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ABSTRACT

Romania is a country with relatively good opportunities to manage the transition from the
dependence on fossil energy to an energy industry based on renewable energy sources
(RES), supported by hydrogen as an energy carrier. In order to ensure Romania's energy
security in the next decades, it will be necessary to consider a fresh approach incorporating
a global long-term perspective based on the latest trends in energy systems. The present
article focuses on an analysis of the potential use of salt caverns for hydrogen underground
storage in Romania. Romanian industry has a long technical and geological tradition in salt
exploitation and therefore is believed to have the potential to use the salt structures also in
the future for gas and specifically hydrogen underground storage. This paper indicates that
more analysis works needs to be undertaken in order to value this potential, based on
which macroeconomic decisions then can be taken. The present work examines the
structures of today's energy system in Romania and features an analysis of Romania's
current potential of hydrogen underground storage as well as, reports on the potential use
of this hydrogen in chemical industry, the transport sector and salt industry in Romania
and highlighting issues implied by a possible introduction and use of hydrogen and fuel cell
technologies.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

Romania's energy sector is facing the need to store extremely
large energy quantities for short to long-term (days to weeks)

in order to adapt to the increasingly intermittent renewable
energy production. In Romania, energy storage will become a
subject of obvious importance both with regard to renewable
energy resources and nuclear power. One potential flexibility
option for the power sector is the use of large scale energy
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storage, storing the energy produced mostly as electricity in
periods of surplus for later use during times of peak demand.
Today, pumped hydro schemes are the preferred technical
solution due to its favorable economics, but, as these are
limited in potential, in the long-term, energy storage schemes
with considerably higher energy storage capacities will be
needed.

Hydrogen storage at large scale can be expected to support
the integration of intermittent renewable energy sources in
the current energy system. Large quantities of hydrogen will
be produced from renewable electricity through the electrol-
ysis of water, known also as green hydrogen. Hydrogen stor-
age in salt caverns by a large pressure differential and at
elevated pressures is a suitable candidate for dynamic peak
load energy storage and hydrogen can be released within an
adequate period of time. The salt caverns are highly imper-
meable for hydrogen even under high pressures and are
virtually leak proof. The cushion gas requirements for the
hydrogen storage are large and depend on the minimum
possible cavern pressure, but are defined as economic in-
ventory, and hence are part of the total capital expenditure [1].

Early open literature references about hydrogen under-
ground storage were made in 1976 [2], respectively 1979 [3].
These publications reported on analysis work on physical,
chemical, environmental and energy issues, all in the context
of large scale energy storage. In the same period of time a
major study on the same topic was conducted by the Institute
of Gas Technology, USA [4]. A few years later, other groups of
researchers also discussed issues related to technical and
economic aspects. In the latter source, a scenario about
hydrogen underground storage in salt caverns in connection
with the use of renewable energy has been laid out for the first
time, by presenting a hydrogen underground storage scheme
for balancing out tidal energy fluctuations [5]. Other groups
disclosed a conceptual design for compressed hydrogen stor-
age in mined caverns, i.e. in excavated tunnel-shaped caverns
[6]. At that time hydrogen underground storage appeared to be
the most promising solution to the problem of large scale
energy storage which seems to be learnt a fresh today. Despite
the principle idea of large scale hydrogen underground stor-
age in salt caverns is already three decades old, much work
remains to be done to put real systems into operation and
demonstrate their effect. This paper intends to contribute a
basis for a potential future implementation strategy.

Having disappeared from literature for about 15 years, in
2000 the idea of hydrogen underground storage reappears.
Some sources disclose relevant comparisons between
hydrogen underground storage and high-pressure over-
ground storage [7], the potential of large scale hydrogen stor-
age in the UK [8], the USA [9], Denmark [10,11], Germany [12]
and Russia [13]. Also one study has reported about a possible
integration of large scale hydrogen underground storage into
European energy infrastructure [14].

The work for this report has originated from an ongoing
European assessment project by the name of HyUnder.
HyUnder is supported by the FCH JU (Fuel Cell and Hydrogen
Joint Undertaking, grant no. 303417) and has set out to reveal
more about the storage potentials, relevant salt and other
relevant underground energy storage geologies, process
technology and cavern operating conditions, potential

business models and relevant energy markets for the use of
large scale hydrogen underground storage in Europe. Romania
is one out of six regions serving as prototypical energy market
with sufficient salt structures. More about the project can be
found on the project webpage, www.hyunder.eu. In HyUnder
project, the system boundaries are defined such that the
analyzed cavern plant includes electrolysis, compression
prior to the underground salt cavern as hydrogen storage and
all topside equipment (i.e. hydrogen drying, purification,
compression for trailer filling, re-electrification unit and NG
grid injection unit).

Today, a number of industrial hydrogen underground
storage applications are in operation. Chemical industry is
operating hydrogen salt caverns in Clemens and Moss Bluff in
the U.S,, as well as in Teesside in the UK, where hydrogen is
stored in three small and shallow caverns, using pumping of
brine into above ground brine ponds instead of differential
pressure for hydrogen storage underground. In all three cases
the stored hydrogen is used in chemical industry and not as an
energy vector. Also, in the past, hydrogen has successfully
been stored underground in France, Germany and former
Czechoslovakia, as pure hydrogen for aerospace industry
needs in Russia, or as town gas: a gas mixture including
hydrogen (40—60%), carbon monoxide, methane and volatile
hydrocarbons [15].

