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Abstract— The planned and already observed increase in
the use of wind and photovoltaic power plants is partially
constrained by the uncontrolled variability of energy
generation and consumption. The weakening of the negative
influence of demand and generation variability is possible
through the construction of large-scale energy storage plants
(ESPs). This article is devoted to the operation and modelling
of a powerful hydrogen production plant (H2PP) which can
ensure a hosting opportunity for large capacity renewables in
the Baltic region. An energy demand and generation
balancing problem has been posed and solved. Forecasts of
hydro, wind and photovoltaic generation, changes in the
energy demand and market prices have been taken into
consideration. An estimation of annual costs, the amount of
hydrogen and the required capacity of the H2PP for energy
balancing constitutes the main result of the paper.

Keywords— energy storage; electricity market; hydrogen
production; renewables; climate change mitigation.

1. INTRODUCTION

The large-scale use of renewable energy sources and power
plants is an important and necessary step towards the limitation
of greenhouse gas emissions into the atmosphere and climate
change mitigation. Nevertheless, a further increase in the use of
renewable energy sources is associated with the need to ensure
the balance of generation and consumption. Consideration of
intermittent generators and the unstable, poorly controlled
nature of consumption amplify the problem of energy storage.
This problem becomes uppermost in case of wide use of
renewable energy sources and limited capacity of
interconnecting power transmission lines [1]. This is just the
kind of situation that is expected in the power systems of the
Baltic States. This article represents an attempt to solve the
above problem by creating a model of the power systems of the
Baltic region, which includes an HgPP sub-model and can be
used to form the operation of the power systems under market
conditions. We focus on the important case of using an alkaline
electrolysis system [1] for hydrogen production technology
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located near to a large underground reservoir. We suppose that
electrolysis is green carbon-free hydrogen production from
renewable resources [1].

The use of hydrogen production and storage technologies
in combination with their management, taking into account the
conditions of the energy market, makes it possible to balance
generation and consumption and can be attractive on the basis of
economic criteria. Analysis of this possibility, taking into
account the specific conditions of the power systems of the
Baltic region, is highly topical and forms the main contribution
of this paper. The research has been implemented by creating an
appropriate software tool, substantiation of which is also an
important task of this paper.

A. Literature review

The authors of [1] analyse hydrogen storage from an
economic point of view when compared with pumped hydro and
compressed air energy systems. Their main conclusion is that
hydrogen storage is more economical for large volumes of fuel.
Hydrogen production has been used for a whole century.
However, H2PPs which will be equipped with underground
reservoirs connected to electrolysis remain in the investigation
stage [1]. The large underground reservoirs of H2PPs can be
used to house a renewable energy source and to ensure power
balance in the power system, taking into account the medium-
term (seasonal) volatility [1] of renewable generation. The
authors of [2] conclude that hydrogen can be transported and
utilised securely by using existing natural gas pipes, which have
to be equipped with hydrogen meters and sensors. At the same
time, the authors point out the difficulty of taking into account
the advantages of intersessional storage of hydrogen and the
impossibility of using the MARKAL platform for assessing
economic suitability.

A number of research papers (a comprehensive review is
performed in [2]) have concentrated on hydrogen storage
problems using data for a single month. However, considering
the large variation during the year, a single month cannot be set
as arepresentative of the whole year. A more adequate study has
to be performed, encompassing a whole year, with one-hour
resolution.
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Ma et al. [3] offer an optimisation model of pumped hydro
and electrochemical energy storage. The curtailment of wind and
photovoltaic power is minimised. The analysis and the equations
used are related to fundamental thermodynamic and
electrochemical reactions that are modelled in MATLAB.
Optimal scheduling of the operation of a large storage plant with
a wind farm using genetic algorithms is used in [4].

Article [5] provides an estimate of the cost of hydrogen
production depending on the prices of renewable electricity.
Unfortunately, this information cannot be used in the electricity
market when prices change every hour.

Paper [6] presents an electricity generation mix of South
Australia’s case study of using hydrogen for a large-scale long-
term storage application targeted to support the electricity
generation, which includes gas, wind, and solar energy. Battery
energy storage and hybrid battery-hydrogen storage systems
were compared from a techno-economic point of view. The
hybrid battery-hydrogen storage system was found to be more
cost-competitive with the unit cost of electricity at 0.626 $/kWh
(US dollars) compared to battery-only energy storage systems
with a 2.68 $/kWh unit cost of electricity. The authors remark
that the generated electricity can be exported to neighbouring
countries. The use of excess stored hydrogen to generate extra
electricity costs can be reduced to 0.49 $.

