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Abstract: This article presents the results of a comparative scenario analysis of the “green hydrogen”
development pathways in Poland and the EU in the 2050 perspective. We prepared the scenarios by
linking three models: two sectoral models for the power and transport sectors, and a Computable
General Equilibrium model (d-Place). The basic precondition for the large-scale use of hydrogen, in
both Poland and in European Union countries, is the pursuit of ambitious greenhouse gas reduction
targets. The EU plans indicate that the main source of hydrogen will be renewable energy (RES).
“Green hydrogen” is seen as one of the main methods with which to balance energy supply from
intermittent RES, such as solar and wind. The questions that arise concern the amount of hydrogen
required to meet the energy needs in Poland and Europe in decarbonized sectors of the economy,
and to what extent can demand be covered by internal production. In the article, we estimated the
potential of the production of “green hydrogen”, derived from electrolysis, for different scenarios
of the development of the electricity sector in Poland and the EU. For 2050, it ranges from 76 to
206 PJ/y (Poland) and from 4449 to 5985 PJ/y (EU+). The role of hydrogen as an energy storage
was also emphasized, highlighting its use in the process of stabilizing the electric power system.
Hydrogen usage in the energy sector is projected to range from 67 to 76 PJ/y for Poland and from
1066 to 1601 P]/y for EU+ by 2050. Depending on the scenario, this implies that between 25% and
35% of green hydrogen will be used in the power sector as a long-term energy storage.

Keywords: green hydrogen; energy modelling; hydrogen demand; hydrogen production; GHG
reduction; Fit for 55

1. Introduction

In the strategies of the EU and the national documents of the member countries, hydro-
gen fuel is seen as one of the important technological options for reducing CO; emissions.
Hydrogen in the future is expected to be an energy carrier that will largely replace coal,
gas, and oil. It can act as the missing link in the decarbonization process, as it solves a
whole range of problems, including enabling decarbonization in the transportation and
industry sectors, as well as providing a long-term energy storage to stabilize the operation
of the electric power system under a large share of renewable sources characterized by high
load volatility. Hydrogen can also be an alternative to natural gas, which is of particular
importance in the context of the ongoing crisis in the European gas market.

In July 2020, the European Commission proposed the “Hydrogen strategy for a climate-
neutral Europe”, aiming to accelerate the development of “green hydrogen” and secure
its role as the basis for a climate-neutral energy system by 2050 [1]. The EU Hydrogen
Strategy identifies “green hydrogen” and its value chain as one of the key areas to unlock
investment to support sustainable growth and employment, which will be crucial in the
context of the post-COVID-19 recovery. It sets the following strategic objectives defining
the size of the EU hydrogen market over the next decade:
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- By 2024—installation of at least 6 GW of electrolyzers capacity and annual production
of at least 1 million tons of hydrogen from RES;

- By2030—installation of at least 40 GW of electrolyzers capacity and annual production
of at least 10 million tons of hydrogen from RES.

The share of hydrogen in the EU member states is expected to be higher than the global
average and account for about 24 percent of energy demand in 2050. In order to achieve
this goal, a significant increase will have to take place in the future of RES capacity installed,
generating adequate amounts of low-cost energy that can be used in electrolyzers. The
EU’s formulated goal of reducing net emissions by at least 55 percent by 2030 compared to
1990 levels was translated into an implementation strategy in July 2021 [2].

Among the various sources of RES generation, EU strategies assign a crucial role to
offshore wind energy. In 2050, the potential installed capacity of offshore wind farms in
the EU is expected to reach 300450 GW [3]. Another significant EU policy document,
called REPowerEU, assumes that hydrogen yearly production from renewable sources
is to reach 20 Mt by 2030 (including approximately 4 Mt of ammonia). The document
responds to the urgent need for Europe to become independent of Russian gas and also
sets a target of increasing the share of RES in gross final consumption to 45 percent by 2030.
The REPowerEU plan raises targets for the development of installed electrolyzers capacity
compared to the “EU Hydrogen strategy” from 2020. According to this plan, the installed
capacity of electrolyzers in the EU area is expected to reach 65 MW in 2030 [4]. It should be
noted that the REPowerEU plan assumes more than a 330 percent increase in hydrogen
consumption compared to previous EU policies. The European Commission (EC) estimates
that achieving the REPowerEU goals requires additional investment of EUR 210 billion up
to 2027, but this would save almost EUR 100 billion per year in reduced imports of fossil
fuels [5].