Another section of this paper develops an actual snapshot
of the Romanian energy system and at the potential role
hydrogen might play in it, for storage and end-use. A future
hydrogen (storage) infrastructure may take years lead time for
its development. Therefore, early scientific, technical and
business analysis is needed in time, involving representatives
of the relevant communities to sharing their know how in an
attempt to develop a realistic plot that may help to better
understand the role of hydrogen in Romania's future renew-
able energy based energy system. Even though the share of
renewable energy in Romania is one of the highest already
today, the consequences of an integration of further renew-
able energy will require further fundamental changes in the
energy system. The best approach to develop this pathway is
by developing the transition using both a long-term and short-
term forecast (backcasting/forecasting approach). Romania
has a long tradition (more than 2000 years) of salt extractions.
Today, Romania operates several active mines, but some older
mines have also been closed. Many of these sites may have the
potential to be used for hydrogen storage to form part of a
wider hydrogen infrastructure.

Overview of the energy system in Romania and
the potential role of hydrogen in it

Romanian's energy system has followed its own development
strategy in line with the country's own needs, but also influ-
enced by European energy policy. As such, a potential evolu-
tion of the role of hydrogen in the energy system will have an
impact on the Romanian energy system.

The hydrogen energy literature includes details of
demonstration projects, results of infrastructure development
economics and cash flow analysis, the environmental and
energy system impact, industry positions, etc. [16,17]. In the
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last 20 years Romania has made considerable progress
developing institutions compatible with a market economy,
and joining the European Union (EU) initiatives towards
harmonized energy system transition including hydrogen as
an energy carrier. European national strategies on the devel-
opment of hydrogen and fuel cell technologies vary consid-
erably from country to country. Two types of policies were
identified: i) policies developed by the European Commission,
and supported by Fuel Cells and Hydrogen Joint Undertaking
(FCH JU), and ii) policies of the Members States, also further
divided into national and regional policies.

The objective of the Romanian energy policy is to ensure
energy security, which guarantees continuous, stable eco-
nomic growth to cover the required domestic consumption of
electricity and heat under constraints of sustainability policy
goals (e.g. reduction of greenhouse gas emissions, energy di-
versity and de-carbonization; reduction of particulate emis-
sions, etc.). Other requirements include the gradual
liberalization of electricity markets and a policy promoting
sustainable development, e.g. by building on energy savings
and improvement of energy efficiency by technology im-
provements. These major three goals are referred to as the 20-
20-20 policy for 2020, which implies a 20% reduction in
greenhouse gas emissions, a 20% reduction in energy con-
sumption, and a 20% increase in the contribution of renewable
sources. Concerning the last goal, Romania has a more
ambitious goal of reaching 24% by 2020.

The contribution of individual energy sources in Romania's
recent energy history is a consequence of the past develop-
ment of the electric power industry in the centrally planned
economy. The actual policy has acknowledged the importance
of enhancing the efficiency in energy production, in order to
protect the environment as well as public health and welfare
(see Ref. [18]).

Renewables, including hydro, will remain to have an
important share for electricity generation/balancing, also in
the context of an energy system applying hydrogen as energy
vector. In Romania, hydropower covers a large share of the
electricity production; but also other renewable energy sour-
ces are increasingly being tapped. The fastest developing
renewable energy technology is wind energy, extending the
net electricity generating capacity. In the period 2014—2015 its
share was estimated to be between 12.7% and 15.3% of the
Romanian net generating capacity. The gross renewable
generating capacity and installed power in 2013 was: hydro
15,104 GWh (6648 MW), wind 4721 GWh (2607 MW), PV
413 GWh (860 MW) and biomass 319 GWh (96 MW) [19].

Romanian authorities have not yet adopted any program
(e.g. a roadmap including hydrogen as energy carrier) that
would specify objectives and assignments or integrate and
coordinate the individual activities. In Europe, Germany, the
UK, France, the Netherlands, Norway and Denmark, and
worldwide the USA (California), Japan and South Korea have
positioned themselves as leaders in the development and
implementation of hydrogen and fuel cell technologies.
Romania is a country with relatively good opportunities to
manage the transition from a dependence on fossil fuels to a
renewable based energy system using both electricity, syn-
thetic methane gas and hydrogen as complementing energy
carriers in the view of a wide application in energy end-use

The decision to replace these systems would offer an oppor-
tunity to implement fuel cell stacks instead of actual tech-
nologies, or to use hybrid systems that combine conventional
and modern methods of electricity generation.

There a number of public universities and research in-
stitutes in Romania, with only few of them being involved in
the field of hydrogen and fuel cell research and development.
The active ones have been conducting intensive in-
vestigations on a number of issues related to hydrogen energy
and particularly about hydrogen storage. Public funding on
research and development is available through a national
authority subordinated to the Ministry of Education and
Research. From our estimation Romanian research authorities
have spent more than 20 M€ for hydrogen and fuel cell related
research (from the year 2000 to the present).

