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W N e

Abstract: A significant contribution to the reduction of carbon emissions will be enabled through
the transition from a centralised fossil fuel system to a decentralised, renewable electricity system.
However, due to the intermittent nature of renewable energy, storage is required to provide a suitable
response to dynamic loads and manage the excess generated electricity with utilisation during periods
of low generation. This paper investigates the use of stationary hydrogen-based energy storage
systems for microgrids and distributed energy resource systems. An exploratory study was conducted
in Australia based on a mixed methodology. Ten Australian industry experts were interviewed to
determine use cases for hydrogen-based energy storage systems’ requirements, barriers, methods, and
recommendations. This study suggests that the current cost of the electrolyser, fuel cell, and storage
medium, and the current low round-trip efficiency, are the main elements inhibiting hydrogen-based
energy storage systems. Limited industry and practical experience are barriers to the implementation
of hydrogen storage systems. Government support could help scale hydrogen-based energy storage
systems among early adopters and enablers. Furthermore, collaboration and knowledge sharing
could reduce risks, allowing the involvement of more stakeholders. Competition and innovation
could ultimately reduce the costs, increasing the uptake of hydrogen storage systems.

Keywords: hydrogen; distributed energy resources; energy systems; mixed methodology; exploratory
study; Australia

1. Introduction

The interest in finding solutions to limit climate change and decarbonise the current
energy industry increases as companies and governments work towards net zero ambi-
tions [1,2]. Large-scale electricity systems are usually supported by a centralised power
generating and distribution system. Centralised electricity systems may include generation
plants powered by fossil fuels such as coal or gas turbines and an expansive high-voltage
power distribution infrastructure servicing entire cities and territories [3]. Due to challenges
in electricity storage, in some countries such as Australia, a centralised approach is imple-
mented to balance supply and demand in real time. The power plants perform predictably
and can ramp up or ramp down depending on the load requirements. It has been argued
that the generally monopolistic nature of current electricity grid systems has led to a lack of
competition which has slowed grid innovation [4]. With renewable electricity supply to the
electricity grids increasing, the reliance on conventional power generation decreases [1,5-9].
As aresult, the cost of operating and maintaining the infrastructure is also increasing [3-10].

Most conventional power plants turn the spinning energy into electricity via a syn-
chronous generator. Inertia in the electricity grid refers to the energy stored in large,
mechanical rotating generators and is independent of power output [11]. Storing energy
is imperative for the electricity grid’s stability; if there is a failure in the power plant, the
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inertia can temporarily make up for the power loss and gives the mechanical system time
to react and respond to the failure, avoiding a loss of power to customers. Renewable elec-
tricity penetration into these electricity grids decreases the demand requirement from the
power generation units, and with this, the inertia also decreases [12-14]. Due to the natural
intermittency of renewable energy, there is a requirement to find a solution to store and
control the power output and frequency of these sources and find solutions for grid support
to replace the loss of inertia [11]. Decentralisation of the electricity grid through microgrids
coupled with energy storage systems is a potential solution to allow the continued increase
in renewable penetration and solve the issue of grid instability. Microgrids are a subset
of the broader electricity system and can include all the necessary components required
to operate independently from the primary electricity grid [15]. The primary source of
electricity in emergent microgrids is generally renewable sources. The type of renewable
energy depends on the site’s geographical location and availability of natural resources. The
challenge with using renewable energy is the supply gap during periods of low generation
in the off season and excess production during periods of minimum demand.

1.1. Hydrogen and Hybrid Storage Systems

The main components within a hydrogen storage system are a water purifier, electrol-
yser, storage device such as a pressure vessel, liquid storage tank or metal hydride cell, and a
fuel cell [16,17]. The process of converting excess renewable electricity to hydrogen via elec-
trolysis is also known as power-to-gas. This produced hydrogen can then be reconverted
back to electricity using a fuel cell, (power-to-gas-to-power or P2H2P) or alternatively,
blended into a natural gas pipeline, which is used for fertiliser production or vehicle
refuelling stations. In this comparison, the focus is on the stationary P2H2P configuration.

There are four types of electrolysers: alkaline, polymer electrolyte membrane, anion
exchange, and solid oxide [18]. According to IRENA, alkaline and polymer electrolyte mem-
brane electrolysers are available commercially, whereas anion exchange and solid oxide are
still at a lab scale [19]. In a P2ZH2P-only configuration, when the power generated by the
renewable energy supply is greater than the load requirement, the electrolyser is activated,
produces hydrogen gas, and stores it using the excess electricity generated [16,17]. When
the power generated by the renewable energy supply is less than the load requirement, the
fuel cell is charged and supplies the power requirement.