In paper [7] it is observed that existing electrolysers can
reach very good flexibility. Load changes between 10 and 90%
per second can be ensured.

The research in [8]-[10] contains an economic analysis of
a power system with renewable energy sources and storage
plants. The HOMER tool [8] is used to optimise the system
design and identify the storage capacity required. Weather data,
such as wind speed, solar irradiance and air temperature, are fed
into the model to estimate hourly power generation throughout
the year. The energy efficiency of the electrolyser was assumed
to be 70% while being capable of compressing hydrogen to 30
bar above atmospheric pressure, ready for storage. This reduced
the cost of electricity to 0.626 $/kWh.

However, to our knowledge, a limited amount of studies is
available in the articles considering techno-economic problems
of hydrogen as a basis of large-scale energy storage in various
renewable energy input scenarios, taking into account the
electricity market conditions. Research on both hydrogen
storage volume and costs considering the impact of renewables
on electricity prices is the main objective of this paper and the
methodology used is its main contribution.

B. Organisation

The rest of the article is organised as follows. Section 2
describes the object under investigation and the methodology.
Section 3 is devoted to a case study of the future power systems
of the Baltic States. Section 4 contains conclusions and outlines
planned future work.

II. OBJECT UNDER INVESTIGATION AND METHODOLOGY

A. The essence of the problem

The structure of the system selected for consideration is
presented in Fig. 1. The mathematical model of the Baltic Power
system (BPS) includes the combined power systems of the three
Baltic States, namely, the Estonian, Latvian and Lithuanian
power systems. The BPS has connections via transmission lines
with the power systems of Finland, Sweden and Poland. The
above mathematical model operates under government
constraints (taxation fees for energy producers and consumers)
and taking into account power market rules [11], [12].

We assume that the plant shareholders and the transmission
grid operators strive to increase their profitability but are forced
to follow the technical and legal constraints established by the
laws of physics, the market, the government, and the networks.
Wind and solar energy can be given to the network or used to
accumulate energy in the hydrogen reservoir. The units of the
storage power plant can be set to the generation, sleeping, or
energy accumulation mode. We assume that the main task of the
management of the energy system of the Baltic States is to
ensure the balance of generated and consumed energy in all
possible modes. The greatest (and most expensive) balancing
difficulties occur during periods when renewable energy is not
being generated and the capacity of interconnection lines is
limited. In these cases, H2PP generation is used. The task of this
article can be formulated as follows: the required volume of
hydrogen production (annually, the capacity of H2PP generators
and the price of generated electricity) has to be estimated [13]—
[15].

POWER MARKET

FINLAND

o =

Baltic SWEDEN
Power (::}
SY&tem POLAND

.

GOVERNMENT

Fig. 1. The diagram of the situation under consideration.

As a result of the analysis of the structure presented in Fig.
1, a decision-making methodology should be settled. To develop
it, we assume that energy supply processes are governed by the
day-ahead electricity market, using the structure depicted in Fig.
2.
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Fig. 2. Diagram of the modelled Baltic power system (BPS).

The structure represented in Fig. 2. includes the following
main objects: a pumped-storage hydropower plant (PSHPP), an
electrical vehicle (EV), a hydropower plant (HPP), a hydrogen
production plant (H2PP), a solar power plant (SPP), and a wind
power plant (WPP), electricity demand and interconnecting
power lines between the Baltic States and Finland, Sweden, and
Poland. We assume that all the above objects are connected to
one Baltic electricity node. The capacities of the transmission
lines are presented in Fig. 2 in light blue text boxes.

It is important to note that the system under review contains
a balancing power plant that uses hydrogen as its energy source
(see Fig. 2). We assume that hydrogen will be produced and
stored in Latvia, using the reservoir/ one of the reservoirs of the
existing large-scale underground gas storage (UGS). The
capacity of Incukalns UGS is 4.47 billion cubic metres, whereof
2.32 billion cubic metres of active or constantly pumped natural
gas [16].
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Fig. 3. The diagram of the H2PP.

We assume that the plants’ shareholders strive to increase
their profitability and are forced to follow the technical and legal
constraints established by the rules of the Nord Pool day-ahead

electricity market, the normative acts of the government and the
networks [17].