Based on Scopus, we have identified more than 100 sources
(articles and reviews) in the field of fuel cell and hydrogen
energy from Romanian institutes in this period, covering
subject areas such as engineering, materials science, chem-
istry and chemical engineering, energy, environmental sci-
ence and mathematics. As a result, Romania ranks in the
middle of other neighboring or Eastern European countries.
Countries such as Russia, Turkey and Poland have produced
more than 300 scientific papers in this field, Greece and
Austria more than 100 scientific papers; Hungary, Czech Re-
public, Ukraine and Bulgaria less than 50 articles per country.

In Romania 13 industrial hydrogen producers could be
identified [20]. The hydrogen market comprises two major
players: captive producers which produce hydrogen for their
direct (i.e. onsite) customer or their own use and by-product
hydrogen resulting from chemical processes. In Romania,
hydrogen is consumed by mainly two industrial sectors: the
refinery and the ammonia industry, which are both captive
users. Besides the two categories of manufacturers, petro-
chemical and agrochemical, there is a third category chlor-
alkali industry, where hydrogen is generated as by-product
during brine electrolysis.

Building a coherent roadmap, both for hydrogen and fuel
cell technology, with regard to the EU as a whole and for its
individual member states, seems to be a difficult task. Some
countries are more willing to prepare for changes than the
others. Countries experiencing major economic challenges,
including the new EU Member States, will have different ex-
pectations in financing and implementing an introduction of
hydrogen into the energy system than the affluent ones
[21—24].

A strategy for Romania must take into account the
geopolitical factors that affect it, its state of economic devel-
opment and the social awareness for the potential wider role
of hydrogen in the energy system. A hydrogen roadmap would
set the direction for the required changes, could feature future
stages in logical succession, and its timeframe. As a general
remark, it is observed that countries that are facing obstacles
in promoting and implementing hydrogen technologies
widely typically tend to develop ambitious plans rather than
realistic ones; Romania is no exception. Adequate funding and
decision of experts are key elements for the success imple-
mentation of such a hydrogen research program.

Romania participates in the European Hydrogen and Fuel
Cell Platform (HFP) and HY-CO ERA-NET project and is active



11074

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) I107I1—I1I081I

in the Fuel Cells and Hydrogen Joint Undertaking (FCH JU).
Romania has also expressed its concerns for dedicated actions
and/or to put into place specific mechanisms in order to nar-
row the current gap between the western and eastern part of
Europe in the area of hydrogen and fuel cell research.

As already was mentioned (see Ref. [25]), some industrial
processes stick out for Romania which may be used to obtain
or to use sustainable hydrogen: steam methane reforming
with carbon capture and sequestration, hydrogen from
biomass and bio-hydrogen, hydrogen produced from renew-
able electricity by electrolysis of water, nuclear hydrogen and
hydrogen for energy storage. The last option is the subject of
this work.

The introduction of hydrogen into the Romania energy
market offers the possibility to provide a number of advan-
tages: sustainable energy development, valorization of local
resources and economic competitiveness. Nevertheless, a
number of considerable challenges remains and these are
unlikely to be overcome without serious additional effort of
both central authorities and industry.

Scenario for a hydrogen infrastructure and
network in Romania

At the moment, hydrogen is used mainly by chemical in-
dustry, in refineries and for ammonia production and pro-
duction has so far been dominated by reforming of
hydrocarbons, pyrolysis and co-pyrolysis. In the future,
hydrogen will become an energy vector together with elec-
tricity. Because the hydrogen is most abundant energy in the
universe, it can be obtained from a number of resources and
by various processes, in the future more and more dominated

European H, energy market

|
l

l

European H, storage market

}n

by renewable technologies. Of course, technologies must take
into account both aspects of ecology and economy.

Ideally, the emergence of hydrogen into the energy system
would be a decentralized one, with decentralized or even
onsite hydrogen production units emerging, essentially as
prototype or for demonstration projects. The gradual transi-
tion of its wider integration into the energy market hydrogen
could be assimilated by incipient hydrogen communities, also
in early niche markets, both for its stationary use and use for
transport as a vehicle fuel. A respective strategy development
is typically for forward countries or regions which exercise
also a long-term forecasting approach, involving all parts of
the energy system. However, our observations from HyUnder
make us believe that a monolithic approach to incorporate
hydrogen in the individual energy markets in Europe may not
be expected.

A mature hydrogen economy will assume not only the
existence but also the continuity of centrally organized energy
systems, the introduction of hydrogen into the energy sys-
tems, the development of a hydrogen distribution grid for
transferring hydrogen from the locations of production to the
sites of consumption. As part of this infrastructure, energy
and hence hydrogen storage would play an integral and
important role. Today thousands of hydrogen pipeline kilo-
meters are in operation around the world which typically
supplies chemical plants and refineries. These pipelines have
25—30 cm diameter and operate at 1-5 MPa, but if required
pressures of up to 10 MPa can be operated safely using the
relevant materials. Some authors assume that the develop-
ment of a centralized hydrogen pipeline transport and distri-
bution network could take as long as 60 years and the
centralized infrastructure could cost half of a decentralized
hydrogen infrastructure [26].
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Fig. 1 — Scenario for a hydrogen infrastructure in Romania.
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Hydrogen could be supplied both for vehicles via (national)
refueling station networks and to the industrial and residen-
tial sectors for electricity and heat requirements. For the
success of the hydrogen economy secure and cheap hydrogen
infrastructures will be need. The balance between use of
hydrogen onsite and storage of hydrogen from distribution
network will be dictated by both the complementarity of
supply and demand as well as possibly regulations as well as
geographic conditions. Ideally, a future energy system will be
developed with two energy provision networks in place, one
for electricity and one for hydrogen, using power-to-gas
technology (electrolysis) or something derived from it (e.g.
synthetic methane gas through methanation with CO,).

