below. A ‘traditional’ energy storage system for
electrical energy can be considered as shown in figure 1
below. Where electrical input energy is converted and stored
within a medium until released as electrical energy when
required.
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Figure 1: simplified overview of electrical energy storage.

2.1 Depth of Discharge (DoD)

The DoD defines the ability of an ESS to release its stored
energy. Typically it is not possible to release 100% of the
stored energy within an ESS and much lower value is
achievable in order to sustain the lifetime of electrochemical
ESS [11].

2.2 Duration - storage capacity (kWh)

Storage capacity (Escor) is defined as the total energy storage
within an ESS or 100% of its capacity. This is always greater
than the energy that can be released from an ESS in operation
(Escop) due to a variety of factors including DoD, efficiency
and charge/discharge rates [18]. Therefore:

Esctot > Escop (1)
2.3 Charge/Discharge rates

The charge (P;,) and discharge (P,,) rates define the ability
for an ESS to both absorb and release their stored energy.
Traditional battery storage system charge/discharge rates are
a function of their overall capacity [7].

2.4 Turn-Around Efficiency

The ESS turn around efficiency is the ratio between input
energy and output energy. ESS (1) can be represented as
shown in equation (2).

n= Ein/Eout (2)

Where E;, is the input energy and E,y is the output energy
recoverable from the ESS [22].

2.5 Cost indicators

In the UK Renewable Obligation Certificate (ROC) and
climate change Levy Exemption Certificate (LEC) income for
wind farms over SMW in size typically receive and income at
around £55 per MWh [15].

The practice of constraining generation off grid has not
resulted in any losses to renewable energy generators.
However the recent increase in renewable energy generation
onto electrical infrastructure has resulted in a loss of traded
energy as generation is constrained ‘off grid’ to maintain
electrical network stability [14]. The implication for
renewable energy generators is that if no mitigating measures
are taken then the value of their energy will fall.

It is important to note that the value of energy constrained off
grid is not lost to the generator. Compensation payments are
made to the generator whose energy is constrained. However
the value of these constraint payments is considered to be
very high for renewable generation. As widely publicised and
summarised in the Renewable Energy Foundation, “Scottish
wind power constraint payments update” on the 28" June
2011, average constraint payments were £215 per MWh
between the 30" May 2010 and 16 June 2011. During the
same time period 23747 MWh of renewable energy were
constrained off grid.

One of the main cost indicators for defining an ‘on grid’
energy storage system are the difference between the cost of
input energy (EC;,) and output energy (EC,,) value, along
with efficiency losses m [17]. Additionally the value of
constraint payments described could also be considered as
potential cost savings for network operators. Also there are
additional cost indicators for Hydrogen energy storage that
may have the potential to attract revenue. These are the
resale/wholesale value Hydrogen Oxygen as a by-product.

The wholesale cost of Hydrogen can be represented as H2,
and Oxygen as O2..

3 Summary of ESS

A number of different ESS systems have been considered for
comparison within this paper, these are described in brief
below.

3.1 Battery Energy Storage (BES)

One of the most established methods for storing electrical
energy is in the form of chemical energy in batteries.
Batteries consist of single or multiple electrochemical cells
each constituted from an electrolyte material with an attached
positive and negative electrode. Discharging a battery causes
an electrochemical reaction to occur at the electrodes
generating a flow of electric current through an external
circuit. These reactions are reversible and allow the battery to



be recharged by applying an external power source to the
electrodes.  Battery systems can be divided into mature
technology such as lead acid and newer designs that are in
different stages of development. In recent years the
development of battery technology has been driven by the
demands of consumer electronics, portable and transport
applications. However, there has been increasing interest in
the use of large scale batteries for use with renewable energy
systems and electrical network support. Battery technologies
that would seem to be most suited to use with renewable
energy systems include lead acid (pB), nickel cadmium
(NiCd), sodium sulphur (NaS) and sodium nickel chloride
(NaNiCl).

3.2 Pumped Hydro Storage (PHS)

Pumped Hydro storage systems utilise off peak electrical
power to pump water into a reservoir located at an elevated
position such as a hill or mountain. Energy is thereby stored
as potential energy in the form of water at height. During
times of peak demand water is released from the high level
reservoir and fed through a hydro turbine which generates
electrical energy for end use.

3.3 Flywheel Energy Storage (FES)

Flywheel based ESS includes a rapidly rotating mass attached
to a drive shaft and housed within a highly robust enclosure.
Magnetic forces are used to significantly reduce frictional
losses and operational wear. The drive shaft is connected to
an electrical motor/generator. The electrical energy is stored
by the motor/generator as kinetic energy within the rotating
mass. Stored energy is then released as electricity via the
motor/generator.

