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Variability and non-controllability of seasonally generated renewable energy (fluctuations in solar ra-
diation intensity, wind speed, etc.) in regions requires for more adaptive and flexible energy system
infrastructure. Therefore, enhancing system flexibility and focusing on energy storage solutions will
play major role in transforming renewable energy supply potential into reality. To ensure an uninter-
rupted supply of energy to all the main energy consumption groups in the economy (households, in-
dustry, commercial sector, agriculture), there should be a perfect balance - equilibrium point - be-
tween the produced energy and the consumed energy.

The storage of renewable energy has been highlighted as a key element in accelerating the decarbon-
ization of the local energy systems. However, local public authorities that are responsible for setting
direction and creating an enabling policy environment for RES infrastructure development encounter
numerous challenges in deploying energy accumulation. Since energy accumulation technologies are
emerging technologies, their implementation at municipal scale incorporates numerous uncertain-
ties. Local governments face several questions that often remain unanswered due to a lack of
knowledge and on-site capacity, which in turn significantly hinders the regional path to climate neu-
trality.

This project defines energy storage as a key attribute of the energy equilibrium that links renewable
energy production with consumption. The determination of the energy equilibrium in the municipal-
ities will be analysed in close interaction with the balancing factors of sustainable development,
where the economic, technical, environmental, and social factors are of particular importance for lo-
cal public authorities. The project directly addresses the evolving challenge of BSR countries to
enable the development of public support policies to promote broader renewable energy generation,
distribution, and storage. As a result of the project, local public authorities and other target groups
defined in Section 3.3. will be able to make well-informed, rational decisions and develop well-struc-
tured municipal action plans. The project will help to reduce uncertainty for local public authorities
and help authorities to avoid costly mistakes in choosing inappropriate development strategies, thus
also strengthening EUSBSR governance, coordination, and communication.

This project aims to support local and regional public authorities and energy suppliers in decision mak-
ing and answer several questions, such as:

(1) Given territorial potential, available budget, natural resources, and socioeconomic needs of
residents, which accumulation technology is most appropriate for a given municipal region?

(2) What policy instruments and mechanisms should be created to promote the use of the iden-
tified RES accumulation technologies in the specific municipal region?

(3) What risks (technological, economic, social, and political) should municipalities consider in
RES infrastructure development projects and what are the specific risks associated with en-
ergy storage?
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(4) What are the key steps that municipalities need to take today to create an enabling environ-
ment for the development of sufficient RES infrastructure, including the necessary energy
storage capacity?

In most countries in the BSR, the focus has been on advancement of RES generation technologies
rather than energy storage. Due to Europe's recent decisions to strengthen energy security and move
away completely from dependence on Russian fossil energy imports, the importance of energy stor-
age in European energy systems is now being emphasised more than ever.

This project aims to develop an Energy Equilibrium Platform —an interactive and easily applicable tool
to support municipalities and energy suppliers in decision-making related to the development of effi-
cient action plans to accelerate local RES utilization in the region. Energy Equilibrium Platform will
help municipalities to:

(1) Identify the most optimal RES storage development strategy and its impact on energy flexi-
bility in the region;

(2) Help to determine the key factors affecting energy equilibrium (balance between the pro-
duced and the consumed energy) in the region;

(3) Helpto develop policy mechanisms and action plans to enhance local RES in the region;

(4) Help to anticipate risks and avoid making expensive mistakes (e.g., investing in inappropriate
technological solutions).

The Energy Equilibrium Platform will be built using system dynamics modelling method. System dy-
namics (SD) is a mathematical modelling approach that is used to reproduce a real-world system, in
the case of this project — the real structure and function of a municipality. It is applied to investigate
dynamic development of complex systems which in turn contribute to solving problems of high com-
plexity such as development of future energy strategies in the region.

Page 5/71



miterIrcy Co-funded by
Baltic Sea Region the European Union

-
"" " ENERGY TRANSITION

“=*' Energy Equilibrium

The focus of this activity was to develop a conceptual framework of Energy Equilibrium Platform
which was done by conducting PESTLE (political, economic, social, technical, legal, environmental)
analysis on RES storage solutions for five different energy accumulation alternatives defined in the
project:

(1) Batteries - for electricity

(2) Accumulation in the form of thermal energy
(3) Accumulation in the form of hydrogen

(4) Accumulation in the form of biomethane

(5) Accumulation in the form of potential energy

Technical analysis includes technology characteristics, technical potential, and capacity assessment,
including technology impact on system flexibility. The analysis identify success and failure criteria of
the technology performance levels, technology risk and uncertainty, including the identification of
best practice examples, demonstration projects, field work and case studies from abroad. Economic
analysis includes cost-benefit analysis considering economic feasibility constraints and financial im-
plications of each technology.

Economic analysis outlines financial framework of RES energy systems in the BSR countries, as well
as identify opportunities for capital access to finance the investments, and funding gaps for munici-
palities.

Social analysis considers and list the social conditions that impact successful implementation of RES
infrastructure development projects in municipalities of BSR region such as public acceptance,
knowledge, adaptability to innovations and new technologies, and others, as well positive impact as-
pects such as the provision of employment opportunities.

Environmental analysis list all the environmental factors influencing the sustainability level of future
energy systems - risk of environmental damage and creation of indirect environmental damage, in-
sufficient provision of life cycle, risk of not achieving the reduction of carbon footprint.

Political and legal analysis identify the existing political instruments and support mechanisms of RES
storage and infrastructure development in municipalities, as well as opportunities for inclusion of new
stimulative instruments, including an in-depth review of policy instruments that are crucial for RES
development, especially to enhance investments in RES storage solutions.
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The main deliverable of this activity was the development of an outlook on multidimensional (eco-
nomic, technical, environmental, social, political, and legal) performance indicators (KPIs) and bench-
marks characterizing RES storage solutions for all five different energy accumulation alternatives de-
fined in the project. These indicators and benchmarks were identified based on the PESTLE assess-
ment and lead to collected data on the identified KPIs to create an input database. As a result, an
outlook on the RES development and KPIs of storage technologies were created and the collected
data is serving as input values for Energy Equilibrium platform creation.

The aim of this deliverable was to develop a knowledge base of RES accumulation solutions, therefore
addressing the challenges that the local public authorities face in energy planning and enhancement
of RES in the regions. Some of these challenges are uncertainty, lack of capacity and knowledge in
identifying the most optimal strategies for RES infrastructure development that would include RES
generation technologies and energy accumulation technologies. Local public authorities admit that
energy accumulation is one of the most important aspects that should be anticipated in seasonally
generated variable energy since it directly impacts region’s ability to substantially increase the utili-
zation of local RES. Therefore, this deliverable will serve as the first step towards the development of
solution for local public authorities.

The outlook will describe different RES accumulation solutions for municipalities, including the com-
parative assessment of available technologies and the review of the main driving forces and critical
factors affecting the flexibility and sustainability of RES in the municipalities in the long term.
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1.4 List of created documents

To track the evaluation of different RES development scenarios, the following baseline papers have
been prepared (see Table 1).

Table 1: List of created documents

PART DESCRIPTION AUTHORS

Part 1is a collection of all descriptions

Part 1—One Pagers
9 for each selected technology

by all technology partners

Part 2 is an overview of the PESTLE
analyses.
Part 2 — PESTLEs The original PESTLE analyses are at-
tached to the report as an appendix (as
a separate document).

by all technology partners and
partnersinvolved in GoA 1.1.

Final report as a summary of the indi- ~ Thermopolis Ltd with ZEBAU

Part 3 —Final Report
art 3—FihatRepo vidual aspects developed. and support by all partners
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The first step in the analysis is the description of the individual technologies. Here, not only the spe-
cific technical aspects are relevant, but the differentiation between the technologies and the position-
ing between the elements of generation and distribution.

Analysis was made for five different energy accumulation alternatives defined in the project:

Batteries Thermopolis Ltd, Sustainable Business Hub Scandinavia AB (SBH)
Thermal Energy Lithuanian Energy Institute (LEI)
Hydrogen Sustainable Business Hub Scandinavia AB (SBH)
Biomethane Institute of Fluid-Flow Machinery Polish Academy of Sciences (IMP PAN)

Potential Energy Institute of Fluid-Flow Machinery Polish Academy of Sciences (IMP PAN)

Numerous stakeholders were involved in the preparation of the documents. These include represent-
atives of DH providers / grid owners, municipal decision, and policy makers as well as energy agencies
and different types of associated partners.

Quiality control of the report performed by ZEBAU, supervision of GoA 1.1. performed by RTU.
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A lithium-ion battery or Li-ion battery (abbreviated as LIB) can store electric energy as chemical en-
ergy. A LIB contains two porous electrodes separated by a porous membrane. A liquid electrolyte fills
the pores in the electrodes and membrane. Lithium salt (e.g. LiPF6) is dissolved in the electrolyte to
form Li+ and PF6- ions. The ions can move from one electrode to the other via the pores in the elec-
trolyte and membrane. Both the positive and negative electrode materials can react with the Li+ ions.
The negative electrode in a LIB is typically made of carbon and the positive of a Lithium metal oxide.
The battery is fully discharged when nearly all the Lithium have left the negative electrode and re-
acted the positive electrode.

The first lithium batteries were developed in the early 1970s and Sony released the first commercial
lithium-ion battery in 1991. During the ‘9os and early 2000s the LIBs gradually matured via the pull
from the cell-phone market. The Tesla Roadster was released to customers in 2008 and was the first
highway legal serial production all-electric car to use lithium-ion battery cells. Further, around 2010
the LIBs expanded into the energy storage sector.

Lithium Nickel Manganese Cobalt Oxide (NMC) is the most widely used Li-ion battery for energy stor-
age. The NMC battery has a high energy density but uses cobalt. Other batteries that are used for this
purpose is Lithium Iron Phosphate (LFP) and Lithium Titanate (LTO). The LFP battery do not use co-
balt in the cathode but have higher price due to lower volumes. LTOs are the most expensive of the
three using a lithium titanate anode.

In LIB storage systems battery cells are assembled into modules that are assembled into packs. The
battery packs include a Battery Management System (BMS). The BMS is an electronic system that
monitors the battery conditions such as voltage, current, and temperature and protects the cells from
operating outside the safe operating area. A Thermal Management System (TMS) regulates the tem-
perature for the battery and storage system. The TMS depends on the environmental conditions, e.qg.
whether the system is placed indoor or outdoor. Further an Energy Management System (EMS) con-
trols the charge/discharge of the grid connected LIB storage from a system perspective.

View concise technology information in Table 2, and practical instances of this technology in Table 3.
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Table 2: Technology Data Lithium-ion batteries

Level of technological readiness: TRLg

) hours to days, the self-discharge rate makes storage periods of
Storage time: )
several months unfeasible.

Storage reaction time: Immediate charge and discharge of electricity.
Investment price range: Around 1 M€ per MWh
Maintenance costs: 540 €/MW and 2€ | MWh

. Vary a lot, 6 MWh in a standard unit (40 feet container, 3om2), 18
Capacity and power output:
MW power output

Lifetime: 25 years
Charging cycles: 14 000
All: 912 % AC, All: 95 % DC, Charge efficiency 98 %, Discharge effi-

Efficiency:
y ciency 97%. Energy loss during storage: 0,1%/day

Table 3: Examples of Lithium-ion batteries

Energylab Nordhavn, Copenhagen,
Denmark

Technique: NMC
Year: 2017
Capacity: 430 kWh; 630 kW

Use: Frequency regulation, peak shav-
ing, voltage regulation, harmonic fil-
tering

Provider: ABB for Radius Elnet /@rsted

Neoen’s Hornsdale Wind Farm, South
Australia

Technique: Probably NMC
Year: 2017
Capacity: 129 MWh; 100 MW

Use: Peak shaving

ST @ S T A S S

Provider: Tesla

Information and images on lithium-ion batteries were retrieved and compiled from Technology Data
Catalogue on Energy storage published by Danish Energy Agency [1].

Page 11/71



miterIrcy Co-funded by
Baltic Sea Region the European Union

—bh
"; -_" EMNERGY TRANSITION

“=*' Energy Equilibrium

3 The important invention of Polish scientists - three times
longer battery life for electricians.

As we can read on the website of the Warsaw University
of Technology, a research team from this university led
by prof. Leszek Niedzicki have developed the world's first
battery electrolyte, which extends the life of an electric
car battery three times.

The compound used in the batteries is a chemical com-
pound called LiTDI. The electrolyte made of LiTDI salt
has interesting properties from the point of view of elec-
tric cars and not the only.

First, it does not contain the fluorine present in all other
electrolytes. This highly toxic compound is dangerous to
human life and the environment. Its elimination guaran-
tees that in the event of a failure and fire, it will not have
a negative impact on nature and, for example, in the
event of a fire, will not lead to human poisoning. And be-
sides, an electric car with such an electrolyte is simply
even more ecological.

Secondly, the use of the electrolyte invented by Poles al-
lows the battery to operate at much higher temperatures
than those currently used, without any damage to the
battery itself. Batteries with LTDI salts can work even at a
temperature of go °C. Thanks to this, it is not necessary
to use an expensive cooling system in electric cars. This
extends the life of the battery and increases the range of
the vehicle. The invention of Polish researchers, by re-
ducing the production costs of batteries, may signifi-
cantly affect the development not only of the electric car
market.

The invention is already in production.

As it turns out, the invention of scientists from the War-
saw University of Technology is not only a discovery that,
as is often the case, lies dusty in University Offices. This
electrolyte is already produced under the license of the
Warsaw University of Technology by the French Chemical
Company Arkema. It is already used in the production of
car batteries, but also batteries for smartphones or in the
house with PV photovoltaic [21].
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4 The Polish company Griffin Group Energy has launched in
cooperation with the Swiss manufacturer Leclanche an
energy storage facility at the GPZ 110kV/15kV
Cieszanowice station that can provide 3 MW of power in
both directions of the power system operation. The en-
ergy storage was launched for one of the leading system
operators (DSO) in Poland - Tauron Dystrybucja S.A. This
technology uses lithium-ion (Li-lon) cells, which give the
possibility of charging and discharging the device with a
current five times higher than the nominal one. Thanks to
this, both processes can take place in less than a quarter
of an hour.

The device is characterized by a high level of security.
The modules are equipped with liquid cooling and fire
protection systems. The energy storage is integrated
with the SCADA class systems of Tauron Dystrybucja S.A.
The system operates in various strategies, including co-
operation with a wind farm.