This paper examines the potential application of hydrogen in Poland and the broader
EU+. Forecasting hydrogen demand is vital to the hydrogen strategy, especially given its
significance in stabilizing the electricity system and addressing needs stemming from the
technological transformation of various industries. We analyze the quantities of hydrogen
required to meet the growing demand for fuel and energy in the EU, with the aim of
achieving full decarbonization by 2050. Furthermore, we assess the electricity sector’s
ability to produce “green hydrogen” and investigate the feasibility of using this “green
hydrogen” as a renewable energy storage solution. This includes its potential role in
bolstering the stability of both onshore and offshore wind power plants.

Our literature review reveals that, despite numerous studies presenting scenarios of
hydrogen market development in Poland [6-8] and Europe [9-21], only a few approach
the topic comprehensively, considering all sectors of the economy and the possibilities
of hydrogen supply. In the case of “green hydrogen”, its production capacity is closely
related to the share of RES in the energy systems of the EU countries. This article juxtaposes
the projected hydrogen demand necessary to reach the net-zero target in the EU+ by 2050
against production capacity, assuming no external imports. This assumption is pivotal for
our analysis, as our primary focus is on investigating the internal potential of the EU to
produce “green hydrogen”. A hallmark of our innovative model approach is the use of
an iterative method for deriving results. The d-Place, MEESA, and other sectoral models
determine the total annual demand for green hydrogen, which the MEESA model then
optimizes in two-hour time slices. This dual approach melds insights about the broader
economic demands for green hydrogen with the intricate challenges and opportunities
that the hydrogen production in the electrolysis process presents. It is essential to produce
green hydrogen from emission-free energy surpluses. To accurately model this, one must
simulate the volatility of RES generation and the changing demand over time.

2. Overview of Hydrogen Market Development Forecast

Key data sources on projected hydrogen demand and production predominantly
come from government plans and strategies. These include the EU Hydrogen Strategy [1],
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REPowerEU Plan [4], and the Polish Hydrogen Strategy [6]. It is essential to interpret
the strategies in these documents as assumptions regarding specific objectives rather than
concrete predictions.

In 2020, the European Commission (EC) published the EU Hydrogen Strategy, which
outlines preferred market development scenarios at the EU level. This strategy defines
priority actions and sets both medium and long term development objectives. Notably,
it establishes a 2030 target for constructing 40 GW of electrolyzer capacity, targeting an
associated production volume of 10 million tons annually.

However, the EC revised its environmental ambitions in less than two years. In
response to Russia’s military invasion of Ukraine and the subsequent ramifications on the
energy security of the entire EU, the REPowerEU Plan was introduced in May 2022. This
plan advocates for a twofold increase in hydrogen consumption by 2030 compared to the
original strategy’s provisions, raising the bar from 10 to 20 million tons. The additional
volume (10 Mt) is anticipated to be sourced from imports outside the EU. Concurrently,
the REPowerEU also suggests increasing the target for RES-installed capacity to 45% by
2030. This revision holds significant implications, especially concerning the powering of
electrolyzers using energy from RES.

Two recent publications shed light on the potential development trajectory of the
hydrogen market in Poland, namely:

1. Analysis of the potential of hydrogen technologies in Poland to 2030 with an outlook to
2040—published by the Ministry of Climate and Environment (MCE), 2021 [7]. On the
basis of this analysis forecasts, the assumptions of the Polish Hydrogen Strategy [6]
were formulated. It contains three scenarios: business as usual (BAU), a central
scenario adapted to the Polish Hydrogen Strategy (PHS), and a scenario in line with
the EU’s Fit for 55 package.