Additionally, we assume that the producers depicted in Fig.
2 do not influence the day-ahead prices of the global electricity
market and do not participate in the ancillary services of the
system. We suppose that H2PPs will play the role of backup
stations, whose main task is generation of electricity in the case
when the available capacity of the remaining power plants
cannot ensure power balance in the Baltic States.

B. The statement of the control optimisation problem

The decision-making methodology can be created on the
basis of formulating and solving the optimal control problem for
the interconnected power systems depicted in Fig. 2. In addition,
the rules of the electricity market must be taken into account.

The balance of the power system generation/demand and
supply for the day-ahead market is formed by formulating and
solving the problem of optimising the expenses/incomes of all
the participants. To simplify this problem, the following
additional postulates have been assumed:

e The market proposals of all the market participants are
formed on the basis of the assumption that the hourly
energy prices are known (in the form of hourly price
forecasts);

e The modes of the Baltic power systems do not impact
the electricity prices in neighbouring countries;

e The energy prices of the Baltic States may differ from
the forecast ones since they are determined in
accordance with the market rules, taking into account
not only the proposal but also the import/export
possibilities and constraints as well as the prices of the
neighbouring countries;

e The internal constraints of the Baltic States transmission
network are complied with in all modes. In this case, the
Baltic network is reduced to one node (see Fig. 2);

e The power systems of the neighbouring countries are
capable of fully loading the interconnections when
exporting or importing electricity;

The above postulates ensure dramatic simplification of the
long-term development planning problem since: detailed models
of the power systems of the neighbouring countries are not used;
the expenses/incomes of each participant, given set future prices,
depend only on their own actions. The problem of selecting
modes for power plants disintegrates into a number of much
simpler sub-problems. To solve them, medium-term mode
planning models and tools can be used, which are substantiated
and described in our earlier studies [18]-[23].

It is important to note that the task to be solved requires a
description of the system for the entire planning period, which
makes it necessary to forecast the parameters of the influencing
processes [24]. Fortunately, methods presented in scientific
publications [25] can be used when predicting processes,
selecting and implementing the optimisation procedure, the
complexity of which can be reduced by decomposing the
planning horizon into a set of smaller sub-horizons [26], for
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example, a one-week-long one. The scenario method [27] will
be exploited for the study of the objects to be analysed. With the
help of this method, the expected energy generation, demand and
prices will be described. The models of all the system elements
(see Fig. 2) can serve as the basis for the problems to be solved.
In this study, models described in our previous articles [14],
[18], [20], [28]-[33] are employed. In addition, as shown in Fig.
3, a simplified model of hydrogen production, storage and
transformation into electricity can be used.

The simplest model can be used to describe the structure
given in Fig. 3:

Wye = We /Ky (1)
Wey = Wye /Ky

where: W — the electricity amount consumed from the grid
for hydrogen production (MWh); Wy — produced hydrogen
energy (MWh); Wry — electricity generated by firing hydrogen
(MWh), K;,K, — efficiencies.

C. Estimation of the hydrogen amount

The structure of the hydrogen impact assessment algorithm
is given in Fig. 4. The contents of the first block of the algorithm,
namely, forecasting of the influencing processes and
optimisation of power plants, are widely described in the
scientific literature [11], [14], [18], [20], [28]. The second block
performs an electricity supply proposal to the market that takes
place by using the results of the optimisation of each generator’s
operation. Examples of optimal operation of individual
generators can be found in many publications [3], [4], among
them in our earlier articles [34], [35]. We suppose that energy
demand is inflexible and demand is forecasted for every hour.
The supply and demand curves form the basis for the market
operator’s decision regarding the selection of specific generators
and their capacities for each hour of the planning period.

Below, we will look at the last three blocks of the algorithm
under review. We will take into account the impact of the energy
systems of neighbouring countries by replacing them:

e with one generator Gp (see Fig. 5), the capacity of which
makes it possible to fully ensure the interconnection
transmission capacity for export;

e with a single combined load Lp with a maximum
capacity equal to the interconnection transmission
capacity for imports.

The task of the electricity market operator is to choose
generator capacities in each hour of the planning period, which
ensures:

e capacity balance;

e the lowest energy supply (generation or consumption)
costs throughout the planning period.