The devices bring numerous benefits, including stabiliz-
ing the electromagnetic network [47].
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Na-S batteries are rechargeable batteries and are designed for system level applications. They are
both power-intensive and energy-intensive. Larger installations (34 MW — 5o MW) are used for time
shifting of production from renewable or conventional production plants. Smaller installations (400
kW —8 MW) are used as back-up power, for off-grid applications and for ancillary services. Na-S bat-
tery cells consist of a molten sodium anode, a molten sulfur cathode and a B-alumina oxide solid state
electrolyte (BASE), incased in a single tube. A temperature of 300 °C or more is required to ensure
sufficient Na ion conductivity through the BASE. Cells are arranged in modules with thermal enclo-
sures to minimize heat loss. The production of BASE has large impact on both battery performance
and cost. An alternative research route is to use the Na-S chemistry in a flow battery. Due to the sim-
ilarity with Na-NiCl2 batteries, synergies in research and development efforts can be expected. A Na-
S battery installation consists of one or more Na-S battery units containing the battery modules, a
battery management system and a power conversion system required to connect the batteries to the
grid.

The heat loss amounts to approximately 1 % per hour and the Na-S batteries are thus not ideal for
long term storage. The heat loss should thus not be treated as an independent source of energy loss
during operation as it is included in the battery efficiency. Simple air cooling is sufficient for maintain-
ing temperature and build into standard battery units. The battery temperature should be maintained
to prevent the electrodes from solidifying since freeze-thaw cycles significantly reduce battery life-
time.

Individual battery cells have been measured with efficiencies at 89 %. The efficiency of a grid size
battery unitincluding auxiliary losses has been measured to be 83 % for an Italian installation primarily
used for time shifting.

Na-S battery installations come in two typical sizes. The larger installations used for time shifting have
34- 50 MW capacity. Smaller installations of up to 8 MW capacity have been installed during the last
20 years in 200 different locations. As the batteries are highly modular, the installation size can easily
be varied according to demand.

View concise technology information in Table 4, and practical instances of this technology in Table 5.
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Table 4: Technology Data NaS

TRL 7-9
minutes to hours, with charge/discharge times of 6-8 h the normal
storage period will be on this scale for optimal battery storage uti-

lization.

Immediate charge and discharge of electricity.

370 k€ for1 MWh

1,5% of total investment and 1,8€ per MWh

Larger installations: 300 MWh, 5o MW power output
19 years

5 600

83%

Table 5: Examples of NaS

Buzen City, Fukuoka, Japan
Year: 2016

Capacity: 300 MWh; 5o MW
Energy density: 26 kWh/m3
Specific energy: 56 Wh/kg
Total land use: 47m?/MWh

Campania Region (3 sites), ltaly
Year: 2015

Capacity: 250 MWh; 34,8 MW
Energy density: 41 kWh/m3
Specific energy: 76 Wh/kg

Total land use: 77m2/MWh

Information and images on Na-S batteries were retrieved and compiled from Technology Data Cata-
logue on Energy storage published by Danish Energy Agency [2].
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Vanadium redox flow batteries also known simply as Vanadium Redox Batteries (VRB) are recharge-
able batteries. VRB are applicable at grid scale and local user level. VRB are the most common flow
batteries. A flow battery consists of a reaction cell stack where the electrochemical reactions occur.
At least one storage tank is filled with electrolyte (anolyte) consisting of reactants in solution for the
negative battery electrode, the anode. At least one more storage tank is filled with electrolyte (cath-
olyte) consisting of reactants in solution for the positive battery electrode, the cathode. Piping is con-
necting the storage tanks with the reaction cell stack, and mechanical pumps are used to circulate the
electrolytes in the system. Flow batteries are different from other batteries by having physically sep-
arated storage and power units. The volume of liquid electrolyte in storage tanks dictates the total
battery energy storage capacity while the size and number of the reaction cell stacks dictate the bat-
tery power capacity. The energy storage capacity and power capacity can thus be varied inde-
pendently according to desired application and customer demand. A VRB installation consists, as a
minimum, of a VRB unit as described above, a battery management system, and a power conversion
system connecting the battery unit to the grid.

Electrolyte left in the cell stack during idle periods will self-discharge over time resulting in an energy
loss. As the electrolyte volume in the cell stack is generally small compared to the total electrolyte
volume, the total energy loss from self-discharge will be at most 2 % of stored energy during any idle
period. The mechanical pumps require energy. The energy used by the mechanical pumps is included
in determination of battery efficiency and should thus not be treated as a separate loss.

For individual VRB reaction cells the energy conversion efficiency can be as large as 9o % at low cur-
rent densities. The grid-to-grid efficiency is reported by multiple sources to be approximately 70 % at
constant rated discharge power. UniEnergy Technologies reports 75 % energy efficiency for fre-
quency regulation application and 70 % energy efficiency for peak shaving application. Vionx Energy
reports a DC efficiency of 78 % and an AC efficiency of 68 % for their units operating at rated capacity.

View concise technology information in Table 6, and practical instances of this technology in Table 7.
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Table 6: Technology Data Vanadium redox flow batteries

Level of technological readiness: TRL 8-9

Storage time: hours to days, the self-discharge rate makes storage periods of
several months unfeasible.

Storage reaction time: The typical storage period depends on operation. It ranges from
minutes to hours for grid scale installations. The storage time is
not technologically limited. Energy can be stored for extended pe-
riods of time as is the case in small local user level VRB units used

for emergency power.

Investment price range: 600 ke for 1 MWh

Maintenance costs: 2 % of total investment and 0,9 € per MWh

Capacity and power output: Vary a lot, from 1 MWh, 325 kW to 60 MWh, 15 MW power output
but both smaller and larger facilities are constructed.

Lifetime: 20 years

Charging cycles: Unlimited cycles over 20 years lifetime

Efficiency: Upto 78 %

Table 7: Examples of Vanadium redox flow batteries

Hokkaido, Japan
1 Year: 2016,
Capacity: 4x15 MWh=60MWh, 15 MW
Provider: Sumitomo Electric Industries
Picture: [3]
SEPARATOR/MEMBRANE
- + Braderup, Germany
, arcTROMTE E Year: 2014
_ ] Capacity: 1 MWh, 325 kW
Gsm,:oa Provider: UniEnergy Technologies
Picture: How VRB battery work [4]

Information and images on vanadium redox flow batteries were retrieved and compiled from Tech-
nology Data Catalogue on Energy storage published by Danish Energy Agency [4].
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Thermal energy storage (TES) technologies can help to integrate high shares of renewable energy in
heat/power generation, industry, and buildings. TES technologies offer unique benefits, such as help-
ing to decouple of heating and cooling demand from immediate power generation and supply availa-
bility. The resulting flexibility allows far greater reliance on variable renewable sources, such as solar
and wind power. Thermal storages are useful for the production and use of renewable electricity, be-
cause the (surplus) electricity can be used by power-to-heat to supply district heating grids. To make
this more efficient and to be more independent from the fluctuating electricity production, thermal
storages are useful.

Thermal energy can be stored either directly as heat or converted into electricity for later use. Addi-
tionally, an important aspect of thermal energy utilization is the possibility of waste heat utilization,
where excess or unused heat generated during certain processes can be captured and put to practical
use, thereby increasing overall energy efficiency and reducing wastage.

From an energy demand perspective, TES can provide solutions for the overall energy system rather
than focusing on power, heat or cold. Energy demand in end-use sectors such as buildings is strongly
affected by seasonality. Thermal storage can store energy for short and/or long term, helping to ad-
dress seasonal variability in supply and demand. TES technologies such as thermal tanks (using wa-
ter), solid state (using storage media such as sand, rocks, concrete, and ceramic bricks) and under-
ground TES (UTES) can store excess power generation in summer and then supply space heating dur-
ing the colder seasons. Also, chilled water tanks and UTES can be used on a seasonal basis to provide
district cooling. This helps to cover electricity demand peaks when consumers require the most heat-
ing or cooling.

In industry, water tanks are wider used for low-temperature heat generation and storage in conjunc-
tion with solar thermal plants. Innovative technologies for sensible, latent, and thermochemical TES
are also undergoing trials to store high-grade heat. TES can already be used to store low-temperature
heat generated either through electrically powered heat pumps or by on-site solar thermal plants.
Decoupling heat use from generation would permit flexibility and smart energy use and would allow
continuous demand to be met by intermittent renewable generation.

Recently new sand-based storage tanks appear on the market enabling the higher temperatures
available for seasonal storage using clean and environmentally secure technology.

Molten-salt storage is commonly deployed in the power sector. This is due to its advanced technolog-
ical readiness and its application with concentrated solar power (CSP) plants. Molten salts are already
in use today to allow CSP plants to consistently generate power by charging during the day and dis-
charging at night.

Other TES technologies, such as solid-state thermal storage using concrete as the raw material could
reduce the capital cost of CSP applications. Solid-state technologies could offer a low-cost form of
storage to provide both electricity and heat to industrial processes in a similar fashion to co-genera-
tion plants today. High energy density PCMs and salt hydration storage solutions could help to reduce
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the spatial footprint of TES systems, potentially expanding their range of applications.

In the longer-term further research is needed to understand the potential for chemical looping and
otherthermochemical storage systems integrated into manufacturing processes to help meet higher-
temperature process heat requirements.

In the near-term, other TES technologies are likely to become commercially viable, including solid-
state and liquid air options that store surplus energy from CSP, solar photovoltaics (PV) and wind.
Investments in technological development combined with measures to enhance market pull can un-
lock rapid growth in TES deployment. Such initiatives can form part of a holistic energy policy aimed
at scaling up renewables and decarbonizing energy use.

Analysis of thermal storage technologies

Thermal energy storage (TES) systems have the potential of making the use of thermal equipment
more effective and are important means of offsetting the mismatch between thermal energy availa-
bility and demand. It may be used to store surplus energy from the power plants, usually in the form
of wastewater, waste energy from air conditioners, waste energy from industrial processes, and so
on. It becomes a sort of energy sink into which we can throw any form of energy which is not needed
for the moment. The energy storage systems can contribute significantly to meeting society's need
for more efficient, environmentally benign use in building heating and cooling, space power, and util-
ity applications.

Depending on the specific technology, it allows excess to be stored and used hours, days, months,
from the individual building, district, town, or region. Usage examples are the balancing of energy
demand between daytime and night-time, storing summer heat for winter heating, or winter cold for
summer air conditioning. Storage media include water or ice-slush tanks, masses of native earth or
bedrock accessed with heat exchangers by means of boreholes, deep aquifers contained between im-
permeable strata; shallow, lined pits filled with gravel and water and insulated at the top, as well as
eutectic solutions and phase-change materials.

TES systems are achieved with rather wide range of different technologies, which can be divided into
several categories. Thermal energy storage solutions may be classified by:

1. Status of energy storage:
Sensible heat storage in hot liquids and solids;
Latent heat storage in melts and vapor;
Thermochemical heat storage in chemical pounds.
2. Time length of stored thermal energy:
Short term (used hours, days),

Seasonal or long-term (used months).
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3. Temperature level of stored thermal energy:
Heat storage,

Cool storage.

The following technological solutions were selected for the purpose of municipal level TES systems,
as well developed to commercial level of with existing and operating prototype:

1. Sensible thermal water-based energy storage
2. Sensible heat sand-based energy storage.

3. Sensible heat molten-salt storage.

4. Latent Phase-Change Material (PCM).

5. Thermo-chemical heat storage.
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Thermal energy storage in the form of sensible heat is based on the specific heat of a storage medium,
which is usually kept in storage reservoirs with high thermal insulation. The most popular and com-
mercial heat storage medium is water, which has a few residential and industrial applications. Water
makes a good medium of heat storage due to its high specific heat capacity. Water can store greater
heat per unit weight in comparison with other substances. Moreover, water is low cost and non-toxic

[5].

Hot water stores are today based on water contained in tanks made of steel, stainless steel, concrete,
or plastic or by water volumes placed in envelopes consisting of different water-tight materials. Equip-
ment such as heat exchanger spirals, electric heating elements, stratification devices for enhance-
ment of thermal stratification in the hot water stores, baffle plates, etc., can be built into the stores.
The hot water stores are normally insulated with an insulation material with a low thermal conductiv-
ity to reduce heat losses of the stores [6].

Energy storage systems are designed to accumulate energy when production exceeds demand and
to make it available at the user’s request. They can help exploit the variable production of renewable
energy sources, increase the overall efficiency of the energy system, and reduce CO2 emissions. Un-
derground storage of sensible heat in both liquid and solid media is also used for typically large-scale
applications. These applications can be Tanks, Concrete and Water pits, Borehole Rock cavern, Caves
Thermal Energy Storage (TES) systems. Hot water tanks serve the purpose of energy saving in water
heating systems based on solar energy and in co-generation energy supply systems. Underground
Thermal Energy Storage (UTES) — is also a widely used storage technology, which makes use of the
underground as a storage medium for both heat and cold storage, and include borehole storage, ag-
uifer storage, cavern storage and pit storage. Which of these technologies is selected strongly de-
pends on the local geological conditions. At present, TES systems based on sensible heat are com-
mercially available [7].

View concise technology information in Table 8, and practical instances of this technology in Table g.
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Table 8: Technology Data Water based sensible thermal energy storage

Level of technological readiness: TRLg

may be both — Seasonal (long-term) as well as short time storage.
Thermal energy storage can provide to DHC networks different
technical capabilities mainly in two different time scales: short

Storage time: and long-term energy storage. Peak Shaving and increasing the
penetration of intermittent renewable energy sources through
Power-to-heat technologies are some of these capabilities al-
lowed with TES [8].

L must be rather quick for short time (hours) and days/months for
Storage reaction time:
seasonal storage

Investment cost 2560-3387 €/kW, total production cost 60-83
. €/MWh. €50-200/m3 of water equivalent, which makes specific in-
Investment price range: .
vestment cost for tanks from €0.5-3.0/kWh. The price of complete

system of UTES sensible heat storage ranges €0.1-10/kWh. [7]
Maintenance costs: 90 €/kW/a [7]

. Capacity 10 — 50 kWh/t and power output 0.001-10 MW [8], kWh
Capacity and power output:
to 1 GWh for tanks and MWh to GWh for underground [9]
Lifetime: 15-50 years [9]
. Due to big variety of types, sizes, etc., as well as short- or long-
Charging cycles: , -
term of use, charging cycles may vary significantly.