The hydrogen network can be designed somewhat similar
to electric transmission grids. In our proposal, Fig. 1, the
hydrogen network would comprise two subsystems: one for
transport and one for distribution, the first one including a
transmission ring. The potential sites where is possible to
locate the large scale hydrogen underground storage facilities
in Romania must intersect this hydrogen transition ring. In
this way the storage facilities will be well connected to the
national hydrogen network and will respond exactly to the
global system requirements. Details about those potential
sites, four by number, will be described in the next subchap-
ter. This infrastructure will include (Table 1), in addition to
large scale hydrogen wunderground storage facilities,
numerous plants or devices and will make the system oper-
ational: hydrogen production plants, especially electrolysers
with renewable electricity; supply stations; maintenance
services; connections with renewable and electrical grid; fuel
cell plants; control and operating centers; stations for import-
export; small scale (aboveground or buried) storage facilities
etc. One possible future part for this infrastructure also can be
hydrogen production from nuclear energy [27].

To allow a market compatible operation of this hydrogen
supply and demand scheme, free of regulatory delimitations
to the largest possible extent, precautions need to be taken for
building and operating.

This national hydrogen network would then be connected
to the European market; national operator(s) can export or
import hydrogen. It is imperative to understand that hydrogen
can be exported and imported both as energy vector and
stored energy. In the near future, the sale of energy storage
will become a distinct market. In this context it is obvious as
large scale hydrogen underground storage will have a multi-
functional role and the benefits will be comprehensive.

Reiterating the opinion of some authors cited in this work,
this can be considered a brief description of what is pursued
by visionaries who believe in a hydrogen-based future.

Large scale hydrogen underground storage in
Romania

Method of selection of early hydrogen underground storage
sites

With more than 2000 years of salt extractions, Romania has a
long tradition in this cavern development and operation.
Nowadays, Romania has 7 active sites, both mines and

Table 1 — Main elements for a national hydrogen network

and infrastructure.

Nr.

Element

Brief descriptions

1

10

Hydrogen pipeline
transport and
distribution

Transmission ring

Large storage
facilities
(underground)

Connections

Hydrogen refueling
stations

Small scale storage

Hydrogen individual
generation devices

Intersections with
European
infrastructures

Services and
maintenance
Nuclear hydrogen

Used to transport hydrogen from
the point of production to the point
of demand. The technology for
hydrogen pipeline transport is
proven and the transport costs are
somewhat above those for natural
gas pipelines.

As integral part of hydrogen
pipeline transport contributes to
system flexibility and connectivity.
This study has only addressed

salt caverns, in principle other
geological formations may

also be used.

Include all direct and indirect
contacts with hydrogen producers
and users: industry, RES, natural
gas and electric grid, refueling
stations, etc.

Storage or fueling stations for
hydrogen are usually located

along a road or hydrogen highway,
or at home as part of the individual
generation device.

Hydrogen can be stored above ground
in a gasholder largely for balancing
(making sure pipes can be operated
within a safe range of pressures),
not long-term storage.

In dedicated electrolysers able

to produce hydrogen for individual
houses and cars. These devices will
be able to produce hydrogen when,
for example, electricity price is low
or to be connected to a neuronal
network that can order hydrogen
production conditioned by
algorithms.

National infrastructure will have
connections with neighboring
countries as part of the European
network and infrastructure. There
is the opportunity to participate

in European hydrogen energy and
storage markets.

These are necessary elements for
the operation of technical systems.
The utilization of nuclear energy for
large scale hydrogen production is
believed to have a key role in a
sustainable energy future in
Romania. Co-generation of both
electricity and hydrogen

from nuclear

plants may become increasingly
attractive. The nuclear hydrogen
production mainly includes
electrolysis and thermochemical
cycles.
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caverns. Many of these locations have the potential to be used
for hydrogen storage.

The scope is to identify the most promising sites for early
hydrogen caverns specifically from a market perspective. It
was decided to only consider sites where salt caverns and
necessary infrastructure such as a standard procedure for
brine disposal already exist. It is much easier to decide the
development of the existing fields by conversion of existing
caverns or adding new ones for hydrogen storage. The Euro-
pean project HyUnder marks the beginning of Romanian
studies related to the possibilities of hydrogen underground
storage in our country which aim to acquire information
about underground storage of hydrogen and to achieve data
about the potential of the renewable energy and energy
infrastructure.

A realistic method of selection is useful in order to (1) un-
derstand the potential relevance and scale of underground
storage of hydrogen as a means for large scale storage of
intermittent renewable electricity in the context of the ex-
pected development of the Romanian power sector until 2050,
(2) identify the most promising sites for potential hydrogen
caverns taking into account the specific geological conditions
in Romania as well as other relevant location factors, and (3)
analyze the economic attractiveness and potential business
case for underground hydrogen storage with respect to the
different end-use applications of hydrogen (mobility, in-
dustry, admixture to the natural gas grid or re-electrification).