The most common hydrogen storage options are: compressed hydrogen gas, liquid
hydrogen, material storage with metal hydrides, as well as storage within other molecules
such as ammonia. According to Alam, Kumar and Dutta (2021), compressed hydrogen
gas is the most mature, economic, and viable hydrogen storage technology [20]. However,
dealing with compressed hydrogen brings new hazards to control such as flammability
and extreme high-pressure storage requirements (~350 bar) compared to liquid natural gas,
and it has a destructive capability (hydrogen embrittlement) [10]. Hydrogen can perform
the role of supplying short- and long-term storage [21], although the roundtrip efficiency
of the P2H2P system is 40-80% depending on the method of electrolysis and scale of the
system, which is lower than that of the Li-ion battery [22].

The energy management strategy affects the optimal performance, utilisation, and
cost effectiveness of the P2H2P system [10,13]. The expected lifespan of P2H2P system
components is 15-20 years, greater than that of the Li-ion battery [23].

1.2. The Adoption of Hydrogen-Based Energy Storage Systems

The inclusion of an energy storage system may also provide affordable and clean en-
ergy, develop sustainable communities, and foster climate action [24]. Energy can be stored
in several ways, such as in batteries, pumped hydroelectric power, hydrogen, compressed
air, flywheels, and other less-used methods [25]. The most advanced and prominent sta-
tionary and mobile energy storage systems are lead-acid and lithium-ion batteries [26].
Pumped hydroelectric power is applied on a larger scale under suitable conditions and
provides the needed grid inertia with rotating equipment. The other methods stated
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above are less prominent and are not discussed in the same level of detail [18]. Hydrogen
was the chosen topic of focus among these storage technologies due to its high energy
density; at 33.6 kWh/kg, hydrogen has a significantly higher energy density than other
forms such as diesel (12-14 kWh/kg), natural gas (13.6 kWh/kg), and lithium-ion bat-
teries (0.100-0.265 kWh/kg) [10]. Hence, hydrogen storage is versatile for short-term and
long-term storage applications.

However, the potential for hydrogen implementation as storage for utility-scale dis-
tributed energy resources and larger microgrid applications needs further investigation [27].
Scaling the technology by diversifying hydrogen across multiple sectors and applications
may further reduce costs and improve performance [28]. Non-techno-economic barriers
such as government policies or incentives, including feed-in tariffs and capital grants,
should be reviewed [29]. Countries such as the USA, the United Kingdom, Australia, Japan,
France, Norway, and other European countries have introduced hydrogen policies and
roadmaps, highlighting international interest. The 2021 European Hydrogen Backbone was
introduced to accelerate the decarbonisation journey in Europe. The traditional centralised
electricity grid approach is being phased out in areas with large expanses of space between
communities and towns, such as Western Australia. Energy storage can eliminate the need
to build expensive new power plants and long transmission lines [27].

1.3. Exploration in the Australian Context

The methodology of this paper complements the existing body of quantitative analyses
with qualitative data obtained from industry professionals. Industry professionals provide
insights into developing strategies to address technical, economic, and perceived barriers
to the application of hydrogen-based storage at a larger scale [30,31]. Hydrogen storage is
a technology being researched to solve the challenges of long-term energy storage and grid
support [1,20]. Against this backdrop, this research investigated stationary, hydrogen-based
energy storage systems for microgrids and distributed energy resources in the Australian
dynamic energy sector. This research applied a mixed methodology under its exploratory
study to pursue this investigation. First, a systematic literature review was employed to
position the research in the literature. Second, the systematic literature review findings
were used to inform a list of questions used to conduct semi-structured interviews.

Experienced Australian professionals with knowledge of the topic and university
professors were engaged to consider their views and opinions. A thematic analysis was
carried out to review the data obtained from the semi-structured interviews. This thematic
analysis identified key themes and trends, which formed the basis of the report’s results,
conclusion, and recommendations. The succeeding sections cover the findings from the
systematic literature review. The methodology included a collection of primary and sec-
ondary data, a synopsis of the results, their discussion, and a conclusion. The systematic
literature review investigated more technical themes related to storage technologies and
configurations, whereas the results and discussion sections investigated the management,
economic, and regulatory themes that emerged from the interviews. Finally, this research
identified potential use cases for hydrogen-based energy storage systems and barriers in-
hibiting their implementation, as well as outlined recommendations to accelerate hydrogen
storage systems’ uptake.

2. A Mixed Methodology

Hydrogen-based energy storage systems are still at an early stage of development and
deployment. The research on their adoption is explorative at this stage. Hence, a mixed
methodology was designed to investigate the use of stationary hydrogen-based energy
storage systems for microgrids and distributed energy resources. The mixed methodology
consisted of a systematic literature review and interview. The systematic literature review
was conducted first to form the basis for a series of semi-structured interviews. The
results of the systematic review were integrated with the insights gained from the expert
interviews to provide the final three themes analysed in the Discussion section, namely, use
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cases for hydrogen-based storage systems (Section 4.1), challenges inhibiting the uptake of
hydrogen-based storage systems (Section 4.2), and finally, recommendations to accelerate
the uptake of hydrogen-based storage systems (Section 4.3). Figure 1 illustrates the adopted
methods, steps, and guidelines in this research.