55-90 % depending on specific heat of storage medium, and ther-

Efficiency: ] ) ]
mal insulation technologies [8]
In the best systems, water charging temperature is about 80-95°C
Temperature range (thermal stor- and discharging 45°C, use of heat pumps can reduce discharge
age): temperatures to 5°C. Underground heat storages are frequently

used for seasonal storage in combination of heat pumps [7] [8] [9]
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Table 9: Examples of Water based sensible thermal energy storage

20 m3 accumulation water tank short-term storage in-
stalled together with 1.5 MW biomass boiler-house at
Matuizai settlement (Lithuania). Storage tank operates
as short-term storage and ensures constant and continu-
ous heat supply.

Storage photo was provided by the owner of the installa-
tion - UAB “Varénos Siluma" [10].

The Heliostorage borehole thermal energy storage (Fin-
land) solution provides large-scale underground energy
storage that enables the long term, energy efficient and
eco-friendly storage of heat. One of the biggest chal-
lenges with any sensible heat storage solution is over-
coming losses. Through multiple iterations and varia-
tions of drilling patterns over an 8-year period, the Helio-
storage team have created an optimized borehole con-
figuration that effectively charges and discharges the
earth converting it into a heat battery [11].

3 limastoteko
ja“‘°ie“‘mea"3‘/ The heat caverns located under Mustikkamaa (Finland),
filled with water, and used as UTES even out the con-
= sumption peaks of the district heating network all year
round. For example, waste heat from wastewater and
properties can be stored in the heat cavern and released
for use as needed. In the future, the temperature of the

water in the heat cavern will vary between +45 and +100
degrees, depending on the operating situation [12].

In 2020, the largest thermal energy storage (TES) facility
in Finland was put into operation in Vaskiluoto, Vaasa. It
will diversify the region’s thermal energy generation
both now and in the future. The power plant will carry
out charging, and heat will be discharged from the TES
system to be used in the region’s district heating net-
work. The caverns used for thermal energy storage will
act as an optimisation tool within EPV’s energy genera-
tion portfolio. The total volume of the TES facility is
210,000 m3 and it will have a charging and discharging
capacity of 100 MW [13].

A\
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75,000 m3 water pit at Marstal solar heating plant (Den-
mark). More than half of the heat is supplied by solar en-
ergy —and have done so since 2013. The system consists
of more than three hectares of solar collectors, two pit
heat storages, a heat pump, and a biomass CHP plant.
Today, 12 GWh or 50% of the district heating in Marstal
4\ 0 is covered by solar heat and the heating costs of the

: small island town have decreased [14], [15].

01/24/2012%
o r

B L

Hybrid energy generation and accumulation system at
Kaunas University of Technology (Lithuania), including
Solar PV plant, underground concrete Seasonal heat ac-
cumulation and storage (500 m3), and heat pumps. In-
stallation of the system reduced annual heat demand
from 1020 MWh to 490 MWh, electricity demand by 30%,
as system generates appr. 350,000 kWh of electricity
during the year. Annual energy savings will be appr.
200,000 &.

Storage photo was presented by Kaunas University of
Technology [16].

Project was implemented by Smart grid competence hub
for boosting research, innovation, and educational ca-
pacities for energy transition (SMAGRINET) project, co-
funded by the Horizon 2020 Programme of the European
Union.

In October 2021, a heat accumulator was commissioned
at the Karolin CHP plant, thanks to which the Poznan
City (in Poland) heat distribution system will gain greater
flexibility, and by storing above 1.1 GWh of energy. The
nominal water temperature in the heat accumulator is
980C.

The investment will reduce coal consumption in the pro-
duction process by 11.5 thousand. tonnes per year and
light fuel oil by 310 tonnes per year and reduce carbon di-
oxide emissions into the atmosphere by 24,000. tons per
year (this is like planting 4 million mature trees) [17]

In March 2009, the operation of the first and largest heat
accumulator in Poland, used in such a large municipal
heating system at the Siekierki Heat and Power Plant in
Warsaw began.

The accumulator balances the operation of the CHP
plant in a daily cycle, enabling shifting production to
more efficient units and increasing production in cogen-
eration. The heat accumulator was designed and manu-
factured by Polish companies based on Scandinavian ex-
perience. The amount of energy that can be stored in it is
1.6 GWh. This energy is enough to simultaneously heat
approximately 25,000 apartments in Warsaw around the
clock. The investment cost approx. 12 M€,
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Basic technical data:

Capacity - 30,400 m3 (more than 4o million 0.75 | ther-
moses)

Tank height - 47 m

Tank diameter - 30 m
Thermal capacity - 1.6 GWh

B0Eroa GBIy CIne]

2 24 36 48 goozin

Thermal power - 300 MWt
Insulation thickness - 5oo mm
Operation of the heat accumulator in the Loading / unloading speed - 4,500 t/h
municipal District Heating System of War- Mains water temperature - 40-99°C
saw Tank type - non-pressurized

Corrosion protection - steam cushion [18]

Enduring mechanism uses electricity from surplus solar or wind to heat a thermal storage material —
silica sand or ceramic bricks. Particles are fed through an array of electric resistive heating elements
to heat them to 1,200°C. The heated particles are then gravity-fed into insulated concrete silos for
thermal energy storage. The baseline system is designed for economical storage of up to a staggering
26,000 MWh of thermal energy. With modular design, storage capacity can be scaled up or down with
relative ease. When energy is needed, the hot particles are gravity-fed through a heat exchanger,
heating and pressurizing a working gas inside to drive the turbomachinery and spin generators that
create electricity for the grid. The system discharges during periods of high electricity demand and
when limited solar photovoltaic or wind power are available, such as early in the morning and evening,
during dinner preparation, and when TVs are on. Once discharged, the spent, cold particles are once
again fed into insulated silos for storage until conditions (and economics) are appropriate again for
charging.

As a storage medium, abundant silica sand is stable and inexpensive, and has a limited ecological im-
pact both in extraction and end of life. Particle thermal energy storage is a less energy dense form of
storage but is very inexpensive. The energy storage system is safe because inert silica sand is used as
storage media, making it an ideal candidate for massive, long-duration energy storage [22].

Dry bottom ash handling system provider produces green thermal energy — steam or hot air — which
can be used directly in industrial plants or for the generation of electricity using steam turbines. The
system consists of a blower, a fluidization air blowing system, a fluidization air suction system, an air
filter and fan, an air pre-heater, and an integrated thermal energy storage module. Silica sands are
the system'’s storage media [23].

First commercial sand-based high temperature heat storage is now in operation at Vatajankoski
power plant area [8]. The system, which is adjacent to a power plant. It has 100kW heating power and
8MWh capacity and can heat the sand up to 500-600°C through renewable energy. The system is
based around a large steel container that holds hundreds of tonnes of sand. Vatajankoski uses the
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system to ready the waste heat recovered from data servers to feed into the district heating net-
work[24].

A brick energy and heat warehouse has just entered the market. The bricks store heat energy at
1500°C all day long. Depending on the demand, the system converts heat into electricity and returns
it to the grid. The project is supported by Breakthrough Energy Ventures, founded by Bill Gates. Brick
energy and heat storage is a simple alternative to complicated energy storage systems based on the
latest technologies. In November 2022, the system was introduced to the market by the American
company Rondo Energy. Available in two variants, the battery stores energy from RES in the form of
heat. Heated to a temperature of 1500 ° C, the bricks can keep warm for whole days. One cubic meter
of bricks can store up to 1 MWh which is more than other available storage technologies [20].

View concise technology information in Table 10, and practical instances of this technology in Table
11.

Table 10: Technology Data Sand based Thermal Storage Systems

Level of technological readiness: TRL 7-8

Seasonal (long-term). Proper insulation between the storage and
environment ensures long storing period, up to months, with min-
Storage time: imal heat losses. Sand is a very effective medium for storing heat
and loses little over time. The developers say that their device

could keep sand at 5ooC for several months [25].

Storage reaction time: Storing cycle takes from hours to months [25].

As a storage medium, abundant silica sand is stable and inexpen-

sive at €25-€42/ton. Particle thermal energy storage is a less en-
Investment price range: ergy dense form of storage but is very inexpensive (€1.7-€3.4 per
kWh of thermal energy at a 900°C charge-to-discharge tempera-

ture difference) [6]; < 10 €/kWh of storage capacity[25].

Maintenance costs: Minimal, no consumables, fully automized [25].

Co-funded by
the European Union

Capacity and power output:
Lifetime:

Charging cycles:

Efficiency:

Temperature range (thermal stor-
age):
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Nominal power - up to 100 MW, Capacity - Up to 20 GWh [25].
Tens of years [25].

1to 2 weeks

Up to 95 %. Resistive heating of sand is essentially 200% efficient,
but the efficiency is inevitably lowered by heat loss through the
boundaries of the system. The large 1 GWh storages will have the

efficiency of around 95% when used for normal wind-power ori-
ented storing cycles of 1 to 2 weeks [25].

up to 600—-1000 °C[10], up to 1000 —12000C [26], up to 1500
bricks [20].
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Table 11: Examples of Sand based Thermal Storage Systems

1
2
The Magaldi Green Thermal Energy Stor-
age (MGTES) system. Image: [27].
3

A brick storage of energy and heat, source: [19]

A brick storage of energy and heat may turn
out to be a bull's-eye. It takes just four hours to
"charge" the warehouse, which is simply to
heat a pile of bricks. They are heated evenly
and provide a constant source of energy 24
hours a day. The thermal batteries are manu-
factured in plants in California. Rondo Energy,
which called its technology a "brick toaster",
has already started commercial deliveries of
kits. The creators of the thermal battery claim
that their method could be used to manage
90% of the heat generated in the world in in-
dustrial processes. Their warehouses are scala-
ble, easy to configure and can be adapted to
any type of building. No need to rely on com-
plex components and rare materials means
that the system can operate for up to 40 years
without a decrease in performance. — Rondo's
mission is simple: to reduce the cost of heat and
energy for large industrial processes.
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First commercial sand-based heat storage to Vatajanko-
ski, an energy utility based in Western Finland. It will pro-
vide heat for Vatajankoski’s district heating network in
Kankaanpag, Finland. The storage has 100 kW heating
power and 8 MWh capacity. The full-scale utilization of
the storage will begin during the year 2022 [24].

The MGTES — Magaldi Green Thermal Energy Storage
system develops an accumulation technology based on a
fluidized sand bed (Energy from the sand), powered ex-
clusively by renewable energy. The system can be
charged either with excess electrical or thermal energy,
managing to store it for an interval ranging from 4 to
over 10 hours up to weeks.

The sand fluidization system has significant advantages:
large thermal storage capacity (up to the order of GWh);
high thermal efficiency; fast response times; no environ-
mental impact thanks to the use of natural materials. The
technology has reached a high technological maturity
(TRL7) and the first industrial module is currently under
construction at the Magaldi production site in Salerno,
which will soon be open to visits by the largest interna-
tional energy companies [28].

Energy from zero-emission sources can then be used,
e.g., for industrial processes, such as the production of
steel, cement, although the number of possible applica-
tions is basically not limited. However, a brick energy and
heat storage can find a particular application in industry,
as it allows you to replace coal-fired furnaces and boilers
with fuels that pollute the atmosphere. Such a solution,
due to the ease of installation and cooperation with local
RES, may reduce the costs of energy production and stor-
age compared to the technologies currently available on
the market. The thermal battery is fault-tolerant, power
loss is not a problem either. The energy store is made en-
tirely of bricks and iron, so it eliminates the risks associ-
ated with other energy storage technologies, such as bat-
tery explosion. As a result, the thermal battery provides
electrification at the absolute lowest cost and causes no
additional peak loads on the electricity grid. This enables
the integration of more electricity generation from re-
newable sources. Rondo heat accumulators maintain
continuous output 95% of the time. Operation with input
power accounts for only 15% of the battery life (about 4
hours a day needed to heat the bricks) [20]. Deep emission
reductions are now both possible and affordable for many of the
world's most energy-intensive facilities. Our studies of customer
facilities show emission reductions of 50% to 90% and operating
cost reductions of 30% or more,” said Jeremy Keller of Rondo En-

ergy [19].
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Molten salt can function as a large-scale thermal storage method that would allow other energy
sources, such as nuclear and solar, to become more feasible by smoothing out the fluctuations in de-
mand and weather. Molten salts have high boiling points, low viscosity, low vapor pressure, and high
volumetric heat capacities. A higher heat capacity corresponds to a smaller storage tank volume. Salts
used for storage (such as sodium nitrate NaNO3 and potassium nitrate KNO3) have melting points
between 300-500°C and volumetric heat capacities between 1670 - 3770 kJ/m3 °C. Commercially avail-
able "HITEC" salt used in solar plants consists of potassium nitrate (53% by weight), sodium nitrite
NaNO2 (40% by weight), and sodium nitrate (7% by weight) with a liquid temperature range of 149 -
538°C. The salts are heated and stored in an insulating container during off-peak hours. When energy
is needed, the salt is pumped into a steam generator that boils water, spins a turbine, and generates
electricity. The conversion of thermal energy to electricity can proceed by different cycles such as the
Rankine, Brayton, and Air-Brayton cycles [29].

There are two different configurations for the molten salt energy storage system: two-tank direct and
thermocline. The two-tank direct system, using molten salt as both the heat transfer fluid (absorbing
heat from the reactor or heat exchanger) and the heat storage fluid, consists of a hot and cold storage
tank. [13] The thermocline system uses a single tank such that hot and cold salt are separated by a
vertical temperature gradient (due to buoyancy force) to prevent mixing. [14] There are two cycles in
the thermocline system: charging and discharging. To charge, salt flows out of the cold side, is heated
by the heat exchanger (reactor), and flows into the tank's hot side. To discharge, salt flow out of the
hot side, transfers heat to generate power (turbine), and flows into the tank's cold side [30], [31] .

View concise technology information in Table 12, and practical instances of this technology in Table
13.

Table 12: Technology Data Molten salt energy storage systems

Level of technological readiness: TRLg
Storage time: Seasonal

. . Storage duration at full power — minutes, hours [30], 6-10 hours
Storage reaction time: )
[32]. Storage period hours to days [9].

Investment price range: CAPEX*100-300 €/kW, Average CAPEX 2016 - 20-40 €/kWh [32]
Maintenance costs: Operation & maintenance costs - €12.9-92/kWh?[29]
Capacity and power output: Range of capacities MWh to 5 GWh [9]
Energy density 70-200 kWh/m3 [9]
Lifetime: > 20 years [9]

. The annual number of charging cycles depends on the efficiency
Charging cycles: . _ . . .
of technologies applied for charging and discharging processes.