3.4 Compressed Air Energy Storage (CAES)

CAES is an energy storage technology that is used to improve
the efficiency of a combined cycle gas turbine (CCGT) power
stations. CAES consumes off-peak electricity to compress
air that is then stored in an airtight reservoir or underground
geological formation. The stored energy is recovered when
the compressed air is released from the reservoir through a
gas-fired combustion turbine. The compressed air replaces the
gas turbines compressor stage enabling a reduction of up to
60% in natural gas consumption. The use of the compressed
air in a purely air driven turbine is not presently possible with
existing state of the art designs as the expanding air through
an air only turbine results in the turbine freezing up. This
caused by the cooling effect caused by expanding compressed
air back to ambient pressures. However, unlike other storage
technologies, CAES still ultimately requires the use of natural
gas to release stored energy resulting in additional CO2
production from this form of storage technology. It has been
suggested that in principle, CAES could be combined with
Carbon Capture and Storage (CCS) [3].

3.5 Hydrogen & Fuel Cell Energy Storage Technologies

The essential elements of an energy storage system based on
hydrogen technology are shown in figure 1 below.
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Figure 2: Basic elements of a hydrogen energy system.

The electrolyser is used to convert electrical energy from an
energy source (typically renewable) into Hydrogen for
storage. The Hydrogen storage system is used to store the
Hydrogen gas. The Hydrogen storage method can take a
number of forms (pressurised gas, Metal Hydride, liquid
Dewar tank). Finally a hydrogen energy conversion system
recovers the stored chemical energy in the hydrogen and
converts it back into electrical energy for use. The hydrogen
energy conversion system commonly cited for use in energy
systems is a fuel cell. A fuel cell is commonly cited for use
as its conversion efficiency is a lot higher than combustion
engine technology [6]. Typical average electrical conversion
efficiencies recorded on the fuel cell used within the PURE
Project energy system [23] and the Hydrogen Office range
between 40% - 50% compared with a maximum of 37% for a
small combustion engine [24].

Shown in table one below are a summary of technology costs
described from literature.

Technology €/kWh €/kW Life time | Eff
[1,8,4,16] (years) (%)
Pumped 10-20 500-1500 40-80 65-80
hydro

Fuel Cell 2-15 300-1000 10-20 35-45
Battery 210-250 125-150 10-15 75-85
Flywheel 150-200 200-250 20 90
CAES 3-5 300-600 20-40 80-85

Table 1: summary of energy storage costs from literature.

4 Energy storage efficiency

Energy storage efficiency can be viewed in a number of ways.
The most common method of measuring energy storage
system efficiency is by comparing the input energy used to
fill the energy storage with the recoverable output energy. It
is also important however to consider the economic efficiency
of an ESS. Hydrogen as a potential energy storage



mechanism has the ability not only to store electrical energy
for re-use, but also to offer the potential to sell both hydrogen
and oxygen gasses as commodities.
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Figure 3: Diagram of additional revenue sources.

Shown in figure 3, is a diagram that depicts the potential for
hydrogen energy storage systems to realise three possible
revenue streams. This is in contrast to conventional energy
storage systems where there is only one possible revenue
stream for energy. Typically conventional network connected
energy storage systems allow for energy to be stored and
realised in the form of only electrical energy. Hydrogen has
the additional ability to provide opportunity to generate
revenue from two additional outputs. These are the sale of
hydrogen gas, or Oxygen gas as well as the potential to
release the energy as electrical energy. In the context of this
research it is these additional revenue streams that have the
potential for hydrogen energy storage systems to offer greater
financial efficiency. Whilst not the main focus of this
research it is worth mentioning that the 3:1 increase in
revenue options also opens up potential for possible
downstream applications. Literature shows potential for a
great deal of flexibility for hydrogen usage where
conventional energy storage systems do-not. Examples of
such opportunities include fertiliser production, electrical
generation and high and low grade heat applications [13].

5 Cost of electrical generation

Energy Generation costs is typically represented in the form
of a levelised cost. The levelised cost of electricity
generation is the discounted lifetime cost [20] of owning and
operating a generation facility. Levelised cost is often
described as a measure of the overall competitiveness of
different generation technologies and represents the present
value of the total cost of constructing and operating a power
generating station over an assumed lifetime. The levelised
cost of energy generation (LGC) can be shown by the Net
Present Value (NPV) of electrical generation divided by the
NPV of the energy generation station as shown in equation 3
[19].

. IGC. + GOM, +F,

t=1 1 t
LGC = a+n 3)
sk
=11+ 1)t
Where: IGC; = Invested Generation capital in year (t)

GOM; = Generation Operation and Maintenance
costs in year (t)

F, = Fuel Costs in year (t)

r = Annual discount rate (typically 10%) [10]
E, = Value (cost) of generated energy in year (t)
n = Total number of years assumed plant life

The levelised cost of generation as expressed in equation 3 is
applied to the cost analysis model used in assessing the
economics of hydrogen as an energy storage vector. The
levelised cost of generation can be considered the input
energy cost applied to the energy storage.