Step 1: Keywords and
Search String Determination

Step 2: Database Search and
Article Shortlisting

Systematic Literature
Review

Step 3: Shortlisting of
Articles

Step 4: Analysis of the
Articles

Problem-centred Interviews

A Mixed Methodology

Interviews

Three Guidelines

Figure 1. Overview of the mixed methodology.

2.1. Systematic Literature Review

A systematic literature review (SLR) was completed to identify the current state-of-
the-art literature governing hydrogen-based energy storage systems. SLRs are widely
employed as a comprehensive, stringent, and reproducible method to categorise and report
the findings of a literature review [32-34]. The review was completed in four main steps
and provided the basis for the semi-structured interviews.

Firstly, a string of relevant keywords was identified for a Boolean search string. The
keywords were determined from the research gaps and combined into a Boolean search
string: Hydrogen AND Storage AND (Microgrid OR “Micro Grid”). A keyword comprising
two words was included within quotation marks, and the search engines automatically
searched for the plural spelling of the exact keywords. The search string was applied
to the Web of Science, Scopus, ProQuest, and Science Direct databases. First, the data
were exported into Endnote X9 and Microsoft Excel. Second, duplicate articles and copies
were eliminated. Third, the titles and abstracts of the remaining articles were analysed,
and an exclusion criterion enabled the shortlist selection of articles related to hydrogen-
based energy storage systems. Finally, the shortlisted articles had their data extracted and
analysed. More details concerning the systematic literature review method were collected
in the Supplementary Materials of this paper.

2.2. The Interview Methodology

The reviewed, shortlisted articles produced a clear picture of the common themes,
which paved the way for the primary data collection stage. It was evident from the articles,
particularly the comparative studies, that when hydrogen technology is used in the storage
configuration, the cost of electricity increases due to the higher capital costs of electrolysers
and fuel cells (see, for example, studies by [16,35]). Moreover, as Dawood et al. (2020) [10]
explained, it became evident that hydrogen-based energy storage configurations have a
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preferential economic performance in larger-scale projects with longer project lifecycles.
Further, hydrogen-based energy storage systems’ management and technical performance
proved to be well understood.

Semi-structured interviews were proposed due to their ability to extract detailed and
in-depth information on a complex yet poorly understood topic (as explained in [36]).
Recent, relevant studies related to decentralisation [37] and decarbonisation [38] used a
methodology to create practical contributions and empirical findings from experts in the
energy sector. Moreover, semi-structured interviews allow the interviewer and interviewee
to express an answer or delve into an idea in more depth [39]. Therefore, semi-structured
interviews were chosen as the data collection method to minimise any preformed bias that
may be present in the participants.

Development of the Interview Structure and Questions

The interview technique was structured around the strategies in problem-centred
interviews (PCls). The goal of a PCl is to allow an open conversation to occur whilst the
interviewer facilitates the direction and scope of the conversation. As the topic of renewable
hydrogen is relatively new and underdeveloped, the interviewer allowed the participants
to fully express their personal views to ensure in-depth information could be obtained and
compared against the similar or opposing opinions from the remainder of the participants.
The interviews followed three guidelines [40,41].

The first guideline proposed to understand the broader context of the topic at hand,
i.e., energy storage systems. This process included prompts on the importance of energy
storage systems from small-scale residential to utility and grid-scale applications and
probed whether the interviewee believed hydrogen has/may have a role within these
systems. In many cases, the interviewees naturally answered what would have been the
second prompt, which was specifically regarding the role hydrogen may/will have within
future energy storage systems. This first guideline allowed the interviewees to express their
opinions and expertise from their vested industry or academic interests early, before more
hydrogen-specific prompts were used. The open-ended nature of the first two prompts
minimised the risk of a short, articulated answer (e.g., no) when asked (for example) if
hydrogen may have a role in energy storage systems, which could have led to the early
cessation of the interview. Instead, the open-ended nature allowed the interviewee to
attribute knowledge and emergent ideas to the broader energy system.

The interviewees were asked to identify the industry’s current challenges in imple-
menting hydrogen-based energy storage systems within the second guideline. The question
did not specify the challenges present, such as political, technical, or economic challenges.
This open-ended question was used to identify the challenges and obstacles present with
hydrogen-based energy storage systems. The method of storing hydrogen is an area of
interest that was identified within the systematic literature review. Therefore, the second
prompt within the second guideline was to ask the interviewees their opinion on the most
practical method of storing hydrogen for both small-scale and large-scale applications.
This prompt on storage methods provided a comparative analysis of the different storage
methods and their implications.