* CAPEX is an abbreviated term for Capital Expenditures.
2 Since information was originally provided in $, conversion to € was performed using Average exchange rate of the year, when informa-
tion was released
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Round-trip efficiency > 98 % [9]
Charging temperature 62-2000C depending on common salt hy-
drate chemical reaction, operating temperature 265 - 565°C [9],

[30]

Table 13: Examples of Molten salt energy storage systems

Sweden-headed energy utility major Vattenfall AB to-
gether with compatriot SaltX Technology Holding AB,
an energy storage technologies developer, will test
how renewable wind and solar power can be stored in
salt. In experiments, SaltX's patented technology has
proven to be able to store up to ten times more energy
and for much longer periods than water. It will now be
tested for the first time on an industrial scale at a pilot
unit in Vattenfall's Reuter-C CHP plant in Berlin, Ger-
many. Charged with electricity from the grid, the 0.5
MW pilot plant at Reuter-C has a total storage capacity
of 10 MWh of high-quality heat that it can discharge
into the Berlin district heating network. Technology is
based on nano-coated salt (NCS). The technology ena-
bles this “salt battery” to be charged several thousand
times and that the energy can be stored for weeks or
months without losses [33].

Image: [34]

Archimede Solar Power Plant. The solar thermal
power plant consists of a field of about 30,000 m? of
mirrors (the parabolic collectors) that concentrate sun-
light onto 5,400 m of pipe carrying the molten salt
fluid. Molten salt is used as the heat transfer fluid in
solar field and is heated to 550°C. The thermal energy
is then stored in a hot tank and is used to produce high
pressure steam to run steam turbines for electricity
generation, reducing the consumption of fossil fuels
[35]. Thermal Energy Storage type — 2-tank direct, ca-
pacity 8 hours, Total of 1,580 tons of molten salt. 60%
sodium nitrate, 40% potassium nitrate. Capacity 100
MWh (thermal). Tanks are 6.5 m high and 13.5 min di-
ameter [36].
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The accumulator system consists of a heat exchanger,
fan, evaporator/condenser, and salt particle tank. De-
spite its simplicity, this system was able to provide
heating for an average family of four for two days. En-
gineers upgraded it to a fully working prototype, the
size of a large wardrobe, that could be used in the real
world. With almost 30 times more storage capacity,
the system could heat a house for up to two months.
'It's not the final product yet, but everything is ready
for the first real-world tests,' said Professor Olaf Adan
from Eindhoven University of Technology. "The poten-
tial is huge, but we've also seen a lot of great technol-
ogy that hasn't been introduced. So, we're going to
keep our feet on the ground and do it step by step," he
added. A pilot project is already being prepared, under
A prototype with "cabinets", each of whichisa | which the technology will be tested in homes in Po-
separate thermal battery module [37]. land, France and the Netherlands later this year [37].

Thermal energy storage (TES) with phase change materials is a promising approach for combined
heat and power plants to enhance the electricity peak requlation capability and maintain stable heat-
supply at the same time [38].

Phase change material (PCM) as thermal energy storage (TES) has been used in various building ap-
plications. It changes phase at a certain temperature or temperature range, and simultaneously ab-
sorbs or releases a large amount of latent heat. Due to its high latent storage/release ability during its
phase transition period, the material is used for building or solar energy storage, as well as for cooling
applications, acting as a heat sink during a summer night, and removing excess heat in the building
during the day [39].

Phase change materials (PCMs) can offer a higher storage capacity that is associated with the latent
heat of the phase change. PCMs also enable a target-oriented discharging temperature that is set by
the constant temperature of the phase change [7].

The main criterion for selecting a PCM is the phase change temperature range needed for the appli-
cation. Other thermophysical properties, such as the latent heat of fusion and thermal conductivity,
should also be considered during selection. Classification of families of PCMs:

Sub-zero PCMs: with a congruent phase-change temperature below 0°C, e.g., salt-water mix-
tures.

Ice: which has a phase-change temperature to water of °C.

Low-temperature PCMs: with a phase change temperature of 0-120°C, e.g., paraffin waxes
and salt hydrates.

High-temperature PCMs: with a phase change temperature above 120°C, e.g., inorganic salts
and their eutectic mixtures, including those stored in ceramic supporting materials known as
composite PCMs (cPCMs).
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PCMs have a higher energy density compared to sensible heat storage materials, meaning that their
physical footprint is smaller. PCMs can charge and discharge at an almost constant temperature,
meaning that a PCM can be specifically chosen to provide a specific output temperature according to
the engineering need [9].

View concise technology information in Table 14, and practical instances of this technology in Table
15.

Table 14: Technology Data Phase changing material heat storage

Level of technological readiness:
Storage time:

Storage reaction time:

Investment price range:

Maintenance costs:

Capacity and power output:

Energy density

Lifetime:

Charging cycles:
Efficiency:

Temperature range (thermal stor-
age):
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TRLg
may be both — from hours in short-term storage to Seasonal
(long-term) [9].

short time (hours) and days/months for Seasonal storage.
Investment cost 4,517-11,292 €/kW, average production cost go-
226 €/MWh [7]. For cold Chain — Sub-zero PCM 55.8-194.4 €/kWh;
for District Heating & Cooling — High Temp PCM and Buildings —
both Low Temp and High Temp PCM 50.7-194.4 €/kWh[9]

188 €/kW/a [7]

Storage capacity 50-150 kWh/t, load factor 8o % [7]

For Ice PCM — 334 kJ/kg; for Low Temp PCM (paraffin wax) — 200
ki/kg [9]

Sub-zero temperature PCM — 30-85 kWh/m3; low-temperature
PCM - 56-60 kWh/m3; high-temperature PCM —30-85 kWh/m3 [9]
In average technical lifetime 10-30 years, depending on storage
cycles, temperature and operating conditions, economic lifetime
— 20 years.

For cold Chain — Sub-zero PCM — 5-20 years; for District Heating &
Cooling — High Temp PCM - 10-20 years (over 5000 cycles); and
Buildings — both Low Temp and High Temp PCM — > 10 years [9]
vary significantly depending on the material used, quantity of
capsules [9], [39]

>90 % [9]

for cold Chain — Sub-zero PCM — -115 - +80C years, for District
Heating & Cooling — High Temp PCM and Buildings — both Low
Temp and High Temp PCM - 0 — 750°C [9]
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Table 15: Examples of Phase changing material heat storage

The storage tanks are filled with over 55,000
Axiotherm HeatSels®. These are patented
high-performance macro-encapsulations
made of specially developed plastics. They
are designed in such a way that, in addition
to providing a large surface area, the PCM
layer thickness are thin enough for the entire
PCM to participate in the phase change pro-
cess and for heat to be transferred quickly
even at very low temperature differences. To
achieve this, a heat transfer medium, in this
case water, flows around the heatsels in the
storage tank [8], [40].

Futurium in Berlin - stage, museum, labora-
tory, and forum; Kerosene latent heat stor-
age tank based on the HeatSels®- technol-
ogy, consisting of 55,000 heatsels, 5 tanks
with a total volume of 50,000 |, storage ca-
pacity is over 1 MWh, storage tank for the
absorption cooler has a constant loading and
unloading temperature of 12 °C [22].

In addition to the extensive use of solar ther-
mal energy and photovoltaics, only highly ef-
ficient combined heat and power and cooling
systems are used to provide energy. Thanks
to latent cooling and electricity storage sys-
tems, demand and generation peaks can be
balanced out. As a result, the installation of
peak-load boilers could be completely dis-
pensed with. In the annual balance, the
building provides a primary energy surplus of
8 kWh/sgm or 99,000 kWh/a (in relation to
the demand according to EnEV) [23], [41].

= 7 9= =l Implementation the phase change material
1 4 {jw . (PCM) thermal energy storage for air condi-
1 —1 gl tioning system in the office building located
1 0 in Ostroteka (Poland).

The implemented system was designed to
provide AC for the office building located in
Ostroteka (Poland) in which 7 rooms is
cooled. The system uses low-grade heat
from district heating to produce chilled water
for air conditioning in an office building.

General scheme of the cooling system: 1 — district
heating system, 2 — solar heating system, 3 — thermal
energy storage, 4 — adsorption chiller, 5 — recooling
system, 6 — office building, 7 — air cooler.

The cooling load of the conditioned rooms
originates from the heat transferred from
three sources: the environment, workers,
=5 and electric appliances (essentially personal
computers).

e
SN cooling >
receiver
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The scheme of the cooling system configuration: 1 —
regulating valve, 2 — district heating heat exchanger, 3
—3-way on/off valve, 4 — photovoltaic panels, 5 — elec-
tric heater, 6 — LHTES, 7 — 3-way mixing valve in cool-
ing circuit, 8 - circulating pump, 9 — adsorption chiller,

10 - office building, 11 — drycooler, 12 — 3-way mixing
valve in driving (hot) circuit, F — flowmeter, T — temper-
ature [42].

R R R e e N
8 10 12 14 16 18 20 22 4
r(h)

T T T
0 2 4 6

Daily ambient temperature profile on July 22, 2020
[42].

T(°C)

R FU oo 5t s e
8 10 12 14 16 18 20 22 24
r(h)

T T
0 2 4 ]

Evolution of the calculated temperature inside the of-
fice with (Ti_PCM) and without (Ti) LHTES. (The
shaded area indicates the period when the air condi-
tioning system was on) [42].
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The requirements of the AC system were
met by the chiller of refrigeration power up
to 16 kW and maximum coefficient of perfor-
mance (COP) of 0.65. It operates with the
hot water temperature 50-95°C and recool-
ing temperature 22—40°C, producing chilled
water of 8- 21°C. Nominal flow rates are 2.5
m3/h in the hot water circuit, 5.2 m3/hin
recooling and 2.9 m3/h of chilled water. The
adsorption chiller for cooling the office
driven by district heat and supported by
phase change heat storage containing 1000
kg of RT62HC. Provided tests and simulation
of the system operation for cooling the of-
fice building in Ostroteka

(Poland) during an exceptionally hot summer
days (see Fig ) showed that the storage with
the selected PCM allowed to stabilize the in-
door air temperature in the comfort zone
during the occupied period and also to im-
prove the performance of the adsorption
chiller [42].
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One of three possible approaches to thermal energy storage is to use reversible thermo-chemical re-
actions. The most important advantage of the thermo-chemical storage method is that the enthalpy
of reaction is considerably larger than the specific heat or the heat of fusion. Therefore, the storage
density could be much larger. In chemical reactions, energy is stored in the chemical bonds between
the atoms that make up the molecules. Energy storage on the atomic level includes energy associated
with electron orbital states. Whether a chemical reaction absorbs or releases energy, there is no over-
all change in the amount of energy during the reaction. That's because of the law of conservation of
energy, which states that: Energy cannot be created or destroyed. Energy may change form during a
chemical reaction [43].

The endothermic reactions of the chemical compounds can be triggered by supplying thermal energy
accumulated or captured from any heat source. As a result, the chemical compounds are decomposed
into individual ingredients with the supply of heat. Meanwhile, the thermal energy is stored in the
form of chemical potential energy. The individual reactive components can be stored separately,
which makes it possible to store thermal energy for long periods. On the other hand, thermal energy
can be retrieved again via the recombination of the reactive components in an exothermic reaction.
The thermal energy stored and released is equivalent to the chemical reaction enthalpy. The reaction
enthalpy can be much larger than the transition heat of latent heat storage or sensible heat stored
over a rational temperature span. Hence, the energy storage density of thermochemical heat storage
can be much larger than latent or sensible heat storage. Latent or sensible heat storage loses thermal
energy gradually by heat conduction and radiation owing to the temperature difference between the
stored materials and the ambient air; however, thermochemical heat storage can store thermal en-
ergy in the form of chemical potential energy with negligible heat loss [44].

View concise technology information in Table 16, and practical instances of this technology in Table
17.
Table 16: Technology Data Thermo-Chemical Heat Storage

Level of technological readiness: TRLg
Storage time: Seasonal [7]
Storage reaction time: Storage duration at full power — hours, days [7], [32].

. investment costs 753-2258 €/kW , production costs 18.8-56.5
Investment price range:
€/MWh [7]
Maintenance costs: 20-60 €/kW/a [7]
. energy capacity 120-250 kWh/t, power installed capacity 0,01-1
Capacity and power output: ,
MW, load capacity factor 55 % [7], [32]

technical 10-30 years, depending on storage cycles, temperature,

Lifetime: ) - ]
and operating conditions; economic — 20 years [7]
Charging cycles: ~ 200 cycles per year [7]
Efficiency: 75-100 % [7], [32]
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150-1800C - the sorption TES (using zeolite/water) is charged at
Temperature range (thermal stor-

) 150°C, transported over seven kilometres and discharged at
age):

180°C, new up to 350°C and even higher [7]

Table 17: Examples of Thermo-chemical Heat Storage

Hungary-based Sinergy Kft is the recipient of Wart-
sild’s first EPC energy storage project in Europe.
The Finnish technology group commissioned the
engine plus storage hybrid installation, its first glob-
ally, on August 22, 2018. The VPP can now provide
frequency and secondary regulation to the Hungar-
ian national grid. For the project, it integrated a 6
MW/4 MWh battery storage plant, complete with
inverters and power electronics, with its GEMS en-
ergy management system, provided by subsidiary,
Greensmith Energy, next to an existing power
plant, which runs on three Wartsila W34SG engines.
The system can analyse changes in market condi-
tions and rate structures, said Wartsila [45].

The world's first prototype installation for thermo-

chemical storage of heat from the sun, which coop-

erates with the heating, cooling, and domestic hot

water installation, was established in 2015 in War-

saw (Poland). The system includes:

Installation of heat preparation for heating pur-

poses with a weather control system

Installation for preparing heat for domestic hot wa-

ter. Ice water preparation system using an absorp-

tion chiller.

Conventional short-term heat storage system

Unconventional system of long-term (seasonal)

heat storage in 2 thermochemical batteries with a

capacity of about 350 MJ.

The third research segment was performed simulat-

ing the behaviour of a small single-family low-en-

ergy house. This part of the container is insulated
with 15 cm thick polyurethane foam. On the south

Cykl roziadowania . . .
20 side there are 2 energy-saving windows. An under-
. 2 floor heating system was installed and chilled
“’“ beams system under the ceiling. Fig. 3 and Fig. 4

. £ show, for example, the results of thermal power

0 b/\/_‘ » " measurements during the charging and discharging

ot o cycle for the one thermochemical battery [46].

1500 100

0 2 4 6 8 10 12 4 16 819 ¥ 4 8 & 2 %
czas[hr] czasih

A set of thermochemical batteries

Charging and discharging cycles
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Energy Dome. One of the new proposals is the stor-
age of electricity of any origin using compressed
carbon dioxide (CO2). The solution was proposed
by the Italian company Energy Dome, which devel-
oped a modular system for long-term storage of
electricity.