2. Green hydrogen from RES in Poland. Polish Wind Energy Association (PWEA), the
Lower Silesian Institute for Energy Studies (LSIES), 2021 [8].

Based on the data presented in Table 1, there is a considerable variance in the as-
sessment of the potential use of hydrogen in Poland, depending on the assumed scenario
(ranging from 61 to 234 PJ/y). It is noteworthy that the forecast for the Polish Hydrogen
Strategy (PHS) extends only until 2040. This limitation means the PHS predictions cannot
be fully aligned with the Fit for 55 package assumptions.

Table 1. Hydrogen demand projections in Poland [P]/y] [6,8].

Scenario 2030 2040 2050

BAU 0.8 61.2 n/a

PHS (2021) PHS 23.4 104.5 n/a
FIT55 46.6 234.0 n/a

PWEA, LSIES (2021) BAU 25.2 212.4 302.4

Among the projections relating to the development of the hydrogen market in the EU,
the results of the forecasts contained in the following studies are worth mentioning:

1.  Hydrogen Roadmap Europe. A Sustainable Pathway for the European Energy transi-

tion. Fuel Cells and Hydrogen 2 Joint Undertaking 2019, th.europa.eu [9]. It includes

two scenarios: business as usual (BAU) and a scenario with more ambitious hydrogen
development goals (Ambitious).

Hydrogen Forecast to 2050. Energy Transition Outlook 2022. DNV [13].

3.  Paris Agreement Compatible (PAC) Scenarios for Energy Infrastructure, 2020. German
Federal Ministry of Economics and Energy (BMWi). Co-creation Report prepared
by: Global Renewable Energy Community (REN21), European Environmental Bu-
reau (EEB), Renewables Grid Initiative (RGI and Climate Action Network Europe
(CAN) [16].

4. European Commission 2021. Fit for 55 package—MIX H2 scenario [17].

N
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5. Achieving the Paris Climate Agreement Goals. University of Technology Sydney

(UTS), University of Melbourne, and German Aerospace Centre, 2019 [18].

The Net Zero scenario, reaching carbon neutrality in the EU by 2050. EC JRC 2021 [19].

7. BP Energy Outlook, 2023 edition. The hydrogen demand projections in this publica-
tion were made for two scenarios: Net-zero and Accelerated [20].

8.  McKinsey & Company (2020). Net-Zero Europe Decarbonization pathways and
socioeconomic implications. McKinsey & Company [21].

*

Figure 1 presents a summary of all the aforementioned projections. They are character-
ized by a fairly wide range of values in the analyzed periods. For 2030, they range from
180 to 2394 PJ/y and for 2050 from 2520 to 8104 PJ/y.
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Figure 1. Hydrogen demand projections in the EU (own assumptions based on [9,10,13,16-19,21]).

3. Technological Solutions for Green Hydrogen Production

The basic process of “green hydrogen” production is the electrolysis of water driven
by electricity from RES. This process is a straightforward electrochemical reaction that does
not require complex apparatus. The outcome is highly pure hydrogen (>99.99%). If the
electricity required for the reaction comes from renewable sources, water electrolysis does
not cause GHG emissions [22]. Currently, less than 4% of hydrogen production is based
on electrolysis processes. The vast majority of the hydrogen is derived from fossil fuels,
primarily through the steam reforming of natural gas [23]. Unfortunately, these processes
are accompanied by relatively high greenhouse gas emissions (8-12 kg CO, eq/kg Hj
when natural gas is used and 10-20 kg CO, eq/kg H, when coal is used) [24]. This makes
them unsuitable for achieving climate neutrality. For hydrogen to be deemed climate-
neutral fuel, its production should be emission-free. Reforming and gasification require
CCS (Carbon Capture and Storage) or CCU (Carbon Capture and Utilization) technology,
which is economically and logistically problematic. Therefore, the development of the
hydrogen economy should be based on hydrogen produced by water electrolysis, based on
electricity derived from RES. The limited share of “green hydrogen” production is primarily
due to the high cost associated with electrolysis processes compared to the conventional
fossil sources [25]. However, with a higher share of renewable energy from wind turbines
and PV’s, “green hydrogen” production is expected to become more economically viable.
The article will present trajectories of the decrease in the unit cost of “green hydrogen”
production, derived from various literature sources and the results of our calculations.