The third guideline was designed to identify solutions to overcome the challenges men-
tioned above. The interviewees were asked to outline areas along the hydrogen value chain
that need the most research and identify drivers for adopting these technologies. Finally,
to conclude the interview, the interviewees were asked their opinion on the structure and
nature of the future energy and electricity system. This question ultimately combines the
information learned and discussed during the interview with their personal opinion of how
the electricity grid transition may unfold. It was then possible to provide recommendations
on key areas of future research to the reader from this information. Table 1 shows the main
questions in the interview.
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Table 1. Main questions.

Number Main Question

1 Why is there a requirement for electricity storage systems?

2 Do you believe hydrogen has a role to play in these storage systems? If yes, what role?

3 What are the options for storing hydrogen?

4 What are some of the challenges inhibiting the uptake of hydrogen-based energy
storage systems?

5 What are some strategies that could be adopted to overcome these challenges?

The study was undertaken in Australia from August 2021 to September 2021 under
the ethics approval number HRE2021-0443 through the Curtin University Human Research
Ethics Committee (EC00262). The participants are experts primarily located in Western
Australia (WA), although they operate across the entire country. Therefore, although the
results might be transferable to other countries with similar conditions, the context must
be considered. For example, WA’s energy system is more dynamic than others due to the
large availability of natural resources, temperate climate, and large expanses of inhabited
space [42]. In total, ten expert participants were interviewed during August and September
2021. The sample consisted of high-profile experts such as an energy transition consultant
and founder of a renewable energy company, the chairman of a renewable energy business,
and the managing director of an emerging renewable energy company, as shown in Table 2.
The range of participants allowed for a diversity of perspectives, ranging from technical
complexities to economic and policy considerations.

Table 2. Characteristics of the ten interviewees and their associated interviewee number.

g::nr‘];i::vee Area of Expertise and Experience

Industry Experts

101 Energy transition consultant and founder of renewable energy company
102 Chairman of a renewable energy company

103 Managing director of an emerging renewable energy company

104 Senior member of a large energy supplier

105 Senior member of a large-scale electricity supplier

106 Decarbonisation and energy project manager and researcher

Policy Experts

Po1 Strategy manager for an electrical utility company

P02 Senior strategy analyst for a large-scale energy producer and retailer
P03 Executive of a government body which provides industry-matched funding to

energy lighthouse projects

Academic Experts

Professor with research interests in energy storage, renewable electricity,

Al and microgrids

The interviewees were selected using a combination of personal and university con-
tacts and were recruited through LinkedIn and email. The duration of the interviews
ranged from 20 to 60 min. It is recognised that the opinions of interviewees provide a
bias towards their vested interests, which was considered carefully when analysing the
results [37,43].

Four categories resulted from the content analysis: the need for hydrogen as energy
storage, the challenges of bringing hydrogen-based energy storage technologies to market,
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the method of storing hydrogen, and the perception of the future of decentralised elec-
tricity systems. These categories provided the basis for analysing the transcripts from the
interviews. The interview content was analysed according to the context in which relative
keywords were mentioned [37]. The system for presenting the data was adapted from [44].
The interviewees’ quotes and statements aligned with the research objectives and categories
for analysis were used to present the research findings. Similarities, contradictions, and
conclusions were then derived from the interview transcripts.

3. Research Findings
3.1. Requirement of Energy Storage Systems

All ten interviewees expressed a growing concern around the requirement for solutions
to store the excess intermittent electricity produced from renewable sources during times
of high electricity production and low demand. This is predominantly a result of the rapid
uptake of rooftop solar panels in the residential, industrial, and commercial sectors due to
the decreasing cost of solar PV systems and government subsidies (101, 103). The uptake of
rooftop solar panels is causing stress on the energy system, which was not designed for
bidirectional flow and for the consumers to become prosumers (106), the latter meaning both
producers and consumers of energy.

The uptake of all forms of renewable energy results in the need for electricity storage to
ensure that electricity is available for the receiving communities. Be it at a grid, community,
or residential level, the requirement is still there (P02). Furthermore, electricity storage is
an intermediary between the intermittent generation source and the load. As stated by 103,
electricity storage enables the maximum economic value of an investment in renewables
(I03). With the decreasing inertia in the electricity grids, there is a further requirement to
develop solutions to increase the stability of electricity grids by providing a controllable
electricity supply. This stability can be achieved using large-scale electricity storage (A01).
With the decreasing cost of renewable energy, the goal is to produce electricity at a low
cost and store it for use when there is a lack of extended access to low-cost energy, for
example, in stand-alone power systems (103). Operators of utility grids, micro-grids, and
embedded networks who aspire to achieve 100% renewable penetration will need some
form of electricity storage. Storing excess renewable electricity will also further offset the
requirement for fossil fuel-powered generators (105).