The concept with liquefied CO2 is analogous to the
method of energy storage using liquefied air devel-
oped by research units and companies in the USA,
Israel, and Canada, among others.

The use of CO2 by the Energy Dome results from
the physical properties of this gas - lower pressures
are required to liquefy it than to liquefy air, less effi-
cient compressors, less energy, and thus lower
costs. The technology developed by the company
makes it possible to locate warehouses in any place.
The inventors emphasize that the devices are de
facto emission-free - when energy is needed, CO2 is
Image: [48] evaporated, energy is consumed and then the re-
leased CO2 can be reabsorbed into the storage. En-
gineers say they have developed a closed-cycle de-
vice and no CO2 from the storage facilities is re-
leased into the atmosphere.

According to the company, ultimately the devices
may have a modular structure with a storage capac-
ity of up to 200 MWh and an efficiency of 80%. The
construction costs of the warehouses are not yet
known. The company raised USD 11 million and in-
tends to build the first "pilot" storage facilities with
a capacity of 2 MW/4 MWh in Sardinia [48].

Information on accumulation in the form of thermal energy were retrieved and adapted from [5]-[9],
[22]-[26], [29]-[32], [38], [39], [43], [44], [49]-[51].
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Interest in hydrogen has been growing greatly. The main interest is on producing hydrogen by excess
renewable electricity, or even renewable energy produced solely to produce hydrogen, via electrolysis
of water. Hydrogen can be stored as hydrogen or converted to another compound via power-to-x
processes. The actual use of hydrogen in the energy system as an energy storage will be only a fraction
of its uses. Here the focus is on the use of hydrogen in the energy system as an energy storage. The
chosen technologies:

Hydrogen in pressure containers
Liquid organic hydrogen carrier (LOHC)

Hydrogen is currently being used in a wide range of applications, mainly for industrial purposes in
chemical production and refining. However, hydrogen has been seen as a mean for energy storage of
renewable energy surplus since the 1920s. It has recently drawn a lot of attention due to the rapid
spreading of the renewable energy industry all around the world and due to the steady growth of the
hydrogen fuel cells industry. Large scale hydrogen production from surplus of renewable energy
sources is believed to help sector coupling in the energy-supply system with power-to-gas and power-
to-fuel technologies. Moreover, technologies running on hydrogen (applications in the transportation
sector, energy production sector etc.) will be a significant part for the green energy transition.

Pressurized hydrogen storage is the only storage method currently in use on a significant scale world-
wide. The technology and the materials of the hydrogen vessels have seen improvements as the de-
mand of hydrogen storage is growing. However, hydrogen storage in pressurized tanks is a means of
small and medium scale storage. Due to the limitations regarding material properties and operating
costs, large scale storage on volumetric terms in pressurized tanks exceeding 200 bars at ambient
temperature is not feasible, as the desired volumetric densities for a large-scale storage cannot be
achieved. Tanks are categorised I-IV depending on construction and pressure limits, where 1V is the
most advanced.

The technology medium-scale hydrogen storage tanks are the more frequently used technique for
short to medium term storage. This technology fits the purpose of storage of hydrogen in a sustaina-
ble energy sector, i.e. production and storage of hydrogen gas from renewable energy production in
large scale electrolysers. The pressure tanks need to withstand pressures from 5o bar to 1000 bar for
hydrogen storage, over many cycles where they are being filled and emptied. As a result, different
materials are used to support the tank and make its mechanical strength higher. Hydrogen embrittle-
ment is the process in which metals like steel react with hydrogen, making them brittle and suscepti-
ble to cracking. This is one of the main factors that determines the tank’s lifetime from the manufac-
turer. A phenomenon called hydrogen permeation can occur when hydrogen go through the walls of
a container. This isa more common problem for materials like polymers and less common for metallic
materials.

View concise technology information in Table 18, and practical instances in Table 19.
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Table 18: Technology Data Hydrogen storage in pressure containers

Level of technological readiness:

Storage time:

Storage reaction time:

Investment price range:

Maintenance costs:

Capacity and power output:

Lifetime:

Efficiency:

TRLg

The exact storage time depend on the materials of the tanks and
how susceptible they are to hydrogen permeation and embrittle-
ment. Hydrogen can be stored for month to years.

Using hydrogen in a fuel cell will result in electricity production
very fast. Seconds to minutes to produce electricity from stored
hydrogen in a fuel cell.

To store hydrogen in pressure containers will cost about 1M€ for a
500 kg H. system (about 8 MWh electricity and 7 MWh heat from
fuel cell on grid)

8 250€ per year per 500 kg storage unit. (0,009 M€/MWh)

16,7 MWh in a standard unit of 500 kg H.. Out of this about 8
MWh will be electricity and 7 MWh heat in a fuel cell (on-grid).
Units can be built together to increase storage capacity. Fuel cells
are available with different output (MW).

25 years

88 % for hydrogen, whole system about 40-45 % (electricity-hy-
drogen-electricity).

Table 19: Examples of Hydrogen storage in pressure containers

HyBalance Hobro, Denmark

Technology: 18 Type IV tanks, 450 bar, 5oo
kg H.

Year: 2018

Use: Stationery and transport ready storage
of hydrogen from electrolyzer output.

Provider: Air Liquide

Medium Pressure
Compressor

: ngh Pressure WW

Compressor

ol

‘ —‘* % —
I - - 3 \ﬁ.
- 7 '

: m

Denver, USA

Technology: Multiple Type | tanks, 200 bar +
Type Il tanks, 850 bar, 310 kg H-

High Pressure

Year: 2016
Medlum Pressure

Use: Stationary storage for hydrogen fueling

station for research purposes

Provider: Air Products

Information and images on hydrogen pressure containers were retrieved and compiled from Technol-
ogy Data Catalogue on Energy storage published by Danish Energy Agency [1].
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Hydrogen is currently being used in a wide range of applications, mainly for industrial purposes in
chemical production and refining. However, hydrogen has been seen as a mean for energy storage of
renewable energy surplus since the 1920s. It has recently drawn a lot of attention due to the rapid
spreading of the renewable energy industry all around the world and due to the steady growth of the
hydrogen fuel cells industry. Large scale hydrogen production from surplus of renewable energy
sources is believed to help sector coupling in the energy-supply system with power-to-gas and power-
to fuel technologies. Moreover, technologies running on hydrogen (applications in the transportation
sector, energy production sector etc.) will be a significant part for the green energy transition.

Energy carrying compounds are chemical substances that are in an energy rich state. If this energy
rich state is achieved through hydrogenation (addition of hydrogen to the compound) of a liquid or-
ganic compound, then it is characterized as a Liquid Organic Hydrogen Carrier, or a LOHC. LOHC
storage systems are fairly like conventional fuels, as they are stored in a liquid form in atmospheric
pressure and environmental temperature until needed. Due to their high volumetric energy density
compared to the compressed hydrogen gas, they are considered a viable alternative fuel not only for
energy transport, and automotive purposes but for stationary applications as well.

LOHCs are essentially liquids or solids which are accompanied by the reversible hydrogenation and
dehydrogenation at elevated temperatures with the help of catalysts. The organic compound retains
its initial structure upon dehydrogenation. LOHC operation on small scale is accompanied by chal-
lenges with new process for hydrogen implementation regarding catalysts. The advantages lie in the
compatibility of blending with the existing fuel infrastructure since the initial LOHC structure after
hydrogen release remains the same. Especially, for transporting hydrogen over 1500 km, shipping
hydrogen as LOHC is cost effective. Furthermore, no storage losses during transportation of hydro-
gen, as well as in a high hydrogen purity. Additionally, LOHCs are characterized by the ease of trans-
portation. This, however, is impeded by the process of hydrogen liberation prior to use which is en-
ergy and cost consuming.

View concise technology information in Table 20, and practical instances in Table 21.

Table 20: Technology Data Liquid organic hydrogen carrier

. . TRL 7 system prototypes are available on market, but further re-
Level of technological readiness: .
search and development are being done.

Can be stored for a long period of time under ambient tempera-
) ture and pressure. Loss of hydrogen during storage is negligible.
Storage time: ) ) ) )
Economically, 60 days is an optimum time span for storage when

compared to compressed hydrogen storage.
Storage reaction time: Will take time to add and free the hydrogen from the LOHC.

The prices are uncertain, and market is volatile regarding LOHCs
Investment price range: and data on the use of DBT-based LOHC system with solar power

in Erlangen has been observed to result in H2 delivery cost of €5
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to €55 euros per kg H2. Additionally, H2 transport is more eco-
nomical than conversion into electricity. For short distances,
LOHCs are not economical.

Estimated maintenance cost is 4 % of CAPEX/MW AND 1 % of
CAPEX/MWh

Maintenance costs:

Depends on the size of storage tank. LOHC can be stored in room

) temperature in conventional storage equipment. 7 MWh is an

Capacity and power output: , )
available standard unit today but could be very much larger,

LOHC could be freight by tanker boats for example.
Lifetime: 20 years

Efficiency: 72% for storing hydrogen alone

Table 21: Examples of Liquid organic hydrogen carrier

Hydrogenate capacity: 792 Nm3 hydrogen/day
Year: 2016

Use: Mid to large-scale transport and stationery
applications.

Provider: Hydrogenious

Hydrogenate capacity: 94 Nm3 hydrogen/day
Year: 2018

Use: Stationary system connected with electro-

lyser and fuel cell for smart grid applications

Provider: Covalion

Information and images on liquid organic hydrogen carrier were retrieved and compiled from Tech-
nology Data Catalogue on Energy storage published by Danish Energy Agency [1].
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2.3.3 Other devices, systems, and ways of using hydrogen

The hydrogen used today (the majority) is the so-called “black” hydrogen, obtained by steam reform-
ing natural gas and other hydrocarbons. For example, Poland is one of the largest hydrogen producers
in the European Union (see Table 22). However, black hydrogen technology spoils the market and
hinders the development and implementation of electrolysis technology, i.e. production of “green
hydrogen (so it is no coincidence that there are no concrete plans to build large electrolysers in Po-
land).

"

Fortunately, there are examples of the initiated process of building a hydrogen economy (N.B. in port
cities): an already existing HYPORT® —"“green” hydrogen plant in Ostend (Belgium), German ventures
—Hamburg Green Hydrogen Hub and HyTechHafen Rostock, as well as Belgian Power-to-Gas instal-
lation in Zeebrugge. However, one also needs to think about the entire hydrogen value chain (up-
stream, midstream, downstream), examples of which (storage) have been presented above, i.e. mid-
stream.

Table 22: Polish examples of hydrogen downstream

Shunting hydrogen locomotive (SMz2-
6Dn)

Technology: this locomotive is equipped
with two hydrogen fuel cells with a total
power of 170 kW (hydrogen is taken
from tanks with a total capacity of 175
kg); the traction battery powers four
asynchronous traction motors with a
power of 4x180kW, which allows for a
speed of up to 9o km/h

Year (approval): 2023
Provider: PESA Bydgoszcz

Hydrogen boiler

Technology: fully zero-emission heating
device for the Power-to-Gas systems in
the market; it is a compact unit of hydro-
gen and steam generation consisting of
two components — a hydrogen boiler
(based on the controlled combustion of
hydrogen in pure oxygen in a closed cir-
cuit with the high efficiency of the de-
vice) and a hydrogen and oxygen source
in the form of an electrolyser

Year: 2021

Provider: SES Hydrogen (Sescom Group)

Information and images on other devices, systems, and ways of using hydrogen were retrieved and
compiled from [52],[53], [54], [55].
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Biogas provides a flexible clean and efficient form of energy. Enriched biogas may generate large vol-
umes of biomethane allowing its usage as an alternative to natural gas via existing natural gas net-
works (or being used directly as fuel). The environmental impacts and high long-term costs of waste
disposal have pushed the industry to realize the potential of turning this problem into an economic
and sustainable initiative. Anaerobic digestion and the production of biogas can provide an efficient
means of meeting several objectives concerning energy, environmental, and waste management pol-
icy. Biogas contains methane (60%) and carbon dioxide (40%) as its principal constituent.

Other gases than methane contained in biogas are considered contaminants. Removal of these im-
purities, especially carbon dioxide, will increase the biogas quality and enable its transport (volume
flow) using gas pipe system. The integration of biological processes in the biorefinery that effectively
convert carbon dioxide into methane is becoming increasingly important. Such process integration
could significantly improve the sustainability of the overall bio-refinery process. The biogas upgrading
by utilization of carbon dioxide rather than removal of it (presently most common) is a suitable strat-
egy in this direction. The CO, transformation into methane requires significant amount of hydrogen,
which may be generated by water electrolysis or biological methods (dark fermentation). The men-
tioned electrolysis can take part in the ancillary services of the power system.

There are two broad categories of upgrade techniques — biological and chemical, where traditional
methods focus on ex-situ upgrading, utilizing catalytic conversion, membrane gas-permeation, phys-
ical and chemical scrubbing, absorption, and adsorption.

The technology based on H, production and addition to biogas strongly depends on:

Feedstock types and preparation.

Bioreactor types and configurations.

Barriers, advantages, and economics of biomethane deployment

The main barriers to the development of the biogas/biomethane sector in the European Union are
high capital expenditures, long lead times (investments), and a strong conventional energy lobby. The
most important advantages of biogas/biomethane technology include environmental aspects, high
biomethane potential and support for agriculture. The development of biogas/biomethane technol-
ogy will slowly reduce environmental pollution, reduce carbon dioxide and methane emissions, and
allow for partial independence from the importing of natural gas.

Sources of financing for biogas plants are subsidies, credits, including from public and EU funds, bank
credits and funds of the entities implementing the project. Without financial support, many of the
existing and built biogas plants in the European Union would probably not have been constructed.
Depending on the status of the beneficiary, appropriate financial assistance may be received.
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When trying to estimate capital expenditures (CAPEX) and operating costs (OPEX) for biomethana-
tion, three conditions must be considered (in the current turbulent situation):

1. these technologies do not exist commercially at the Technology Readiness Level (TRL) 8/9,
2. impact of technological development from a microeconomic point of view,

3. macroeconomic phenomena — mainly monetary policy and growing imbalance in the global
economy.

Environmental and ecological aspects of biogas/biomethane plants
The most important environmental benefits achieved through the biogas/biomethane production in-
clude:

1. reduction of methane emissions from the natural decomposition of organic substances,

2. economy using distributed energy systems, thanks to which energy-transmission losses are
minimised,

3. sanitary aspects,

4. thereduction of CO, emissions from diesel and petrol combustion.