Hydrogen can also be produced in a sustainable manner using energy derived from
biomass through several processes (Figure 2), resulting in a product known as biohydrogen.
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Utilizing waste materials for biohydrogen production offers numerous benefits. It enhances
economic and ecological potential, avoids competitive land use, and represents a step
towards a circular economy. Technological advancements in climate change mitigation can
be further achieved by capturing CO, produced during the process, leading to biohydrogen
production as a carbon-negative process [26]. This approach allows for the removal of CO,
from the atmosphere during hydrogen generation and is referred to as hydrogen bioenergy
with carbon capture and storage (HyBECCS) [27].

| Preatreatment Il Biohydrogen Il Separation IV Processing
production

Bio-
technological

Absorption

Dark fermentation
Photofermentation

Biophotolysis Adsorption Preparation for

use

Mechanical Thermo- Cryoegenic | Preparation for
pretreatment chemical separation storage

Pyrolysis [
Photofermentation | Membrane [l
separation

Figure 2. Carbon-negative hydrogen production using HyBECCS approach [27].

Other ways of obtaining hydrogen include the following:

Separation from coke oven gas;

Hydrothermal carbonization;

As a by-product of refining processes;

Pyrolysis and thermal waste treatment;
Fermentation and other biological processes [28].

3.1. Types of Electrolyzers

The process of water electrolysis can be implemented in different technical solutions
using different electrolyte materials and process parameters. It is possible to distinguish
four basic technologies: (1) alkaline electrolyzers (ALK), two polymer electrolyzer tech-
nologies: (2) proton exchange membrane (PEM), (3) anion exchange membrane (AEM) and
(4) solid oxide electrolyzer (SOE) [29].

ALK electrolyzers are considered the most promising type of electrolyzer at the mo-
ment due to their low price and the fact that it is the most mature technology, known
for more than a century [30]. Average capital expenditures (CAPEX) are lower for ALK
electrolyzers than for PEM at this point. However, it is anticipated that PEM electrolyzers
will soon become cheaper and, in the long run, unrivaled compared to ALK [31]. PEM-type
electrolyzer technology is presented in the literature as the most promising alternative to
ALK electrolyzer technology. This technology has a number of advantages, such as higher
efficiency (56-73%) and the possibility of obtaining ultrapure hydrogen (purity class up
t0 99.999%), as well as a more compact design [32]. ALK and PEM electrolyzers operate
in the temperature range of 25 to 100 °C, hence they are classified as low-temperature
electrolyzers [33] (as opposed to solid oxide electrolyzers, categorized as high-temperature,
for which the operating temperature can reach up to 1000 °C [34-36]). SOE electrolyzers
are both currently, and for the foreseeable future, the most expensive option. In addition,
their disadvantage is their high operating temperature, which has a significant impact on
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shortening their technical lifetime. However, they can operate in reverse mode as fuel cells,
which is a very important advantage, on the other hand [37]. High-temperature electrolysis
is more advantageous when an external heat source is available [36].

An important aspect that must be taken into account in the selection of an electrolyzer
is its flexibility, which is particularly important in the context of the use of this type of
equipment for stabilizing the operation of RES units (wind and photovoltaics). In this
element, the PEM electrolyzer performs better than ALK, as it can be started up in less than
a minute. The start-up time for ALK electrolyzers ranges from 20-60 min [38], although
some companies claim to be able to significantly reduce the start-up and response time
in the 10-100% load change range to as little as a few seconds. The specifications of the
electrolyzer types taken into account are shown in Table 2. These parameters will be subject
to change over time, due to the rapid technological advancement.

Table 2. Types of electrolyzers and their specification [7].