3.2. Opinion on Hydrogen’s Role in These Energy Storage Systems

Solving the use case for hydrogen as pure electricity storage in a stationary form has
proven challenging (101, 106). This challenge is due to the advancement and steep reduction
in battery technology costs, hydrogen’s main competitor. It is more apparent in smaller,
residential, or single-dwelling-sized applications as the advantages of economies of scale
do not apply (103).

A significant factor affecting the feasibility of hydrogen energy storage is where it is to
be implemented (P02). In metropolitan areas, there is further opportunity to balance/share
the electricity supply and demand with other users who have solar and battery storage
systems, making it more complex to justify a use case for hydrogen storage. Hydrogen
energy storage in metropolitan areas becomes feasible when embedded networks are
introduced, and the operator of those networks wants to achieve 100% renewables (P02).
Hydrogen storage systems have the potential to make 100% renewable energy practical and
economically feasible. However, further research and demonstration on a few technical and
economic aspects of the systems are still required before investment decisions can be made
by grid operators and owners (I102). The best use case for hydrogen energy storage will be
diesel displacement in remote microgrids, stand-alone power systems, and communities
such as mine sites (A01, P02, P03, 102, 103, and 105). The use of diesel in these locations is
expensive and, with the potential of on-site production and utilisation, hydrogen becomes
a viable alternative (I02). There is also no opportunity to balance the load supply and
demand, making electricity storage necessary for sustainability and economic reasons (P02).
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In addition to this, there is the possibility of transporting any additional hydrogen to the
point of use should there not be enough availability through local production (102).

The many uses of hydrogen are an advantage of using this technology (102). In
addition to storing and generating electricity, hydrogen can be used for transport where
fuel cell vehicles are operating (102). This feature allows grid operators, companies, or
local governments to have a complete strategy around hydrogen. Moreover, 101, 103, P02,
106, P03, and A01 included heavy transport as a potential use case for hydrogen storage
systems. Although excess renewable electricity can be stored as hydrogen, it is not the most
efficient way to store electricity. Therefore, it makes sense to use it in different areas such
as transport, space heating, and cooking. Blending hydrogen into existing gas networks
and storing it there is the cheapest form of storage available. Although this may be the
only feasible option where gas networks already exist, there are still challenges around
maintaining blending volumes within the network and modifying end-use appliances to
be compatible with high (>15%) proportions of hydrogen (104).

A use case for hydrogen is the provision of a controllable source of energy for grid
support at a utility scale. The advantages of hydrogen are the easy expansion of storage
and the long-term storage capabilities. Moreover, hydrogen storage systems have become
more economically viable (A01).

3.3. Challenges in Implementing Hydrogen-Based Storage Systems

The costs of electrolysers and fuel cells are the biggest inhibitors to implementing
hydrogen-based energy storage systems (101, 102, 103, 104, P03, and A01). The high cost is
due to the electrolyser and fuel cells” dependency on rare earth metals (as explained by A01),
the limited demand for the technology, and the requirement for bespoke engineering for
each project. There is insufficient demand to warrant a mass assembly line and standardised
equipment production (104, 105). Despite these barriers, the cost of hydrogen storage system
components has decreased by ~50% in five years (104).

The efficiency of the electrolyser and fuel cell system can be up to 80% for solid
oxide fuel cells when the heat produced (approximately 800-1000 degrees Celsius) during
operation is used to heat the gases in the process (A01). As explained by A01, due to
high operating temperatures, solid oxide fuel cells are only suited to large-scale grid-
support projects.

Low-temperature fuel cells, such as the proton exchange membrane, have only
achieved ~30—45% efficiency, whereas batteries are far more efficient (depending on the
type) at ~80-90%, making the use case for hydrogen storage systems challenging (A01
and 102). Such low efficiency makes hydrogen storage systems unsuitable for frequency
control and support for the primary electricity grid. It will often need to be used with
batteries (A01). To further enhance the challenges, there is a lack of industry expertise
around hydrogen-based energy storage systems, and therefore, a higher risk tolerance is
required for projects to go ahead. Furthermore, as the technology is still in the research and
development phase, the market is dominated by small-scale manufacturers and suppliers,
creating a challenge for grid operators in bringing equipment from different suppliers
together (102, 105).