Four potential sites have been identified for hydrogen
storage: Ocna Mures, Targu Ocna, Ocnele Mari and Cacica, (see
Table 2). In all four locations, hydrogen can be produced by
water electrolysis in case of renewable energy surplus and
when, undesirable situations, demand are less than produc-
tion. Into this manner important quantities of energy can be
saved and stored.

Assessment of the potential hydrogen underground storage
in Romania

To understand the potential use of large underground salt
caverns for the storage of hydrogen as an energy carrier in
Romania, it is important to understand the interest and
possible role of the different industry sectors. Though the
general interest of each sector follows similar structures, the
views or interests of individual companies will differ from
each other. The general interest expressed in this article has
been compiled by authors and has been reviewed by the in-
dividual Romanian stakeholders. The results do not neces-
sarily express the views of any one singular contributing
company, but instead the voice of a group of diversely acting
specialists, all individuals being experts in their specific
application area of hydrogen energy or the use of under-
ground caverns for other industrial purposes in general.

The use of hydrogen to balance the electricity supply sys-
tem is no new item for discussion among scientists, especially
considering the possibility of energy storage in the context of
renewable electricity. Also, an official statement by Romanian
authorities or regulators is not possible because the national
strategy has not yet been clearly defined, but numerous
opinions of individuals from both public and private entities
underline the idea that renewables and hydrogen will

contribute to large scale energy storage, without any single
individual or group providing any time horizon. The interest,
demand and possible role of hydrogen as an energy carrier for
different industry sectors in Romania can follow a few di-
rections like: (1) fuel for transport, like “premium” segment
due to willingness to pay a premium for green hydrogen, (2)
chemical raw material for industry (refineries and ammonia),
(3) injection in natural gas grid, (4) re-electrification and load
management in the electricity grid.

Automotive industry is aware that several alternative in-
frastructures are not desired as they raise total costs of
ownership or should at least be limited to a minimum, which
makes liquid conventional type fuels the favorite, and also
that e-mobility will gain an important role in future individual
transport. Major automobile industry has joined forces at
regional and international level to prepare private-public
frameworks for risk sharing, also building on policy support
for the transition period until a functioning market has been
established. Automotive industry plays an observing role in
hydrogen underground storage. Yet, it could also serve as
potential enabler for the introduction of hydrogen into other
markets.

Nowadays, Romania does not have a fleet of fuel cell
electrical vehicles with hydrogen (FCEVs), except two ver-
sions of mobile hybrid electric-hydrogen platform designed,
build and used for experiments within various projects at
National Center for Hydrogen and Fuel Cell. Romania has
introduced incentives for electrical vehicles in its legislation,
which has however not been fully enabled, partly due to the
financial crisis. In April 2011, new policies were adopted to
promote clean and energy efficient road transport vehicles
(hybrid and electric). These have been implemented in two
ways: grants for purchase and a scrap-page scheme for
public administrations or institutions, individuals, NGOs or
SMEs. So, there are premises for alignment at EU policies in
the field of automotive and environmental protection in the
next years [28].

An analysis conducted in 2011 [29] mentions a FCEVs
penetration of 5%—50% of the European passenger car fleet by
2050. Translated to the Romanian passenger car fleet of 6.4 M
vehicles in 2050, this corresponds to 0.32 M (5% penetrations)
to 1.6 M (25% penetrations) FCEVs. Following the same trend
as in the analysis given above for 2020/25 is proposed less than
0.1% FCEVs penetration scenario, 0.005 M vehicles. The au-
thors reached these figures taking into account the previously
mentioned references, and market-specific aspects of
Romania: number of new cars, the fleet age, trademarks
weight, prices, etc. [30]. According to the same publication
about the power trains portfolio for Europe and hydrogen
demand by the mobility sector in Germany, the authors
assumed the following scenarios: 11,000 km/14,000 km annual
mileage per year with two options regarding the consumption
of hydrogen 0.95 kg H,/100 km and 0.54 kg H,/100 km in 2020/
25 and the same options regarding the consumption of
hydrogen but with two limits of penetration, as denoted
above, in 2050. Taking into account the previous assumptions
(number of cars, kilometers per year and consumption) the
authors calculated for automotive application hydrogen con-
sumption in Romania between 297 tons/year in 2020/25 to
211,445 tons/year in 2050.
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Table 2 — Sites evaluation, potential locations for hydrogen underground storage in Romania.

Region Comments Site Comments on individual sites
Centre e Located in central Romania Ocna Mures e Good geological conditions
e Close to urban centers such as Cluj Napoca, e Cavern field in conservation
Brasov, Sibiu o Brine operating infrastructure available
e Uncertain demand for brine, a single customer
for brine
East e Located in the eastern part of Romania Targu Ocna e Good geological conditions
e Close to urban centers as Bacau, Piatra Neamt, Brasov e Cavern field in operation
e Brine operating infrastructure available
e Brine consumption by local industry
South e Located in the south of Romania Ocnele Mari e Good geological conditions
e Close to urban centers as Pitesti, Craiova, Sibiu e Cavern field in operation
e Good connections with Bucharest e Brine operating infrastructure available
e Brine consumption by local industry
e Operator is interested in the Case Study
e Romanian National Hydrogen & Fuel Cell Centre in
close proximity
North e Located in the northern part of Romania Cacica e Good geological conditions

Difficult connection to major cities

Lack of large caverns, and implicitly appropriate
infrastructure

Table 3 also indicates more scenarios for hydrogen con-
sumption by the automotive sector. To determine the ex-
pected sales quantity of hydrogen as vehicle fuel, the number
of cars could be a good indication. By defining a certain radius
around a potential location and comparing the number of cars
registered today, (see Table 4), could be used for an extrapo-
lation of a future hydrogen demand for FCEVs. For Romania, it
was assumed to have two delivery radiuses for early caverns,
100 km and 200 km.