T:1(Z?=1 WBS,; - Pry; + Wp; - Prpy;) > min, (2)
Y1 WBS,; + Wpy; = LBS, + Lp;;t=1,....8760  (3)
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Fig. 4. The flowchart of H2 volume estimation algorithm.

where WBS,; - energy produced or consumed by Baltic states
generators in each time ¢ (MWh), i — separate generator or
consumer; T — time horizon (8760 hours); n — the number of
generators and consumers; Pr,; - price of electricity bidden by
the generator or consumer i to the market in time t
(EUR/MWh); Wp;;, Prp;; - energy and price of energy supplied
or consumed by partners from Poland, Sweden and Finland to
the Baltic. Let's note that the generated energy should be taken
into account with a plus sign, and the consumed energy with a
minus sign.
The equation (3) must be fulfilled for all t = 7.

We omit many other constraints to be described along with
(3) since their detailed description can be found in the literature
(18], [21], [32], [34], [35].

The complexity of the problem (2) strongly depends on a
number of factors:

e the length of the planning period and the composition of
market players. Our paper analyses long-term energy
storage, which requires choosing a planning period that
covers seasonal fluctuations (a year and more is needed);

e on the objective function and the constraint description
type. The minimisation task is greatly simplified if linear
expressions are used;

e the length of time period t; in our case, there may be
short-term storage systems agreed upon between market
participants, the analysis of which requires taking into
account hourly changes;
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e the composition and type of unknown quantities. The
power of the electrolyser and the volume of the reservoir
are considered as optimisation variables in the current
task. Energy prices depend on these quantities, so (2)
contains multiplication of unknown variables, which
makes it impossible to directly use linear programming.

S Poland K"1
L Gp Sweden Lp
Finland * J
— —
4 v

Baltic States Generators (GBS)
Baltic States Loads (LBS)
Hydrogen Power Plant (H2PP)

Fig. 5. Electricity market modelling.

We will assume that the price of energy produced by a
hydrogen power plant is higher than the cost of energy produced
by any of the other plants. Thus, generation from hydrogen is
possible only in those hours when the active power balance of
energy systems can be provided only with the help of hydrogen.
In addition, we assume that the volume of the hydrogen storage
reservoir is large enough to ensure the balance of the energy
systems at any hour of the planning period, regardless of the
reservoir’s usage schedule in the past or in the future. This
assumption corresponds to the case of using a reservoir with an
infinite volume. Finally, we assume that the capacities of
hydrogen plants and electrolysers are not limited in the first step
of algorithm execution. The assumptions made allow
dramatically simplifying the optimisation problem and ensuring
the use of linear programming for solving it. Indeed, task (2) can
be divided into two parts:

e Seclection of generation schedules. Given that all
generator bids to the market are known, task (2) can be
replaced by a simpler set of tasks for t — T, where T
equals to 8760 (hours in the year):

i (WBSy; - Pry; + Wp,,; - Prpy ;) > min
i (WBSg760,i - Prs760,i + Wpg760,i - Prbgreo,i) = min

As a result of the implementation of procedures (4), the
amount of energy produced by a H2PP is estimated. This gives
an opportunity to estimate the amount of H2 used from the
reservoir and the amount of hydrogen required. The amount of
H2 required for balancing provides an opportunity to solve the
task of minimizing the cost of energy used for its production.

To do this, it is necessary to return to the expression (2) and
perform minimisation, taking into account additional restriction,
which is described by the following requirement: balancing
energy must be equal to energy which has been spent for faired
gas production.

III.CASE STUDY

A. Scenario description

In the Table I we present four specific scenarios which
characterise the years 2030, 2040 and 2050. The maximum
value of the total power consumption, total generation and
capacity of each kind of power plant over one year is depicted.
The year 2050 is presented in two scenarios; S3 includes a
modest forecast for the capacity of renewable energy resources,
while S4 represents a more rapid version of their development.