Another challenge in implementing hydrogen-based storage systems is a signifi-
cant knowledge gap in the integration of controls and the operation and maintenance
requirements of these systems (102). Indeed, “there is a deficit in the electrical industry and
understanding how to integrate that technology into an operational environment and be able to
maintain that power quality and reliability”, as described by 105. This lack of industry expertise
and experience leaves gaps in the lifecycle costing for companies when considering the
costs associated with operating and maintaining hydrogen-based energy storage systems,
making investment decisions difficult (102). In addition, I05 is concerned about “a real lack
of regulation in Australia around the generation of hydrogen, the use of hydrogen and hydrogen for
power generation, especially within the health and safety environment”. Furthermore, with the
certainty of safety risks associated with hydrogen and any new technology, it only takes
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one incident for regulators to freeze the deployment and operation of the systems. Finally,
many companies cannot absorb this additional risk (102).

3.4. Methods of Storing Hydrogen

The ease of storage capacity expansion with compressed hydrogen storage makes it a
suitable option for very large-scale grid-support electricity storage (A01). Although tech-
nologically feasible, compressed hydrogen storage is not a scalable option for residential,
commercial, and industrial scales (102, 103 and A01). This is because, “the compression and
depression are energy-intensive; [ . .. ] from a conversion efficiency, it’s a very inefficient loop, and
you are wasting a lot of electrons in pushing the molecules together” (102). From a lifecycle cost
perspective, any pressure vessels are typically prohibitive. High costs are typically due to
their building, fitting, certification, and testing operations. According to the Australian
norm, they have to be recertified every 12 months to a very high compliance regime (as
explained by 102): “The cost of mass manufacture is high; the costs of regulatory maintenance
and certification are high, and there are no ways of avoiding those”. Moreover, the exceptionally
high parasitic load associated with compressed hydrogen storage, which results from the
compression and decompression processes, further increases the overall cost of the storage
system (102).

With a different perspective, interviewee 104 believed the most practical and cost-
effective method of storing hydrogen was in a gaseous state within the existing natural gas
network. Hydrogen stored in metal hydrides is the best option for smaller-scale applications
due to the low pressure and operating temperatures. However, the technology is still in
the research and development phase and is very expensive (102, A01). Hydrogen stored
within metal hydrides has a slow reaction time and, in most cases, will need to be coupled
with a battery to provide frequency support (A01). Conversely, hydrogen stored in a liquid
state or within carrier liquids such as ammonia may be a viable option due to storing a
more significant amount of hydrogen in the same volume of space and at a lower pressure
than the gaseous alternative (102, 103). A statement from A01 regarding the requirement
of cryogenic temperatures for liquid hydrogen emphasises challenges in supplying the
energy and equipment to maintain these temperatures and that fuel cells operate at ambient
temperatures. Carrier liquids such as ammonia are also in the development phase and have
not yet proven economically feasible at a smaller scale (I102). Hydrogen storage options, both
as liquid hydrogen and within a carrier liquid, have low round-trip efficiencies, making
them less efficient and difficult to solve at the commercial and industrial scales (102, 103).
Energy companies and grid operators are restricted to options that reflect their response
when going out to industry for a proposed project. Industry responds to the capability and
skillset currently available in the market (105).

3.5. Other Comments and Recommendations

Simultaneously, there is a need to mobilise hydrogen industries and ecosystems
to develop the whole value chain. Otherwise, solving one aspect of the value chain
might prove ineffective for the whole hydrogen storage system (102, 103, 104, P03, A01).
Incentivised, hard-to-reach targets and strict policies set by governments will encourage
the industry to look for alternatives (P02, P03). Significantly, large companies within
energy-intensive industries such as mining and transport could impact the development of
hydrogen if they are incentivised to increase investment, as they will act as large off-take
partners. When large companies pursue new objectives, they can create demand for a
product/service that stimulates all the associated supporting industries (I03). Government
subsidies in pilot and research projects might encourage energy-intensive industries and
companies to adopt and trial new technologies (P02, 103). Furthermore, it is important to
publicly share the learnings that result from government-subsidised and -funded projects
with the broader industry to foster a faster and more widespread innovation system (I105).
Indeed, “local councils, state governments and possibly even federal governments are important
off-take customers through their procurement of fleets, trains and public transport” (P03).
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Cross-industry collaboration and the sharing of learnings from pilot and trial projects
is the preferred approach to drive the adoption and uptake of hydrogen storage technology.
There is an opportunity to share the transport industry’s findings and carry them over to
the static generation space (105). The broader market uptake of hydrogen systems, such as
in vehicles, results in the miniaturisation of scale production that can be transferred across
industries (101, 102, 103, 106 and A01). Knowledge sharing allows more people to work on
the technology, increasing competition and innovation and reducing the cost curves (105).

Large projects may pave the way for the broader adoption of hydrogen storage systems.
For example, the proposals for hydrogen highways in New Zealand and WA are the projects
needed to mobilise a new industry (A01). Projects of this magnitude require research
and collaboration to ensure all aspects of hydrogen production, storage, transport, power
generation, and enabling technologies are developed simultaneously to achieve a successful
result (A01).