For chemical or other industry, producing and consuming
hydrogen already at very large scale, and in command of all
necessary technologies and processes, hydrogen is solely
treated as a commodity. Its production, distribution and end-

use are driven by costs in the first place. The reduction of GHG
emissions are important goals for the hydrogen consuming
industry, driven by tightening public constraints and regula-
tions (e.g. CO, certificates). There is still a distant future until
Romanian industry will start to investigate potential synergies
by offering their know-how and existing infrastructures to
utilize economic synergies for reducing infrastructure costs
on one side and to introduce “green hydrogen” on the other
side.

For the hydrogen consuming industry the short-term eco-
nomic benchmark is the production of hydrogen by steam
methane reforming (SMR) or available chemical by-product
(chlor-alkali industry).

Table 3 — Hydrogen demand for transport by certain radius around a potential underground storage sites.

Site Hydrogen consumption (tons/year)

Year (penetration) 2020/25 (<1%)

2050 (25%) 2050 (5%)

Radius around site 200 km 100 km 200 km 100 km 200 km 100 km
Scenario 1: 11,000 km per year and 0.54 kg H,/100 km

Ocna Mures 142.00 47.00 45,619.00 15,206.00 9123.00 3041.00
Targu Ocna 169.00 41.00 54,172.00 13,305.00 10,834.00 2661.00
Ocnele Mari 201.00 44.00 64,627.00 14,256.00 12,925.00 2851.00
Cacica 98.00 35.00 31,363.00 11,404.00 6272.00 2280.00
Scenario 2: 11,000 km per year and 0.95 kg H,/100 km

Ocna Mures 250.00 83.00 80,256.00 26,752.00 16,051.00 5350.00
Targu Ocna 297.00 73.00 95,304.00 23,408.00 19,060.00 4681.00
Ocnele Mari 355.00 78.00 113,696.00 25,080.00 22,739.00 5016.00
Cacica 172.00 62.00 55,176.00 20,064.00 11,035.00 4012.00
Scenario 3: 14,000 km per year and 0.54 kg H,/100 km

Ocna Mures 181.00 60.00 58,060.00 19,353.00 11,612.00 3870.00
Targu Ocna 215.00 52.00 68,947.00 16,934.00 13,789.00 3386.00
Ocnele Mari 257.00 56.00 82,252.00 18,144.00 16,450.00 3628.00
Cacica 124.00 45.00 39,916.00 14,515.00 7983.00 2903.00
Scenario 4: 14,000 km per year and 0.95 kg H,/100 km

Ocna Mures 319.00 106.00 102,144.00 34,048.00 20,428.00 6809.00
Targu Ocna 379.00 93.00 121,296.00 29,792.00 24,259.00 5958.00
Ocnele Mari 452.00 99.00 144,704.00 31,920.00 28,940.00 6384.00
Cacica 219.00 79.00 70,224.00 25,536.00 14,044.00 5107.00
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Table 4 — Estimated numbers of car today and

percentages, defining a certain radius around a potential
location.

Site 200 km radius
around site

100 km radius
around site

Number Percentage Number Percentage
(%) (%)
Ocna Mures 2,548,730 48 849,590 16
Targu Ocna 3,026,620 57 743,370 14
Ocnele Mari 3,610,700 68 796,480 15
Cacica 1,752,250 33 637,180 12

Number of cars today in Romania [30]: 5,309,856 (100%).

Romania accounts for about 1.8% of total European petro-
leum refining capacity. The official oil needs prognosis for
Romanian is about 11.0 million tons for the refinery sector in
2020. This amount will be slightly higher than 2011, but
comparable with 2009 [31]. In the long-term (2050), hydrogen
demand from refineries might further increase, but depending
on the availability of inexpensive crude oil and the demand
for petroleum products hydrogen demand could also
decrease. Because there are no signs for new investments
capacities, except modernizations, we suppose that the
refining capacity will remain constant, 15.0 million tons in
2012 [32]. According with revised literature, for this size of
refining capacity, a typical hydrogen requirement will be
about 75,000—120,000 tons/year [33]. Another hydrogen
consuming industry is the one for ammonia and fertilizer
production. Ammonia is produced at six plants; in Romania
and at this moment the nitrogen production is estimated at
1100 thousand metric tons [34]. From the reaction stoichi-
ometry can be deduced that the need for hydrogen is about
235,000 tons/year for this agrochemical industry needs. At
European level, according to European Fertilizer Manufac-
turers Association, a relative small increase of the consump-
tion is expected for the next decades [35]. So above mentioned
amount of hydrogen is considered constant.

Romanian natural gas industry is a mature one; the total
length of pipelines is 53,666 km, from where the National Gas
Transmission Company (Transgas S.A.) operates a network of
13,000 km. In this industry 41,391 persons are employed and
approximately 3,122,000 customers are served including do-
mestic and non-domestic ones (industrial, commercial and
other). In 2011, natural gas sales by sector were: industry
44.8% (67.6 TWh), residential 27.9% (42.0 TWh) and power
plants 23.4% (35.3 TWh) from a total of 150.8 TWh, with a
growth of 3% compared to 2010 [36].