6 Cost of Energy Storage

Following a similar approach to energy generation the costs
of energy storage have been considered using a levelised cost
approach. Equation 3 is expanded to consider the cost of
input energy. Equation 4 below expresses the Levelised
Storage Costs (LSC):

. ISC, + SOM, + EC,

t=1 1+t
LSC = - 50, O]
Where: ISC; = Invested Storage Capital in year (t)

SOM; = Storage Operation and Maintenance costs in
year (t)

EC, = input energy cost (t)

r = Annual discount rate (typically 10%) [10]

EO; = Value of released energy in year (t)

Energy storage within the context of this study relates to
energy stored that would otherwise be lost due to network
constraint issues. In this case the Energy from a RES can be
considered to have limited value. In order for the ESS to
achieve a breakeven value for units of ‘rejected’ energy onto
the transmission and distribution system an energy storage
system would therefore have to accept energy at a price less
than the LGC as expressed in equation 3 above. In this case
EC; can be expressed as shown in equation 5:
EC,<LGC %)
As previously discussed above, energy storage developed
around Hydrogen technology will have additional revenue
potential. This can be realised in the sale of both hydrogen
and oxygen gasses as a commodity. Equation 4 can therefore
be expanded upon to include H2; and O2,, where the H2, and
02, are the realisable value of both hydrogen and oxygen in



year (t). Therefore the levelised cost of energy storage can be
expressed as shown in equation 6.

. ISC. + SOM, + EC,

t=1 (1+n)t
LSC=——F0,% mz, 7 02, ©)
t=1 A+t
Where: ISC; = Invested Storage Capital in year (t)

SOM; = Storage Operation and Maintenance costs in
year (t)

EC; =input energy cost (t)

r = Annual discount rate (typically 10%) [10]

EO, = Value of sold energy in year (t)

H2, =Value of sold hydrogen gas year (t)

02, =Value of sold Oxygen gas in year (t)

7 Analysis

Within this study several configurations for hydrogen storage
systems have been compared. Levelised cost (or total
annualized cost) of the initial capital investment, including
operating costs over the lifespan of a hydrogen facility
divided by the total yearly output from the storage system
have been calculated.

Analysis evaluated scenarios for producing hydrogen and
oxygen gasses utilising surplus or ‘constrained’ renewable
energy as described in section 2.5 above. The analysis
assumed the following scenarios for operating a hydrogen
energy storage system as follows:

Scenario A. No FC - (no energy sale), 100% 02 & H2
gas sold

Scenario B.  100% energy sale - 3MW FC, 100% 02
sold, no h2 sale

Scenario C.  50% 02 & H2 gas sold, 50% H2 sold as
Energy through a 3SMW FC

Scenario D. No FC - (no energy sale), No 02 Sold,
100% H2 sold

Scenario E.  100% Energy sold 3MW FC), no O2 nor

H2 sold

In each scenario, hydrogen storage capacity has been defined
as SMWh pressurised gas storage.

Market data provided by the Pure Energy Centre shows
hydrogen capital costs as in the table below:

Electrolysis 2500 | €/kW
Pressurised Storage 77 | €/kWh (guy)
Fuel Cell 4000 | €/kW

Table 2: Hydrogen technology market data [5].

The levelised cost per unit output for the 5 scenarios
described above is shown in figure 4. These results have
been calculated using the formulas developed as part of this
research that is described in detail in the previous sections. As

can be seen the lowest output unit cost can be realised in
scenario A. Additionally a favourable result is also seen in
Scenario C. The highest unit output cost is seen in scenario
E.
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Figure 4: levelised output costs for H2 energy storage system.

Research conducted by NREL [9] has shown energy storage
systems to exhibit levelised energy costs as shown in table 3.
For comparison these levelised energy storage costs are also
shown in figure 5 along with the hydrogen energy storage
values described.

NiCd Battery € 0.58
NaS Battery € 0.17
Vanadium Redox battery € 0.19
Pumped hydro € 0.09
CASE € 0.07

Table 3: levelised costs of other energy storage technology.
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Figure 5: levelised cost comparisons.

8 Conclusion

A techno-economic assessment of energy storage systems for
enabling projected increase of renewables onto electrical
power grids has been shown. It has been shown that
hydrogen for use as an energy storage mechanism has the




most potential where oxygen is also sold. Hydrogen has the
greatest potential and financial benefit to enable the projected
increase in renewable generation onto the electrical network
as it allows surplus renewable energy alternative economic
pathways to be utilised. This is due to hydrogen energy
storage systems ability to utilise hydrogen directly as an
energy carrier and take advantage of its inherent flexibility of
end use. i.e. an H2 ESS is not only limited to electrical
energy storage for electrical energy production.

9 Further work

Additional work is required to also consider the overall
lifecycle costs including the costs of decommissioning. In
addition the potential cost savings of reduced ‘spinning
reserve’ should also be considered in future analysis. There is
also a need to examine the socioeconomic potential for
hydrogen as an ESS.
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