The biogas/biomethane plants allow for the controlled management of waste organic matter. The
natural processes of bio-waste decomposition produce methane, which, if released into the atmos-
phere, increases the greenhouse effect. For example, according to the data of the National Centre for
Emission Management and Balancing (2020), in Poland, methane accounts for 11.8% of the emitted
greenhouse gases — highest in agriculture, comprising one third of emissions. There are also signifi-
cant methane emissions from municipal waste, sewage sludge, agro-industrial effluents, or agricul-
tural residues. Anaerobic digestion of bio-waste limits methane emissions, which are up to 23 times
more harmful than CO..

View concise technology information in Table 23, and practical instances in Table 24.
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Table 23: Technology Data for biogas production in biomethanation

Level of technological readiness: TLR g for biogas production and TRL 6/7 for biomethanation

Storage time: long term storage (one year)

Using biomethane in gas engines or turbines will result in fast

Storage reaction time: electricity production. Practically electricity generation will start

in range of minutes.

Estimated cost of 1 MW biomethanation system is of the order

Investment price range:
sMe€

Maintenance costs: not known yet

Standard power systems based on biogas/biomethane production

Capacity and power output: were in the range 1 MWe, due to sustainable delivery of sub-

strates. However, there are systems with more than 10 MWe.

Lifetime: 25 years

88 % for hydrogen, whole system about 40 % (electricity-bio-

Efficiency:

methane-electricity)

Table 24:Technology example of a methane production plant

Image: [56]

GICON (Grofmann Ingenieur Consult
GmbH, Dresden) developed in-situ tech-
niques based on trickle bed reactor (ready
to market):
add-on for biogas and wind energy
plants for doubling methane genera-
tion,
option for existing infrastructure (vehi-
cles, biogas plants, wind wheels),
controllable, stable, demand oriented
process:

a) high efficiency and product

quality,

b) very low self-energy demand,
utilization of CO. instead of its separa-
tion, biogas upgrading using generated
hydrogen.
economy feasible depending on:

c¢) fullload hours and individual

costs of electricity,

d) CAPEX Electrolyser,

e) greenhouse gases quota mar-
ket.

Monitoring and data management [56].
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2.4.1 Biological Processes

Biomethanation complement chemical options, using the aptitude of microorganisms to convert CO,
into useful products. Biological fixation of CO, is a sustainable solution to reduce CO, content in bio-
gas. One of the biological methods to utilize CO, in biogas relies on the utilization of H., generated by
water splitting (e.g. electrolysis), for conversion of CO, to CH, based on the action of hydrogen-
otrophic methanogens (process of hydrogenotrophic methanogenesis). The chemical reaction is
shown in Eq. (2):

4H, + CO, — CH, + 2H,0 AG =-130.7 kJ/mol (2)

To ensure the method is sustainable, electricity needed in the hydrolysis process should be produced
by renewable sources, such as solar or wind. One of the disadvantages of H, was its low volumetric
energy density, resulting in storage difficulties. This H, assisted biogas upgrading can occur in a so-
called in-situ and ex-situ biogas upgrading. Ex-situ upgrading requires the CO, to be separated first
by using e.g. absorption, adsorption, membrane separation or cryogenic methods and then utilised
in methanation process in another reactor. Ex-situ upgrading technique will not be discussed here. In
contrast, the process of in-situ upgrading does not require the CO, to be separated and removed first,
rather it is converted into CH, — leading to a significant biogas purity.

In-situ biological biogas upgrading uses the injection of H, inside a biogas reactor during anaerobic
digestion to react with CO,, resulting in CH, production by the action of autochthonous methano-
genic archaea. This can be operated through two different pathways: hydrogenotrophic methano-
genesis or Wood-Ljungdahl pathway. Hydrogenotrophic methanogenesis leads to direct conversion
of CO, to CH, with the addition of H, as a source of electrons, according to Equation (1). But the
Wood-Ljungdahl pathway indirectly converts CO, to CH, via two reactions (2) and (3):

4H, + 2CO, — CH;COOH + 2H,0 AG = -104.5 kJ/mol (2)
CH;COOH — CH, + CO, AG = -31.0 kJ/mol (3)

CO:. is converted to acetate acid with the help of homoacetogenic bacteria. Then the acetate acid is
converted into CH, by the acetoclastic methanogenic archaea. H, plays a crucial role in the whole
process of anaerobic digestion. Exogenous addition of H, results in the increase of both hydrogen-
otrophic methanogens and homoacetogenic species, producing acetate from H, and CO,. The down-
side of adding H. to the process is the inhibition of syntrophic acetogens which are involved in propi-
onate and butyrate degradation and syntrophic acetate oxidizers (SAO). It is important to control the
concentration of H, to ensure the equilibrium of biochemical reactions. The process is illustrated in
Fig. 1.
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Figure 1: Metabolic pathways for hydrogen assisted methanogenesis. Image: [57]

Using CO, as a feedstock for the synthesis of commodity chemicals and fuels has the potential to be
beneficial for the economy and environment. Methanation reaction, also called a Sabatier reaction,
isareaction between CO, and H, to produce CH, and water (H,0). As with biological processes, access
to renewable electricity and/or ‘green’ hydrogen is critical.

Although the reaction is between CO, and H,, there is the potential of using biogas directly as feed-
stock for CO, methanation as CH, content in the biogas has only a little influence on the reaction at
high pressure. The research has found that the methanation of CO. above 0.8 MPa will be ideal to
decrease the effect of CH, on the conversion process. The process of hydrogenation of CO, to CH,
using Ni catalyst can be described by Sabatier reaction (4):

CO2 + 4H2 — CH4 + 2H20, AH =-165 kJ/mol. (4)

The search for more efficient catalytic processes is continued. Challenges that need to be confronted
include the development of catalysts that can operate at lower temperatures where the reaction is
more promising and preventing of deactivation of the nickel-based catalysts due to sintering and ox-
idation. Sintering occurs due to the high temperature and water while oxidation is due to the presence
of H,. On the other hand, changing the nature of catalysts to less reactive catalysts result in the pro-
duction of methanol.

Biomethane can be also produced from biomass through gasification. Woody biomass, agricultural
residues, and municipal solid waste can be used as feedstocks for gasification. Steam gasification is
the preferred conversion scheme for biomethane production. Different gasifying agents can be used
to improve biomass gasification performance.
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In thermal gasification of solid biomass, woody biomass is first broken down at high temperature (be-
tween 700-800 °C) and high pressure in a low-oxygen environment. Under these conditions, the bio-
mass is converted into a mixture of gases, mainly carbon monoxide, hydrogen, and methane (some-
times collectively called syngas). To produce a pure stream of biomethane, this syngas is cleaned to
remove any acidic and corrosive components. After gasification, the methanation process (which is
required to achieve high purity CH,) then uses a catalyst to promote a reaction between the hydrogen
and CO or CO, to produce methane. Any remaining CO, or water is removed at the end of this process.

Goteborg biomass gasification project (GoBiGas) is the world’s first demonstration plant for large-
scale production of biomethane through the gasification of forest residues [58], [59].

Information and images on accumulation in the form of biomethane were retrieved and adapted from
[571-[80].
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2.5 Energy accumulation in the form of potential energy

Pumped hydropower storage (PHS), also known as pumped storage power plant (PSPP) is a kind of
plant to store electricity, mainly with the aim of supply-demand balancing. During off-peak periods
and times of high production of energy by renewable power plants, low-cost electricity is consumed
to pump water to a highly elevated reservoir. In this way, the surplus electrical power is stored in the
form of gravitational potential energy. When electricity demand increases, the stored water is re-
leased to drive the hydraulic turbines of the system and actuate a coupled electricity generator to
produce power. The outlet flow from the higher reservoir can be controlled to provide variable output
power. The roundtrip efficiency of a PHS plant can reach up to 9o%, which is the highest percentage
among mechanical energy storage (MES) technologies. Also, the capacity of such plants can be ex-
tremely large, up to a few thousand megawatts.

The main disadvantages of PHS systems are the limitations in water availability and topography chal-
lenges as well as high capital cost. Furthermore, appropriate sites for this technology seem to be avail-
able in the natural environment and therefore there are also ecological and social concerns to over-
come. Even considering these challenges and drawbacks, PHS is by far the most widely implemented
energy storage technology in the world due to the previously mentioned advantages, its considerable
economic benefits via facilitating the supply of cheap electricity at times of expensive energy, spot
prices and high efficiency. Among the several existing and developing MES technologies, the pumped
hydropower storage system is the most mature one. This has made it the most broadly implemented
energy storage system worldwide.

By 2017, PHS systems provide more than 95% of the total 184GW in-service electricity-storage capac-
ity of the globe. Until 2011, around 4o PHS facilities were operating globally (mostly in the United
States), while just two compressed air energy storage facilities (one in Germany and one in the United
States) were in operation.

The PHS systems can be divided into two main configurations: open-loop and closed-loop systems.
In the former, the plant is coupled to a natural water system such as a river (the lower reservoir is a
dam connected to a natural water source). In the latter configuration the reservoir is not linked to any
natural water flow, and there are only the upper and lower reservoirs between which the mechanical
components of the system are placed and work. Fig. 2 illustrates the schematic diagram of a PHS
system in a closed-loop configuration (the lower reservoir is not connected to any river or natural wa-
ter stream). The operating principle of a PHS system is quite simple. As shown in the figure, a PHS
consists of a few main components, namely, an upper reservoir, a hydraulic turbine/pump that is con-
nected to a motor/ generator, a lower reservoir, the flow canal/piping system, and control systems
(e.g. flow control valve). In the charging mode, the surplus power that is to be stored is used by the
motor to drive the turbine/pump, which works on its pump mode at this stage. The pump transfers
water from the lower reservoir to the upper reservoir to store the surplus electricity in the form of
increased potential energy in the system. In the discharge mode, the direction of water flow and op-
eration of components is reversed. The control valve opens, depending on the level of power needed
to be produced, and water from the upper reservoir at high pressure flows through the hydraulic tur-
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bine/pump (which is in turbine operation mode) and produces rotational work that is fed to the gen-
erator. Finally, the discharged water is stored in the lower reservoir.

Upper reservoir

= Penstock

Lower
reservoir

(B i =

@—Surge tank

v

Tailrace tunnel

Power house

Figure 2: Schematic diagram of a PHS system, Image: [81]

PHS technology is mature, offers the greatest roundtrip efficiency among all MES systemes, is fast in
responding to demand and operation mode alteration, and is flexible in MW capacity. Also, the pro-
duction cost of PHS systems is quite low due to the nature of how a PHS unit operates. However, the
capital cost of PHS systems is very high. Moreover, there is no hope for significant reduction of the
capital cost because, as previously mentioned, this technology is quite mature and has been under
development for decades. This along with the environmental concerns associated with PHS systems,
the long time required for constructing a PHS plant, and technical challenges such as sediments are
the drawbacks of this technology.

Considering all its positive and negative points, PHS technology will continue to be a key component
of energy systems around the world. This is especially important now after the sharp growth of re-
newable energy systems worldwide and the planned roadmap towards pure renewable energy sys-
tems. However, the undeniable fact is that there is still a gap between the technology reality and mar-
ket needs. That is why studies and efforts to address remaining challenges are continuing, including:
PHS plants with underground reservoirs or undersea PHS systems.

The most critical needs in this field are as follows:
1. Advances in designing the turbine and pump are required to further improve the cost-effec-
tiveness and roundtrip efficiency of the system.
2. Digitalizing of PHS technologies is required. It is expected that development and advances in
automation and information technology will shape the future of PHS plants.
3. Environmental impact is one of the main concerns and limitations of the development of PHS
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plants mainly due to finding or creating water reservoirs with height difference. Technical de-
velopments in environmental sciences will directly affect the methodologies by which the
ecological impacts of existing and new PHS plants are assessed.

4. Optimization of the system but also the trading and operation strategies of PHS plants in
electricity markets when integrated with renewable power plants (such as wind turbines and
solar power plants) could be effective in obtaining a better economic performance.

However, there is another important problem — the existing pumped-storage power plants, both in
the European Union, associated countries, as well as in the USA, UK, Japan, etc., are mainly large-
scale facilities. The Energy Equilibrium project, related to municipal activities, focusses on facilities
with much lower installed capacity (below 100 MW), possible to be implemented and operated by the
city. Such facilities generally do not exist, the technology has not been implemented on such scale,
except for the Gaildorf storage facility as a pioneer (fig.3.).

Figure 3: Schematic diagram of Naturstromspeicher Gaildorf with Facts and Figures, Image: [82]

The pilot project in Gaildorf near Stuttgart, Germany, demonstrates new concept — Water Battery. In
this project, the foundations of the wind turbines are used as upper reservoirs. They are connected via
an underground penstock to a pumped-storage power station in the valley that can provide up to 16
MW in power. The electrical storage capacity of the power plant is designed for 70 MWh (total, ac-
cording to the project operators, which corresponds to more than five hours of storage operation for
all wind turbines at nominal output). CAPEX is around EUR 75 million.

During times when the wind blows strongly, surplus renewable energy is often generated in other
wind power plants that cannot be fed into the public electricity grid or stored. Instead, the energy
production is throttled back, and the wind turbines are shut down. In the pilot project in Gaildorf, on
the other hand, the electricity is temporarily stored in the upper basin.

The German Federal Ministry for the Environment, Nature Conservation, Construction and Reactor
Safety (BMUB) has supported the project in Gaildorf with funds from its environmental innovation
programme amounting to EUR 7.15 million. This is a clear mark of recognition for this innovative tech-
nology, which is being demonstrated for the first time in a large-scale technical application.

Therefore, when trying to estimate capital expenditures (CAPEX) and operating costs (OPEX) for
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pumped hydropower storage, four conditions must be considered (in the current turbulent situation):
1. this technology (small PHS) hardly exists commercially at the Technology Readiness Level
(TRL) 8/9,
2. construction and operation of a pumped storage power plant, and consequently CAPEX and
OPEX, are very dependent on local geographical, hydrological, and geological conditions,
3. impact of technological development from a microeconomic point of view,
macroeconomic phenomena — mainly monetary policy and growing imbalance in the global
economy.
The data in Table 25 and Table 26 are mainly for existing large-scale objects (with one exception).

Table 25: Technology Data of hydro storage systems

Level of technological readiness: TRLg
Storage time: Several hours to weeks.

L Using pumped hydro will result in electricity production very fast —
Storage reaction time:

it takes minutes to produce electricity.