Depending on the future development in this field, an
important increase of possible demand for renewable
hydrogen could develop, depending on admixture rates now
being scrutinized. According with already mentioned statis-
tics, from total amount of natural gas, residential represents
27.9% and power plants 23.4%, this means that 51.3% of nat-
ural gas is burned; this portion can be mixed with hydrogen.
Taking into account the technical aspects, it is reasonable to
assume that the injection of hydrogen for domestic users will
be easier to achieve than for industry. According to the most
recent data available, Romania has consumed about 13.5
billion cubic meters natural gas in 2012 [37]. Although in

recent years consumption was relatively constant, for 2020/25
this amount is forecasted to increase by 11% [31]. Considering
the assumptions and data presented, the amount of hydrogen
to be injected into the natural gas transmission pipelines in
2012 can be calculated: 12,470 tons/year (2%); 31,160 tons/year
(5%) and 62,390 tons/year (10%), the amounts potentially to be
increased at the above mentioned rate.

A number of technical solutions has been proposed, and
are now being closely assessed to develop potential future
business cases: (1) admixture of hydrogen to the existing
natural gas transport grid (2%, 5% or 10%), (2) Power-to-Gas
concept, i.e. methanation of electrolytically produced “green
hydrogen” with CO, from several resources (power plants,
biogas plants, other industry and extraction from air) or only
lately (3) the conversion of natural gas sub-grids to 100%
hydrogen use. Until now, no decision has been taken by the
gas industry, which of the options will be selected for which
application. Different concepts may coexist and that different
options may be preferred. Furthermore, no economically
viable business options have been identified for the short-
term.

Use of hydrogen in order to balance the electricity supply
system is not a new idea, scientists discuss about this, espe-
cially considering its role for energy storage and here again to
balance renewable electricity. The power sector agrees that
hydrogen (or methane, if is discussed about entire power-to-
gas concept) storage at large scale will need to be developed
to globally contribute to electricity storage, but only, if eco-
nomic synergies with other hydrogen consuming industry
sectors can be identified. If the hydrogen plays a role for en-
ergy balance the curtailment is a non-option.

The forecast about market and system integration of
renewable energies between 2030 and 2050, assumes that the
electricity grid becomes a bottleneck. Hydrogen storage could
then both contribute to level out the renewable electricity
surplus at supply side and electricity shortages at user side, as
well as help to solve local grid congestion challenges. Potential
business cases would then be driven by “volatility” vs. “spark
spread” (no energy transformation).

For the case of the Romanian electricity production from
renewable energy hydrogen is considered for a scenario where
renewable, specifically wind energy, will reach an installed
power of 4000 MW by 2025, or 6000 MW by 2050, respectively,
the number of full loads hours being 2350 per year. From this a
portion of 5-10% is considered to be in excess, it is indicated to
avoid the term of curtailment. The hydrogen produced from
excess of renewable electricity must be consumed for power
needs or fuel cell applications, both mobile and stationary.
From calculations that take into account the amount of elec-
trical power, electrolysers efficiency and lower heating values,
it results that production will be between 9600 H, tons/year
and 19,200 tons/year by 2025, and 14,400 H, tons/year and
28,800 H, tons/year by 2050, respectively.

Electricity production from hydrogen will probably take
place at sites with strong grid connections (e.g. sites of today
existing plants) or at least at sites with transformer station
(electrical substations) of TSO (220—400 kV). All the places
mentioned are in the vicinity of an electricity distribution
network with transformer station (110 kV). Around of all four
cavern locations there are no important power plant
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Table 5 — Distances between selected sites and
transformer stations (electrical substations) of TSO.

Site Station: 220—400 kV Station: 110 kV
Ocna Mures 50 km <10 km

25 km
Targu Ocna 30 km <10 km

25 km
Ocnele Mari 10 km <10 km
Cacica 30 km <10 km

capacities, the authors do agree that the distance to the
transformer station of TSO (220—400 kV) and the distribution
stations (110 kV) will play an important role in the future
development of hydrogen-to-power infrastructure, (see
Table 5).

Identification of sites for storing hydrogen into caverns
was done considering the salt-caverns infrastructure. Fig. 2
compares the estimates of hydrogen demand as described in
above paragraphs. It has to be noted that those numbers only
give a rough estimate of the possible future hydrogen demand
in Romania.

The geological conditions are assumed to remain constant
for this period and also, the feasibility criteria are only rele-
vant for the time of construction which would be between
2020 and 2025. The possible contamination and leakage are
well described in literature (see Ref. [1]), special attention
must be paid to proof of tightness for H, (synthetic seals,
interface salt-cementation-steel) and adaptation of steel
components (proof of resistance against hydrogen embrittle-
ment, use of steel suitable for hydrogen).

According with the HyUnder project criteria, which refer to
the evaluation of locations like: good geological conditions,
cavern field in conservation; were identified possible areas
which now are used for brine consumption by local industry.
These criteria could be limited even if this industry is very
strong in that specific region, because long-term contracts (up
to 10 years). This leads to a saturated market which does not
need additional brine.