4. Discussion

The insights gained from the expert interviews presented in the sections above were
used in conjunction with the results from the systematic literature review to identify three
critical themes. The first theme considers the variety of use cases for hydrogen storage
systems, which could develop into case studies to advance applications and the research
on hydrogen developments further. As much as it is essential to create use cases, it is
also essential to evaluate the challenges that inhibit the uptake of hydrogen-based storage
systems. Thus, the second theme discussed here is the evaluation of such challenges. From
the discussion of these two themes, the third theme is a collection of recommendations to
accelerate the uptake of hydrogen-based storage systems.

4.1. Use Cases for Hydrogen-Based Storage Systems

This theme summarises the most common use cases for hydrogen-based storage
systems, detailing how these cases can be employed and including their limitations and
related challenges.

e Microgrids and stand-alone power systems. Ayodele, Mosetlhe et al. (2021) [7] demon-
strated that hydrogen-based energy storage systems are best suited for microgrids
and stand-alone power systems. Additionally, they can successfully be used to serve
remote communities where the distance from the nearest grid connection is substantial.
In most cases, long-term storage will be required to provide the reliability of electricity
to the community or customer it is servicing. Where there is an opportunity to displace
diesel, on-site hydrogen production and utilisation become a viable option. That is
typically the case in the remote areas that are widespread in the Australian outback.

e  Small-scale applications. Due to the current high cost of equipment and uncertainty
regarding operational, maintenance, safety, and regulatory requirements, hydrogen-
based electricity storage units are not yet suited for pure electricity storage within
small-scale residential, industrial, and commercial applications. Generally, these
features are better suited when an opportunity exists to balance the electricity load
with other users. Furthermore, the uptake of rooftop solar panels, batteries, and
battery-cell electric vehicles will provide enough storage within the electricity grid to
prevent the need for deep storage at the individual unit level, except for individuals
and entities making investment decisions based on reasons other than economic and
financial considerations.

o  Embedded network. Pure hydrogen energy storage systems may be applicable in situa-
tions where embedded networks exist. The operators of these networks aim to achieve
100% renewables, and their customers are willing to pay more for their electricity.
Hydrogen can be used as long-term storage and large-scale grid support but needs
to be in conjunction with batteries to provide frequency support to the grid. The
expensive capital cost of equipment is less evident at a larger scale. A hydrogen
storage system is a viable option for these applications where the ease of expansion
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of storage capacity can be achieved without upgrading the entire system. Moreover,
there is an opportunity to use rather than curtail the excess electricity generated by
renewables during off-peak times through conversion and storage as hydrogen within
the existing gas networks for heating and cooking, but not for re-electrification.

4.2. Challenges Inhibiting the Uptake of Hydrogen-Based Storage Systems

The cost and low efficiency of hydrogen storage systems are the most significant
inhibitors of the implementation of hydrogen-based electricity storage systems, as demon-
strated by [10,35,36], and in the interview results reported above. For this reason, many
companies cannot afford to absorb the additional risk of uncertainty in their cost plans
when planning projects of this nature. As the competitiveness of hydrogen-based storage
systems increases, so does that of its competitors. Recent battery technologies make it
increasingly challenging for hydrogen to compete as a pure electricity storage option.

Another challenge is storing hydrogen, which has proven difficult to overcome. Sub-
stantial research and investment efforts are ongoing. Contrary to the results reported
by [20], it is believed that compressed hydrogen gas storage is not a scalable option for
residential, commercial, and industrial applications due to the safety risks, expense of man-
ufacture, and high cost of regulatory maintenance and certification. Compressed hydrogen
storage may be applicable for large-scale utility grid-support storage and is being trialled
in projects such as in Denham, Western Australia [45]. Storage in a liquid form within a
carrier liquid or metal hydrides is more likely to be adopted at a smaller scale.

In addition to the high costs associated with hydrogen-based energy storage systems,
there is limited real-life practical expertise to reach out to for support. Therefore, only
projects backed by governments and early adopters of technology who can accept a higher
risk tolerance will be completed. The learnings from privately funded projects generally
remain confidential as intellectual property to benefit a single organisation, which confines
the broad uptake of the technology. Research articles by [13,22,46,47] have demonstrated
the successful energy management of hybrid energy storage systems. However, there is
minimal practical industry knowledge concerning the introduction of these systems into
an operational environment whilst maintaining power reliability.

4.3. Recommendations to Accelerate the Uptake of Hydrogen-Based Storage Systems

Four recommendations arise from the review of the literature and the interview results.
These recommendations are summarised in the list below and are discussed in more detail
in the following paragraphs.