Type of Electrolyzer: ALK PEM SOE
Technology maturity Advanced Demonstrative R+D
Working temperature [°C] 25-100 50-80 700-1000
Conversion efficiency HHV [%] 60-85 56-73 80-90
Hydrogen generation [Nm3/h] <1000 <400 <10
Lifecycle [years] 20-30 1045 1020
Maximum stack life [h] 50,000-90,000 30,000-50,000 10,000-20,000
Hydrogen purity [%] 99.800 99.999 99.999

Increasing the scale of application of electrolyzers is expected to lead to their further
improvement—the production of equipment with increasingly higher power and efficiency.
This, in turn, is expected to result in lowering the price of the production of “green hydro-
gen”. As for the production of “green hydrogen”, the problem is also the high price of
electricity, which also translates into the total cost of fuel [39].

3.2. Cost of Electrolyzers

Table 3 presents the current and future CAPEX estimations for the electrolyzer types,
taken into account in the modeling calculations. Figure 3 shows the expected trends in
the decrease of these costs, which will have a significant impact on the economics of
Power-to-H; projects. The costs given below refer to the units of 5 MW. According to these
projections, CAPEX has a high potential to go down due to the technology learning curve
and scaling of production.

2000
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N D
o O
o O

[USD'2020/kWel]
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Figure 3. CAPEX for electrolyzers projections [7].



Energies 2023, 16, 6261

7 of 27

Table 3. CAPEX for electrolyzers [USD"2020/kW] [7].

Type of Electrolyzer: ALK PEM SOE
2020 1050 1200 1900
2030 850 590 1190
2040 570 380 740
2050 490 320 590

O&M operating costs for PEM and ALK electrolyzers are very similar at an average of
2% CAPEX per year and 5% for SOE [40-43]. These parameters are not expected to change
noticeably in the near future. The cost of electricity, along with investment costs, is one of
the main components that affects the total cost of “green hydrogen” generation. In the case
of systems integrated with RES, it is closely interrelated with the cost of generating energy
from these sources. The levelized cost of electricity (LCOE) for wind and PV is expected to
drop noticeably in the future, which will improve the economics of systems generating this
type of hydrogen. The decline in investment costs for wind and PV is expected to continue
(due to increased efficiency of generation equipment and falling cost of installations in line
with the learning curve) [44—47].

4. Costs of Hydrogen Production

Currently, the cost of producing “green hydrogen” is at least double that of obtaining
hydrogen by steam reforming hydrocarbons. However, this cost is expected to change in
the future as the prices of electrolyzers decrease and the unit cost of generating electricity
from RES decreases. Figure 4 provides a comparison of the cost of hydrogen from different
technologies. It illustrates that, by around 2030, the production of “green hydrogen” should
become competitive against conventional hydrogen production methods based on fossil
fuels [8]. The cost-effectiveness of fuel cells largely depends on the cost of electricity needed
to produce pure hydrogen (the lower the cost of this energy, the more cost-effective the
cells will be) and the cost of diesel fuel, which is a competitor to fuel cells.

8.0 @
7.0 —
6.0
5.0 B

4.0 r—

(USD'2020/kgH.

3.0

2.0 i

1.0 = | =L

0.0
2020 2030 2040 2050

Figure 4. Hydrogen production costs comparison (own assumptions based on [8]). D, Brown hydro-
gen” (coal gasification); D , Grey hydrogen” (methane reforming); O, Blue hydrogen” (methane
reforming + CCS/CCU); D, Green hydrogen” (electrolyzer + wind onshore PP); D, Green hydro-

gen” (electrolyzer + wind offshore PP); D, Green hydrogen” (electrolyzer + PV); D, Biohydrogen”
(HyBECCS).
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Accelerating the development of RES will further drive the advancement of the hy-
drogen economy. A pertinent question arises regarding the necessary installed capacity of
RES in Poland and Europe to generate a sufficient surplus of energy for the production of
“green hydrogen”, assuming the goal of achieving full decarbonization of the European
economy.