Prototypical caverns are operated at pressures between
6 MPa and 180 MPa. Throughout HyUnder project, a cavern
size of 500,000 m® has been considered as reference. There is
need to respect the cushion gas which remains in the caverns
at minimum pressure, to keep the cavern stable. The gas
remained is part of capital expenditure and cannot be
considered and used as working gas. The working gas is dif-
ference between the gas content at maximum and minimum
pressure. Taking into consideration the physical and chemical
parameters (volume, density, compressibility factor, etc.), this
means 5000 tons H,.

Discussions

The large scale hydrogen storage facilities are obviously
dependent on the hydrogen infrastructure build-up in
Romania. National, multinational or European hydrogen in-
frastructures imply both large and small scale hydrogen
storage. The best options for the large quantities storage of
hydrogen over long periods of time are salt caverns.

Excluding industry, characterized by already existing good
correlations between hydrogen supply and demand with an
existing hydrogen infrastructure including storage capabil-
ities, the other sectors as indicated in above paragraphs and
Fig. 2, have shown a principal but general interest for an
analysis of the large scale hydrogen storage in salt caverns.
The chemical industry, both refineries and ammonia pro-
duction, can become interested to participate in this market if
cheap surplus quantities should become available.

Hydrogen stationary applications and fuel cell technolo-
gies in the energy sector, both electricity and natural gas,
could solve the problem of intermittent transmission by sea-
sonal energy storage with hydrogen energy at large scale. The
need of energy storage is an actual problem for several mar-
kets. In the short and medium term, Romania's energy strat-
egy foresees to provide an increased gas storage capacity of up
to 50%, an increasing oil storage capacity to fulfill 67.5 days of
annual consumption (2011 reference year) and the construc-
tion of a 1000 MW new pumped hydro storage plant [38]. These
are good reasons to appreciate the potential of hydrogen un-
derground storage in the energy sector in Romania.

Ranging on par with natural gas it is useful to note that
storage should not be a purpose itself. The storage represents
only a part of the total costs of the hydrogen value chain. For
one mature market, the storage represents around 5% of the
total natural gas price paid by residential clients [39]. At the
incipient stage, the main roles of hydrogen storage can be
considered similar as those for natural gas storage: security of
supply, system flexibility, production and transmission opti-
mization, infrastructure sizing, market development or
arbitrage.

Hydrogen is just one solution; therefore the suggested
approach of a country wide large scale hydrogen energy de-
livery and storage system needs more detailed analysis. There
are not all instruments in place to fully understand the role of
energy storage in general and hydrogen underground storage
in particular.

Most promising utilization of hydrogen and fuel cell tech-
nology is as transport fuel for mobile applications. Hydrogen
fuel cell electric vehicles (FCEV) offer the possibility to
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simultaneously respond to all major energy policy objectives
in the transport sector, i.e. CO, emissions reduction, energy
security and reduction of local air pollution and noise. This
sector is promising but it is more difficult to create the
required premises in order to calculate the hydrogen storage
needs. If benchmarking with the consumption of mineral oil
in Romania it can be stated that the hydrogen storage can
reach 20% of its annual consumption. It is difficult to estimate
how much of these percentages would need to be stored in
large underground salt caverns, small storage reservoirs or
how much of its volume would be kept in the volumes of the
hydrogen distribution and transmission infrastructure.

In the short and medium term the costs of renewable
hydrogen, produced by water electrolysis, appears to be far
more expensive than hydrogen produced by steam methane
reforming. One solution is to store and use hydrogen as energy
carrier which does not necessarily mean to produce continu-
ously [40,41].

Conclusions

Four potential locations for hydrogen underground storage in
salt caverns in Romania have been identified: Ocna Mures,
Targu Ocna, Ocnele Mari and Cacica. The analysis was con-
ducted according with HyUnder project's criteria, which refer
to the evaluation of a location set, such as: good geological
conditions, cavern field in conservation. The driver for po-
tential utilization of hydrogen underground storage in
Romania is the steep gradient of introducing renewable elec-
tricity and the lead times foreseen for the cavern development
of underground storage of hydrogen at large scale. Also, to
identify economic synergies between the other sectors such
as mobility, chemical industry and the natural gas sector will
need to be investigated by tapping their individual know-how
and existing infrastructures for reducing infrastructure costs.

The energy sector, natural gas and electricity as well as the
salt industry can all have an important role in hydrogen
storage. But most importantly, opportunities are arising due to
the need to switch from an outdated industrial infrastructure
to a new one. The transport sector is rather more interest in
the development of a hydrogen refueling infrastructure than
in one for hydrogen underground storage at large scale.
Romania is a country with relatively good opportunities to
make the transition from the dependence on fossil fuels to an
energy system based on renewable energy sources and
hydrogen as a new storable energy carrier. Hydrogen under-
ground storage represents only a fraction of the total costs of
the hydrogen value chain. The main components of hydrogen
large scale underground storage must be: security of supply,
system flexibility, production and transmission optimization,
infrastructure sizing, market development and arbitrage.

An important step in preparing hydrogen underground
storage implementation is to identify the potential stake-
holders and to define a network able to serve energy optimi-
zation purposes.

The aforesaid can be considered a brief vision of what is
pursued by those who believe in a wider and universal role of
hydrogen as energy carrier and storage medium in the energy
system.
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