Investment price range: up to 75 M€ for 57 MWh storage capacity and 16 MW power
Maintenance costs: not known yet
Capacity and power output: 100-3000 MW
Lifetime: 50-100 years
Efficiency: 74-90%

Table 26: Examples of hydro storage systems

Zarnowiec Pumped Storage Power Station, Poland
Technology: open loop pumped hydro storage
Year: 1973 - 1983 (modernised 2006 - 2011)
Installed capacity: 726 MW

Efficiency: 90%

Provider: PGE
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Zydowo Pumped Storage Power Station, Poland
Technology: pumped hydro

Year: 1964 - 1971 (modernised 2013)

Installed capacity: 167 MW

Provider: ENERGA

Naturstromspeicher Gaildorf, Germany

Technology: a wind farm is combined with a pumped
storage power plant

Year: 2017 - 2022
Installed capacity (pumped hydro): 16 MW

Provider: Naturstromspeicher GmbH (Max Bdg|
Gruppe)

Information and images on accumulation in the form of biomethane were retrieved and adapted from
[81]-[89].
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The general drivers behind the interest in energy storage are related to several factors. These include
international, EU and national climate targets, which are also mirrored by climate targets at the mu-
nicipal level. Energy storage has the potential to significantly improve energy self-sufficiency and in-
crease the share of electricity produced from renewable energy sources. Many renewable energy
sources face the challenge of fluctuating energy production and the resulting price volatility in the
energy market. Energy storage can mitigate energy price volatility and ensure energy availability. As
societies have become increasingly energy dependent, it isimportant to ensure energy availability in
all circumstances. Energy storage can contribute to meeting these objectives.

The following tables summarise the advantages and disadvantages of each technology and the main
findings of the PESTLE analyses.

Perspectives on the multidimensional key performance indicator (KPl) measurements of the carbon-
neutral energy system in the municipalities' analysis have been made with the help of PESTLE analy-
sis. In general, PESTLE analysis is a broad fact-finding activity around the external factors that could
affect an organisation’s decisions, helping it to maximise opportunities and minimise threats. PESTLE
audits six external influences on an organisation: P for Political, E for Economic, S for Social, T for
Technological, L for Legal, and E for Environmental. It will give an overall view of the environment
under study, from many different angles, when considering a particular idea or plan.

The PESTLE analyses were made for five different energy accumulation alternatives:

Batteries Thermopolis Ltd, Sustainable Business Hub Scandinavia AB (SBH)
Thermal Energy Lithuanian Energy Institute (LEI)
Hydrogen Sustainable Business Hub Scandinavia AB (SBH)
Biomethane Institute of Fluid-Flow Machinery Polish Academy of Sciences (IMP PAN)

Potential Energy Institute of Fluid-Flow Machinery Polish Academy of Sciences (IMP PAN)

ZEBAU - Centre for Energy, Construction, Architecture, and the Environment Ltd. was responsible for
the overarching aspects of environmental and political criteria and social acceptance.

In the PESTLE analyses for political, legal, social, and environmental factors country-context analysis
were made for all five different energy accumulation alternatives. In total six countries were analysed
in PESTLE analysis:
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COUNTRY AUTHORS
Sweden Sustainable Business Hub Scandinavia AB (SBH)
Finland Thermopolis Ltd
Latvia Riga Technical University (RTU)
Lithuania Lithuanian Energy Institute (LEI)
Poland Institute of Fluid-Flow Machinery Polish Academy of Sciences (IMP PAN)
Germany Zentrum fUr Energie, Bauen, Architektur und Umwelt (ZEBAU)

PESTLE analyses are very comprehensive and are therefore included as an annex to this report.

Page 54/71



interreg - Co-funded by
Baltic Sea Region the European Union

—bh
&7 4 ENERGY TRANSITION

“=*' Energy Equilibrium

3.1 Battery storage technologies

Table 27: Advantages and disadvantages of Li-ion, Na-S and Vanadium redox flow batteries

Technology Disadvantages

. . . Tendency to overheat and even combust,
Relatively high energy density, no re- . .
. ) can be damaged by high voltage, aging,
. quirement for a scheduled cycle to main- o
Li-ion . . . . . Challenges related to availability and
tain battery life, commercially available in . o
. mining of lithium,
many sizes
cannot store energy for several months
L:Eezzir;?l\;efzr::j:fndii:;::lama;ig: High temperature (300-350C), limited amount
Na-S - . &Y . .pp of freeze —thaw cycle (~20), not suitable for
tions, commercially available (limited .
S idle storage
availability)
Flexible installation size,
Vanadium Storage capaa'ty a.nd power capacity can High initial investment
redox flow be varied independently, . ” . .
. . ) (Relatively high and volatile price of vana-
batteries use of full battery capacity without deg- dium), low grid-to-grid efficienc
(VRB) radation, possibly unlimited cycle lifetime ’ B & v
(up to 20 years)

Table 28: Summary of PESTLE results for Li-ion, Na-S and Vanadium redox flow batteries

Circular battery economy, material recovery, e-mobility, some countries offer financial
support for energy storage including batteries

Raw material costs often high, expected for prices of applications to come down, oper-
ation and maintenance cost vary

RES integration, peak shaving, emergency back-up,
time shifting, black starting, good power quality,
many types available commercially

Usually well accepted, concerns related to raw material mining etc.

Impact of materials used both in manufacturing and in recycling

EU level: Recycling rates for batteries and their materials, digital battery passport (us-
age history)

The acceptance of battery storage has increased significantly in recent years as it is seen as an effi-
cient and environmentally friendly solution for energy storage:

Environmental friendliness: Battery storage is a clean alternative to conventional energy stor-
age such as diesel generators. They use rechargeable batteries to store excess energy and re-

Page 55/71



miterIrcy Co-funded by
Baltic Sea Region the European Union

A
LY

“=*' Energy Equilibrium

EMERGY TRANSITION

lease it when needed. As a result, they reduce the need for fossil fuels and help reduce green-
house gas emissions.

Grid utility: Battery storage can help stabilize the power grid and reduce the need for grid ex-
pansion. They can store excess energy from renewable sources when it's available and release
it on demand when demand is high. This helps to reduce the use of conventional power plants
and use the electricity grid more efficiently.

Cost reduction: The cost of battery storage has fallen sharply in recent years, which has further
increased its acceptance. Thanks to technological advances, economies of scale and improved
production technology, battery storage has become more affordable. This has led to wider
availability and use.

Independence: Battery storage enables households and companies to become less dependent
on external energy sources. With battery storage, they can store excess energy and use it when
needed, which is particularly beneficial in regions with unreliable power supplies or high elec-
tricity costs.

Funding Policies: Many governments and energy companies have introduced programs and in-
centives to encourage battery storage. Subsidies, tax breaks, and other financial incentives
have helped increase battery storage adoption and deployment.

Despite these positive developments, however, there are still challenges for the widespread ac-
ceptance of battery storage:

Energy Density and Capacity: Batteries have limited energy density and capacity, which
means they can only store a certain amount of energy. This can limit the possible uses of bat-
tery storage, especially when it comes to storing large amounts of energy or long-term stor-
age. There is a need for batteries with higher energy density and capacity.

Life and performance: Batteries wear out over time and lose capacity. Battery life is limited
and depends on factors such as charge and discharge cycles and ambient temperatures. To
ensure the economic viability of battery storage, it is important to develop batteries with a
long service life and high performance.

Sustainability and environmental impact: Batteries often contain materials such as lithium,
cobalt and nickel that must be degraded. Mining and extracting these materials can have en-
vironmental impacts such as landscape degradation and water pollution. It is important to de-
velop sustainable methods for the extraction and disposal of battery materials.

Grid integration: The integration of battery storage into the power grid is a technical chal-
lenge. Battery storage must be seamlessly integrated into the existing grid to ensure a reliable
and stable power supply. This requires advanced control systems and communication tech-
nologies to run the batteries efficiently and maintain grid stability.

Scalability: While battery storage is already deployed on a small scale, scaling it to larger sys-
tems is a challenge. The integration of large battery systems into the power grid requires ex-
tensive planning and coordination to overcome the challenges in terms of capacity, siting,
grid connection and infrastructure.

Nevertheless, the general tendency towards acceptance of battery storage is very positive, as they
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play an important role in the transition to renewable energy and a sustainable energy supply.

3.2

Thermal energy storage technologies

Table 29: Advantages and disadvantages of thermal energy storage technologies

Water-based

High heat capacity, low cost, easily avail-
able, scalable

Temperatures higher than 100° C re-
quire pressurization to prevent boiling

Sand based

Low-cost material, easily available, high
melting point (1.700° C), high tempera-
ture range (600-1.200° C), seasonal stor-
age possible

only a few commercial applications,
low heat capacity

Molten salt

Temperature range (e.g., 62-560° C)

To keep salt mixture molten “cold”
side must have a high enough temper-
ature, corrosion

Phase-change mate-
rials

Temperature range depends on
used material

Some materials have a high cost, cycle
limitations possible

Co-funded by
the European Union

Negligible heat loss, high energy density
temperature range depends on chemi-
cals used, compact

Few commercial applications, high

Thermo-Chemical .
costs, technically complex

Table 30: Summary of PESTLE results for thermal energy storage technologies

Waste heat, solar energy, and district heating related policies.
Some countries offer subsidies for thermal heat storages

The initial investment and operational costs vary significantly between the different
types of thermal energy storages, often having a use for energy in thermal form is ben-
eficial

There are many commercially available technologies and some still on their way to be
commercialized

Consumers expect any investment should reduce energy costs eventually

The impact on the environment depends heavily on the chosen technology and the
scale of the implementation

Thermal storage follows national legislation in terms of environmental impact, health,
and safety issues. Innovative technologies bring new challenges
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The acceptance of power-to-heat and thermal energy storage systems depends on various factors:

Energy efficiency: Power-to-heat systems can help to use excess electrical energy that would
otherwise be wasted. This can improve the energy efficiency of the overall system and promote
the use of renewable energy. Therefore, the acceptance of power-to-heat is generally assessed
positively.

Costs: The profitability of power-to-heat systems plays a significant role in acceptance. If the
cost of building and running such systems is high compared to other heat generation or storage
technologies, this could hamper uptake. However, state subsidies or incentive programs can
reduce the cost burden and increase acceptance.

Flexibility: Power-to-heat systems can help make the power grid more flexible by balancing out
fluctuating power generation from renewable energies. By converting excess electricity into
heat, the demand for electrical energy can be reduced when the power grid is overloaded. The
acceptance of power-to-heat therefore also depends on the willingness of the energy supply
companies to integrate flexible loads and to make the necessary adjustments in the power
grid.

Environmental Impact: Power-to-heat systems can help reduce greenhouse gas emissions, es-
pecially when the electricity used comes from renewable energy sources. This can increase
adoption as power-to-heat is seen as a green option to use excess renewable energy.

Regulatory framework: Creating a favourable regulatory framework can influence the ac-
ceptance of power-to-heat. Clear and stable legislation and incentive mechanisms can promote
investments in such systems and thus increase acceptance.

However, there are some challenges to be aware of:

Heat losses: When storing thermal energy, there are always some losses due to heat transfer
and thermal radiation. The longer the heat must be kept in storage, the greater these losses. It
is important to use materials with low thermal conductivity and good insulation to minimize
heat loss.

Storage capacity: The storage capacity of heat storage tanks is limited. Creating storage facili-
ties large enough to store large amounts of thermal energy over long periods of time can be a
challenge. This is particularly problematic when the thermal energy is to be stored over several
days or weeks, for example for seasonal energy storage.

Storage media: Choosing the right storage medium is crucial for the efficiency and reliability of
the thermal storage device. Different materials have different heat capacities and specific prop-
erties that can affect storage performance. In addition, the storage media often must be inex-
pensive and environmentally friendly.

Cycle Stability: Heat accumulators are typically used in a cyclic operation where the thermal
energy is stored and released again. This cycle can negatively impact memory life and perfor-
mance. The materials and components of the memory must therefore be cycle-stable to ensure
long-term and reliable functioning.

Integration into energy systems: The integration of thermal storage systems into existing en-
ergy systems can pose another challenge. It requires appropriate control and regulation to
match the storage and release of thermal energy to the needs of the system. In addition, the
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storage tanks must harmonize with the other components of the energy system, such as heat
generators and heat consumers.

3.3 Hydrogen storage technologies

Table 31: Advantages and disadvantages of hydrogen storage technologies

Small or medium scale storage, short
to medium term storage, high pres-

Commercially available, combined with . .
sure requirements to containers, hy-

Hydrogen in pressure
yaroe P a fuel cell makes for quick electricity

containers . drogen embrittlement of the con-
production . .
tainer, hydrogen permeation, whole
system efficiency 40-45 %

Stored in liquid form in ambient tem- .
o ) 4 . Prototypes on market, hydrogen lib-

Liquid organic hydrogen perature and atmospheric pressure, . . .
. eration is energy consuming, possi-

carrier easy to transport, no storage losses,

| .
ideal for large scale hydrogen storage bly toxic

Table 32: Summary of PESTLE results for hydrogen storage technologies

Hydrogen is expected to play a significant role in the green transition, national hydro-
gen strategies are under way in some countries. Some countries have subsidies for hy-
drogen related investments

Electricity price has significant impact, economical aspect under consideration

Relatively new applications of technology. Electricity production, quick response to sea-
sonal storage, peak shaving, RES integration, black start

Liquid organic hydrogen carrier (LOCH) can use the same infrastructure as petrol and
diesel. Wind farm related opposition might affect hydrogen

Large leakages could speed up the destruction of the ozone layer, LOCH related flam-
mability, toxicity etc. Low toxicity LOCH are researched

For now, hydrogen follows similar safety and health legislation as natural gas

The acceptance of hydrogen as an energy source has increased in recent years and is the subject of
intense debate around the world. There are several reasons why hydrogen is considered a promising
option:

Environmental friendliness: Hydrogen can be produced and burned without harmful emissions.
When hydrogen burns, only water vapor is produced, meaning it produces no greenhouse gases
or air pollution. When produced with renewable energy sources, hydrogen can make an im-
portant contribution to the decarbonization of the energy system.

Versatile applications: Hydrogen can be used in various areas, such as in the transport sector,
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for power generation, in industry and in the home. It can be used as a fuel for vehicles, used to
store renewable energy, and as a raw material for the chemical industry.

Energy storage: Hydrogen can serve as energy storage, especially for renewable energy sources
such as solar and wind power. Excess energy can be used to convert water into hydrogen, which
can then be converted back into energy when needed.