5. Technological Solutions for Hydrogen Utilization
5.1. Electricity and District Heat Generation

For the production of electricity and heat, cogeneration systems based on fuel cell
technology are the optimal solution using hydrogen. A fuel cell is a device that converts the
chemical energy of a fuel (e.g., hydrogen, methanol, natural gas) into electricity and heat.
Unlike batteries, they work as long as fuel and oxidizer are supplied. Hydrogen can be
converted in fuel cells into electricity and heat with efficiencies up to 90%, or alternatively
burned in combined cycle gas power plants with efficiencies reaching 60% [48]. Although an
energy storage in batteries is already well known and popular, this technology is not viable
for storing large amounts of energy or with a discharge duration longer than 4-8 h [49].
For large-scale and long-term energy storage, converting electricity to hydrogen is a more
cost-effective option [50]. There are currently many types of fuel cells, consisting of three
basic components: the two electrodes and the separating electrolyte. The basic types of fuel
cells are outlined below [51]:

Proton exchange membrane fuel cells—PEMFCs;
Alkaline fuel cells—AFCs;

Phosphoric-acid fuel cells—PAFCs;

Solid-oxide fuel cells—SOFCs;

Molten-carbonate fuel cells—MCFCs.

The classification given above determines the type of electro-chemical reactions that
perform in the cell, the type of catalysts used, the operating temperature range, as well as
the type of fuel. AFC is a mature technology for large systems, whilst PEMFCs fuel cells are
more elastic and dedicated for small decentralized options. The conversion efficiency for
both technologies is in the range of 65~70% (lower heating value) [52]. High temperature
fuel cells (like SOFCs) are currently under development and could represent a very valuable
alternative to PEM and alkaline systems, with efficiencies reaching up to 90%. Among
all available technologies, solid-oxide fuel cells have the highest efficiency and allow the
use of a wide variety of gases as fuel. SOFC cells operate in the temperature range of
600-900 °C, requiring dedicated materials [53]. One of the hallmarks of the technology is its
modularity, which allows individual cells to form stacks and then combine such units into
larger systems. As a result, a single system for generating electricity and heat can consist of
one or a number (even hundreds) of SOFC modules that fully meet the needs of the end
customer [54].

The most important feature of fuel cells in the context of their application in the electric
power sector is that fuel cells combined with hydrogen production can improve resilience
by meeting the energy storage needs of electric grids constrained by intermittent RES
generation, e.g., wind and solar [55].

In addition to fuel cells, another way to generate hydrogen-based electricity and heat
is through dedicated gas turbines. Since 2015, turbine manufacturers have been testing
hydrogen combustion in turbines with capacities ranging from a few to several hundred
megawatts. Unlike biomethane, which could almost instantly replace natural gas in the
existing power plants, the use of hydrogen is technologically challenging. In terms of
mass, the energy density of hydrogen is more than twice that of natural gas, but the energy
density relative to volume is low [56]. Hydrogen burns very easily, with an invisible clean
flame. Unlike natural gas, hydrogen also burns faster. Some energy industry companies
declare that all of its newly manufactured gas turbines are capable of burning a fuel mixture
with varying hydrogen content. Smaller hydrogen contents, approx. 10-30% by volume,
require virtually no modifications to new units, although this ultimately depends on the
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type of turbine. The addition of up to 50% or even 70% hydrogen may require modifications
to the burner and control systems for combustion control and safety. Hydrogen content
above 70% in the gas being burned is already associated with mandatory modifications to
ensure safe, stable combustion that meets emission standards. General Electric (GE) has
developed a dedicated combustion system that can operate on a mixture of natural gas
and 50% hydrogen. Ultimately, the GE HA turbine is expected to have the ability to burn
100 percent hydrogen. Plants where GE turbines partially burn hydrogen are in operation
around the world. An example is South Korea’s Daesan refinery, where for more than 20
years the GE 6B turbine has also been operating, burning gas blended with 70% to as much
as 95% hydrogen.