First, it emerged that research and implementation of a complete hydrogen strategy
for a remote town or community, such as diesel displacement, should be planned to
achieve a better capital performance of equipment and stimulate development across the
entire hydrogen value chain. Second, learnings from government trial projects should
be disseminated across industry sectors to stimulate cross-industry collaboration and
competition in the private sector. Third, governments and policymakers should enforce
incentivised stretch targets for emission reductions and operating requirements for the
private sector. Finally, to assist the governments in the uptake of hydrogen energy storage
systems, the private industry should collaborate and form joint ventures to share the risks
and learnings from early pilot projects.

A whole strategy around hydrogen is required for its successful implementation. Such
a strategy could start implementing hydrogen for electricity storage, power generation,
and transport for diesel displacement. An entire ecosystem around hydrogen could be
developed, as mentioned in the National Hydrogen Roadmap by CSIRO [48] and Green
Hydrogen Cost Reduction by IRENA [19]. This may lead to the capital performance of the
initially expensive equipment, as the electrolysers and fuel cells will be operating more
frequently than in a pure electricity storage scenario. Furthermore, government-subsidised
trial projects with shared public learnings are crucial for cross-industry collaboration
and competition. These government-backed projects would allow smaller companies
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without significant financial backing to get an opportunity to break into the energy market
that large, multinational conglomerates have traditionally dominated. The increase in
competition may drive innovation and demand, which might, in turn, lower the cost
curves. Stretch targets and strict government policies coupled with incentives are powerful
tools to guide industries in a particular direction. Private industry can collaborate to assist
the governments by creating joint ventures to share the risk of the pilot projects whilst
allowing all parties to benefit from experience in the project.

5. Conclusions

This exploratory study investigated the technology associated with stationary hydrogen-
based storage systems and their use cases through a systematic literature review, which
informed semi-structured interviews with experts. First, the systematic literature review
concluded that hydrogen-based energy storage systems could be used as the sole electricity
storage medium or as a hybrid with other storage devices such as batteries. Hydrogen-
based storage systems are best suited to a hybrid configuration with batteries. The batteries
provide frequency control, short-term storage, and supply peak demands to the grid, whilst
the hydrogen storage system fulfils the long-term storage requirements for periods of
extended low generation. Hydrogen storage systems are less economically feasible and
inefficient compared to batteries and are more economically viable at a larger scale. Second,
the interviews conclude that hydrogen-based energy storage systems are not suited for
pure electricity storage within the urban environment unless embedded networks exist
and operators wish to achieve 100% renewables. Hydrogen-based energy storage systems
are best suited to large-scale grid-support storage, remote microgrids, and stand-alone
power systems where deep storage is required and sufficient space is available to install
the primary renewable electricity sources, such as solar photovoltaic systems. For example,
if an entire strategy around hydrogen for diesel displacement can be developed for a
remote town or community, then this would increase the feasibility and practicality of
using hydrogen as electricity storage by developing an entire ecosystem to support it.

Increased government support in strict policy development, funding of pilot projects,
and enabling technology advancement will stimulate collaboration and competition in
the industry. Moreover, CSIRO’s “Low Emissions Technology Roadmap” report [49] and
statements by interviewees agree that governments need to act as the early adopters of
emerging technology and be the off-take partners through their procurement of public
infrastructure and assets. Regulated bodies and customers need to be incentivised to take
risks. Industry support through joint ventures and public—private partnerships will help
mitigate risks for the early projects whilst providing shared learnings to those involved.

Nevertheless, certain limitations of this exploratory study need to be considered. First,
this research does not include an in-depth technical study of the detailed performance
of energy storage systems, nor does it provide a comprehensive economic analysis or
comparison against current electricity prices. Another limitation is the limited number of
experts interviewed. To some extent, ten interviewees sound reasonable, as they allowed
the authors to propose four challenges and recommendations and discover three critical
themes as discussed in the paper. On the other hand, the limited number of participants
highlights the immature condition of the DER and hydrogen market in Australia. This
limitation highlights the need for more research and applications of hydrogen DER in this
country. Additionally, due to the developed subject area surrounding the use of hydrogen,
this research does not delve into the specific aspects of hydrogen production, storage,
utilisation, and the various regulations and policies governing its use. Therefore, this
research should be a step toward a more detailed topic analysis. These limitations and
other identified gaps in the knowledge set the basis for future research opportunities.
From a perspective of business viability, further research should be conducted on the
business and operating models of complete hydrogen strategies for diesel displacement in
regional towns or communities, including how they may be able to integrate with proposed
hydrogen highways and other infrastructure developments. As a result of decentralising
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the electricity system, alternative business models to the traditional one-way flow of energy
and security need to be tested to allow customers to supply clean, reliable, and affordable
energy to the community. This would include how customers will be rewarded for their
participation and how the risks will be shared amongst network members, including the
network operator.
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