TABLE I. BASIC PARAMETERS OF BALTIC FUTURE SCENARIO

Demand ‘ SPP WPP ‘ HPP ‘ PSHPP
Scenario ‘S1’ for 2030 year

6026° 1400* 39007 1562°¢ 1625¢

37,86 1.63° 11.64° 1,90° 2,85°
Scenario ‘S2’ for 2040 year

6629° 1600° 5000° 1562° 1625°

39,83° 1,87° 14,92° 1,90° 2,85°
Scenario ‘S3’ for 2050 year

7233 2400 7000*° 1562° 1625°

41,80° 2,80° 20,88° 1,90° 2,85°
Scenario ‘S4’ for 2050 year

7233 3900° 12 000* 1562° 1625°

41,80° 4,55° 35,80° 1,90° 2,85°

 maximal consumption / maximal generation, MWh/h
b Annual power demand / annual power supply, TWh
The following parameters of the hydrogen system are used:
Efficiency K1 of electrolyser (1) — 0.7.
Efficiency K2 of H2PP ((1) — 0.6.
Capacity of hydrogen storage reservoir — 2.3 Mm?.
Density of hydrogen — 0.0897 kg/m°.
Thermal capacity of hydrogen — 33.2 kWh/m?.

The loses in the converting process of | MWh electricity into
hydrogen energy storage and its further combustion to generate
electricity are shown in Fig. 6.

(wore) ()

1 MWh

0.7 MWh 0.4 MWh

Fig. 6. The diagram of the H2PP.

B. Forecasting of market prices and solar generation

A naive approach [36] and the prices of 2018 (to remove the
consequences of the Covid epidemic, new data were omitted)
were used.
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To predict the production of wind and solar energy, we use
the well-known approach [37] based on the lagging time series
of production records of neighbouring photovoltaic plants. For
this purpose, during 2018, data were collected from records [38]
about the generation of 20 randomly selected distributed PV
plants and total capacity of wind plants. [39]

C. Implementation of the maximisation procedure

Despite the need for multiple use of the maximisation
procedure, the possibility of using linear programming allows us
solving the problem of optimisation and distributing additional
profit for an acceptable period of time. For the above
optimisation purpose, MATLAB 2022b, more specifically, the
linear programming optimisation function — “linprog” — was
applied. [14], [18], [29], [32], [40], [41]

D. Nodelling results
The main results are reflected in Table II.

TABLE II. MAIN RESULTS

Energy deficit Hydrogen Power Plant

Total, Frequency of Hour peak, Total, Hour peak,

TWh/y | occurrence, % MWh/h Mn’ly Mn’/h
Scenario ‘S1’ for 2030 year

3.037 ‘ 38.85% 2740 ‘ 1019.00 ‘ 8.22
Scenario ‘S2’ for 2040 year

3.572 ‘ 36.97% 3313 ‘ 1190.66 ‘ 9.94
Scenario ‘S3’ for 2050 year

3.620 ‘ 31.14% 3 865 ‘ 1 206.66 ‘ 11.59
Scenario ‘S4’ for 2050 year

1.978 ‘ 18.71% 3746 ‘ 659.33 ‘ 11.24

The results shown in the table enable the conclusion that the
conversion of the power systems of the Baltic States to the use
of hydrogen will require up to 11.59 million cubic meters of
hydrogen. A power plant capacity of 3,865 MW will be required.
Let us note that the scale of the existing gas storage in Latvia
[42] is estimated just in billions of cubic meters and thereby
ensures the needed size of the storage reservoir. Assuming that
the price of electricity produced from hydrogen is 0.626 $/kWh
[6], we can estimate its costs (CH2ycar), for example, for whole
year of scenario S3 (2050 year) (equation (5)) and its peak hour
(equation (6)) of energy deficit (CH2.n):

CH2yeqr = WBSg3 + Pr = 3.620TWh - 0.626 - 10° =
2.266 biilion $ 5)

CH2,, = WBSs3 - Pr = 3865MWh - 0.626 - 10° =
2.419 million $ (6)

It is easy to see that the cost of hydrogen electricity can be
about half of the cost of energy produced by all other power

plants. Fig. 7 contains dependency curves between hydrogen
price on global market and capital investments for supporting
BPS balance.
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Fig. 7. The impact of hydrogen price on the BPS balancing service.

IV.CONCLUSIONS

The cost of hydrogen energy can be estimated by choosing
the operating mode of all the power plants of a power system on
the basis of the formulation and solution of an optimisation
problem that requires prediction of the processes of price
changes and wind and solar generation and take into account
electricity market rules.

The use of integer linear programming provides an
acceptable amount of time to search for the optimal power
system operation solution.

Hydrogen production and storage is feasible in Latvia. Such
a course of action would allow ensuring the balance of energy
production and consumption, using large amounts of renewable
resources.
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