Despite these advantages, however, there are also challenges in the acceptance of hydrogen:
Infrastructure: The existing infrastructure for hydrogen is limited and needs to be further de-
veloped, especially regarding hydrogen filling stations, pipelines, and storage facilities. Build-
ing a comprehensive infrastructure requires significant investment and time.

Cost: The production of hydrogen is currently still relatively expensive, especially if it is ob-
tained from renewable energy sources. Costs need to be further reduced to make hydrogen
more competitive.

Safety: Hydrogen is a highly flammable gas, which raises safety concerns. Strict safety stand-
ards and regulations must be followed to ensure safe handling and use.

Despite these challenges, hydrogen is seen as an important part of the future energy mix and its up-

take is expected to continue to grow as technology improves and infrastructure expands.

3.4 Biomethane storage technologies

Table 33: Advantages and disadvantages of biomethane storage technologies

Technology Disadvantages
) Biogas production is well estab- . .
Upgrading from . & p ; . The uptake of biogas has been relatively slow,
biogas lished, which gives opportunities for upgrading biogas requires investments
€ biomethane P8 g blog q
Methanation of i Hydrogen production is an upcoming technol-
One form of utilizing hydrogen ydrogen p P g
hydrogen ogy
Low pressure Lowest costs, on-site application Short term storage
Longer storage periods, smaller . .
: . . Higher costs and more safety regulations, re-
High pressure space requirements, transportation . .
. quirements on gas purity
possible
Cryogenic (Low Smaller space requirements, trans- . .
. e Transportation requires large enough volumes
temperature) portation possibility
Smaller space requirement, can be
Absorbed stored at ambient temperature and Materials being researched
atmospheric pressure

For production two possible routes were included, biomethane production via digestion from biomass
and upgraded from biogas (the focus) and methanation of the hydrogen.
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Table 34: Summary of PESTLE results for biomethane storage technologies

Biogas and upgrading it to biomethane has a differing position between countries

Local job creation in the biomethane production chain, initial investment is often rela-
tively high

Biogas production well established technology, biomass collection, Power-to-power to-
tal efficiency with hydrogen methanation may become low

Local community engagement possibilities

Possible methane leakages and the effect on climate change, Waste management

Biogas is often governed by national regulation for natural gas in relation to safety

The acceptability of hydrogen methanation varies depending on the context and the stakeholders
involved. Here are some important aspects to consider:

Climate change and renewable energies: Methanation of hydrogen can help to store renewable
hydrogen and use it as an energy carrier. Since methane is a stable gas and existing infrastruc-
ture can be used for natural gas, methanation could be a way to better utilize and integrate
renewable energy sources such as wind and solar power. In this context, methanation is often
discussed as a possible solution to decarbonize the energy system.

Efficiency and losses: However, there are losses in the methanation of hydrogen because the
process requires energy. The efficiency of methanation is therefore an important factor in as-
sessing acceptability. If the hydrogen comes from renewable sources and excess energy is used,
then methanation can be considered a viable option. However, potential energy losses and the
overall energy balance of the process should be considered.

Infrastructure and Market Development: Methanation requires existing infrastructures to dis-
tribute and use methane, which is already the case in some regions. If methanation is viewed
as part of a broader concept for a hydrogen economy, it could increase uptake as already es-
tablished gas infrastructure can be used.

Technology Development and Cost: Methanation technology is still in the development phase
and cost plays a significant role in acceptance. Reducing the cost of hydrogen methanation,
especially when compared to alternative hydrogen storage options, could increase uptake.

Environmental Impact: The methanation of hydrogen produces methane, a potential green-
house gas. The control and management of methane emissions is therefore of great im-
portance to minimize the environmental impact and to ensure that methanation actually con-
tributes to a reduction in greenhouse gas emissions. However, the biomethanation is viable op-
tion to remove CO2 from biogas.

The methanation of hydrogen as power-to-gas can represent an element for the storage and use of
excess electricity but must be integrated into other measures such as the use of waste heat from the
methanation process, other uses of electricity such as power-to-heat and power-to-liquid and better
use of excess electricity by building a European Supergrid.
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3.5 Potential energy storage technologies

Table 35: Advantages and disadvantages of potential energy storage technologies

Technology

Pumped hydro

Pumped hydro energy storage can pro-
vide municipalities with opportunities
for energy cost management. By stor-
ing electricity during off-peak hours
when electricity prices are low and re-
leasing it during peak hours when
prices are high, municipalities can opti-
mize their energy consumption and re-
duce their electricity costs.

Disadvantages

Pumped hydro is not included in the
calculation of RES produced (RES di-
rective),

Integration of intermittent renewa-
ble energy sources with pumped hy-
dropower storage* (HYDROPOWER
AND PUMPED HYDROPOWER
STORAGE IN THE EUROPEAN UNION-
2022)

Table 36: Summary of PESTLE result for potential energy storage technologies

Not in favour politically, typically no subsidies offered in Baltic Sea/ EU countries

The initial investment cost high, but operational costs low. Difficulties in finding build-
ing sites, low amount of production and potential. Relatively good energy efficiency

Easily scalable, mature technology base, provide grid stability and reliability

Acceptance of pumped storage plants is a complex matter due to impacts on environ-

ment, landscape, and local community

Changes to water bodies, ecosystems, and local habitats. Impacts may include changes
to water levels, water quality and biodiversity. Concerns of migration disturbance of liv-

ing organisms in certain areas and the creation of additional erosion.

Difficulties with legal procedures. Planning and approval because of environmental,
water laws etc.

The acceptance of pumped storage plants varies depending on the region and the associated local
impact. In general, there are several factors that can influence the acceptance of pumped storage

plants:

Energy Demands and Energy Security: In regions with high energy demands and concerns
about energy security, pumped storage plants are often considered an important infrastructure
to meet energy demands and stabilize supplies.

Environmental impacts: Pumped storage plants have an impact on the environment, especially
in relation to the water balance and the landscape. The construction of dams and reservoirs can
lead to changes in ecosystems and affect natural flow patterns. This can raise concerns about
habitat loss, disruption to fish migration, and other environmental impacts.
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Landscape and tourism: pumped storage plants are often large structures that must be inte-
grated into the landscape. In regions that rely heavily on tourism or where natural beauty plays
an important role, concerns about the landscape and visitor attractiveness may arise.

Local community and impact: The direct impact on the local community affected by a pumped
storage plant also plays a role. This includes issues of land expropriation, community resettle-
ment and the impact on local economies. Acceptance is highly dependent on the type of con-
sultation, community involvement and possible compensatory measures.

Renewable energies and climate protection: Pumped storage plants are considered an im-
portant part of the energy system to integrate renewable energy sources such as wind and solar
energy and to increase the flexibility of the electricity grid. In regions where the expansion of
renewable energies and climate protection have a high priority, pumped storage plants are of-

ten rated positively.

The use of renewable energies has increased in all 27 countries of the European Union (EU) in recent
years. On average in the EU, the share of renewable energies in gross final energy consumption in-

creased from 13.9% to 21.8% between 2009 and 2021.

As reported on the occasion of the European Statistics Day the pioneers of the energy transition can
be found in Northern Europe. In 2021, Sweden already covered 62.6% of its gross final energy con-
sumption from renewable energies, which was the highest value in the EU. In addition to Sweden,

Finland also recorded high shares of renewable energies in gross final energy consumption in

2021

with 43.1%, Latvia with 42.1% and Denmark with 34.7%. In Germany, according to data from the Eu-
ropean statistical authority Eurostat, the proportion increased from 10.9% to 19.2% between 2009

and 2019.
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Figure 4: share of renewable energies in gross final energy consumption

On 30 March 2023, the European Council and the European Parliament negotiators reached a provi-
sional political agreement to raise the share of renewable energy in the EU’s overall energy consump-

tion to 42.5% by 2030 with an additional 2.5% indicative top up that would allow to reach 45%.
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Between 2005 and 2020, the share of renewable sources in electricity consumed in the EU-27 grew
from 16% to 37%, which corresponds to an average increase of 1.4 percentage points per year. It must
be noted, however, that the increase in the share between 2019 and 2020 mainly resulted from an
overall, pandemic-related reduction in total electricity production. In 2021, the renewable share of
electricity is estimated to have been 38%.

By 2030, the EU Commission wants to quadruple the installed photovoltaic capacity across the EU to
a total of 600 gigawatts. In 2021, the electricity generation capacity from photovoltaics in the EU was
162 gigawatts.

Denmarkisthe EU leader in terms of electricity generation from renewable sources. In 2022, the share
of renewable energy in total Danish net electricity generation was around 75.9 %t.

The national objective in Sweden is 100 % renewable electricity production to 2040.

To achieve the climate protection goals and become independent of fossil energy imports, the share
of renewable energies in gross electricity consumption in Germany should increase to at least 8o %
by 2030 and to 100 % by 2035. In 2022 it was 46.2 %.

The Swedish Energy Agency has developed a draft hydrogen strategy. The objectives within in the
strategy are 5 GW electrolyser capacity to 2030 and 10 GW to 2045 (ER 2021:34).

Currently, there is no specific national-level policy for hydrogen in Latvia. However, the Latvian Na-
tional Energy and Climate Plan 2021-2030 (NECP) outlines several directions of action aimed at accel-
erating the development and deployment of hydrogen.

The Finish government adopted a resolution on hydrogen (9 Feb. 2023). The resolution describes Fin-
land’s objectives regarding hydrogen and the measures to promote them. Finland’s goal is to become
the European leader in the hydrogen economy in the entire value chain.

In June 2020, the German federal government decided on the national hydrogen strategy (“"Nationale
Wasserstoffstrategie”) which is currently being updated. The strategy pursues the following goals in
particular: Establish hydrogen technologies as core elements of the energy transition in order to de-
carbonize production processes with the help of renewable energies; to create the requlatory condi-
tions for the market ramp-up of hydrogen technologies; strengthen German companies and their
competitiveness by promoting research and development and technology export around innovative
hydrogen technologies; secure and shape the future national supply of CO2-free hydrogen and its
derivatives.

Hydrogen technology is very new in Lithuania. The ongoing activities after the establishment of the
Hydrogen Platform are promotion, design stages, preparation of infrastructure and initiation of pilot
projects.

The new EU regulation aims to promote a circular battery economy. By reforming the battery regu-
lation, the Commission aims to respond to the legislative pressure that the electrification of transport
will create in the coming years. For example, according to the World Economic Forum, battery pro-

Page 64/71



miterIrcy Co-funded by
Baltic Sea Region the European Union

A
LY

“=*' Energy Equilibrium

EMERGY TRANSITION

duction will need to increase 19-fold in the coming years. Meeting climate targets will require in-
creased use of batteries in several sectors, including transport, renewable energy, and digitalisation.

The Finnish government's vision is that the green transition will create new technologies that will ac-
celerate the transition away from fossil energy. Main idea of the policy is to reduce emissions and at
the same time provide possible opportunities for new export businesses for Finnish operators.

Latvia has not established specific goals for the installation of electricity storage capacity by 2030.
However, the National Energy and Climate Plan prioritizes the development of innovative renewable
energy technologies, including energy storage, integration, and smart transmission.

Sweden does not have specific objectives for using batteries for storage of electricity. However, bat-
teries are pinpointed by the Swedish Energy Agency as an important part of net zero emission energy
system to 2045.

In Germany battery storage is seen as an important component of a storage strategy as power storage
(seconds to minutes) and as displacement storage (minutes to hours), among other things because
they have a high overall efficiency.

In Poland currently is no specific national-level policy concerning batteries.

On the EU level thermal energy storage is seen as an important aspect of the reaching climate tar-
gets in district heating & cooling and building sectors.

Infrastructure development for district heating and cooling networks should be stepped up and
steered towards harnessing a wider range of renewable heat and cold sources in an efficient and flex-
ible way in order to increase the deployment of renewable energy and deepen energy system inte-
gration.
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In the PESTEL analysis, the importance of the different factors for each of the five selected energy
storage technologies has been assessed using five different possible weights. The weightings are
high, medium-high, medium, low-medium, and low.

Table 37: Importance of different factors in the PESTLE analysis for each energy storage technologies

Factors Batteries Thermal Storage |Hydrogen Biomethane |Potential Energy
POLITICAL EU level policy High High Medium Medium-high{Medium-high

National government policy High High Medium Medium-high|High

Political stability Medium Low Medium High Medium-high

Existing political support mechanisms High Medium-High |Medium-high |Medium-high|Low

Tax Medium Medium Medium Medium-high|{Low-medium

Municipal level policy Low-medium |Medium High High Low-medium
ECONOMIC Payback time High High Low-medium [High N/A

Energy price High High Medium-high |Medium-high|High

Energy market Medium-High|High Medium-high |Medium-high|High

Opportunities for capital access to finance investments |Medium High Medium-high |Medium-high|High

Funding gaps High High High Medium-high|N/A

Initial investment High High Medium-high |Medium-high(High

Production cost High High Medium-high |Medium-high|Low-medium
SOCIAL Public acceptance High Low Medium-high |Medium Medium

Employment opportunities Medium Low Medium-high |Medium Medium

Adaptability of the society to innovations and new techjMedium Medium-High |Medium-high |Medium Medium-high
TECHNOLOGY Requires a large source of electricity Medium (High/Low) Medium-high |Medium-high|Medium-high

Integration to the existing grid Medium Low Medium-high |High Low

Technical applications Medium High High Medium Low-medium
LEGAL Level of complexity to get necessary permits Medium-High|Medium Medium-high |High High

Time of approval for energy development project Medium-High|Medium Medium-high |High High

Land use planning Low-medium |Medium Low-medium |High High
ENVIRONMENTAL|Risk of environmental damage High Low Medium-high |Medium Medium

Risk of indirect environmental damage High Low Medium-high |Medium Medium

Life cycle Low-medium |Low Low-medium |Low-medium |Low

Risk of no reduction in carbon foot print Low-medium |Low Low Low Low

The political and economic impacts are more pronounced for battery and thermal storage. These two

storage technologies are relatively mature and sophisticated and are available in several power clas-
ses. The question of their economic viability is therefore very much at stake, and it is the political
support and the cost of energy and investment that is highlighted.

In contrast, the exploitation of hydrogen, biomethane and potential energy entails more regulatory
requirements and licensing. For hydrogen and biomethane, technological development is still partly
at an early stage. In the case of thermal storage, both the environmental impact is seen as positive
and there is widespread social acceptance.

Potential energy sources are mainly early-stage technologies, particularly the potential energy of wa-
ter. The potential for their construction is limited, as neither land-use planning, legislation nor policy
favours their construction. However, the advantage would be that the post-construction generation
costs are very low and integration into the electricity grid is easy.
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