5.2. Transportation

According to the EU [1] and the Polish Hydrogen Strategy [6], the main sectors for
hydrogen utilization are energy, industry, and transportation. In transportation, many EU
countries prioritize the use of hydrogen, particularly in vehicles designed for intensive
use, such as buses, trucks, trains, ships, and aviation. Transportation is the area of the
economy that will be the first to undergo the hydrogen revolution, as fuel cell technologies
have reached a stage of high efficiency that allows for serial production and commer-
cialization. However, the development of hydrogen in the transportation sector faces a
significant barrier in terms of distribution infrastructure. The European Commission has
been actively working to shift transportation to low-carbon sources, introducing legislative
initiatives such as the European alternative fuels strategy [57] and the European Strategy
for Low-Carbon Mobility [58]. The Polish law and regulations proposed by the European
Commission set ambitious targets for member states, local governments, city authorities,
and municipal companies to achieve real reductions in emissions from a sector that globally
accounts for up to 25% of total greenhouse gas emissions. The EU has made it clear that,
after 2035, new car models emitting carbon dioxide, specifically those with diesel engines,
will no longer be registered [59]. In June 2022, the European Parliament and EU member
countries have reached an agreement to ban the sale of new petrol and diesel cars and vans,
further expediting the shift towards alternative fuel vehicles, including hydrogen-powered
ones. Initially, hydrogen transportation will be implemented in public transportation. A hy-
drogen bus, for example, can save up to 800 tons of CO, in its 12-year lifespan, compared to
an internal combustion engine bus. Hydrogen propulsion seems more promising, because
buses equipped with fuel cells have a longer range than lithium-ion battery vehicles [60].

Hydrogen buses may become more cost-effective than electric vehicles in the near fu-
ture. This is expected to be facilitated by the development of infrastructure and technology
that reduces production costs. It is important to point out here the recent decline in the
cost of purchasing hydrogen buses. The first prototypes cost about EUR 2 million, whereas
last year the price limit for the tender reached EUR 600,000 and in the future the price
is expected to decrease substantially [61]. This is compounded by significant subsidies
from the EU. For this reason, many local governments in Poland are planning to purchase
hydrogen buses in the coming years. Looking ahead to 2030, it is expected that 7000 to
14,000 hydrogen buses will serve public transportation in Polish cities [6].

Hydrogen buses are now running in at least 35 cities in Europe. Major automotive and
transportation companies are working on solutions to reduce costs on the one hand and
improve range on a single refueling on the other. Current technological solutions allow
30 to 80 kg of hydrogen to be refueled in 10 to 15 min and at a pressure of 35 or 70 MPa,
depending on the model. The amount of refueled hydrogen provides a range of at least
400 km [62]. These are parameters comparable to today’s trucks, so all these characteristics
and the basic advantage of providing zero-emissions with “green hydrogen” shows that
the next area of rapid development will be trucks. The advantage that hydrogen-powered
trucks have over the trucks powered by lithium-ion batteries is their lower weight. Given
the weight of batteries, long charging times, and limited range under current technology,
electric powertrains are not the best choice for trucks. Particularly promising from today’s
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perspective is the method of refueling liquid hydrogen (“subcooled” liquid hydrogen,
“sLH2”). This innovative solution makes it possible to increase storage density, increase
vehicle range, speed up refueling, and achieve higher energy efficiency. The new method
will use higher than atmospheric pressure and a special temperature control to avoid the
formation of liquefied gas vapors during refueling (the so-called boil-off effect) and the
flow of return gas (from the vehicle tank to the tank at the filling station) [63].

Also, the rail transportation is identified as the area with large potential for imple-
menting hydrogen technology. In Poland, the average age of diesel locomotives used in the
passenger transport (108 units) was slightly more than 42 years, and in the freight transport
(2146 diesel locomotives)—39 years (figures for 2019) [64]. This indicates the necessity of
replacing a significant part of the existing fleet, which represents a potential opportunity
to switch its fuel supplying system to alternative energy sources [65]. We can also expect
the imposition of additional fees for the use of internal combustion rolling stock or, in the
longer term, a regulatory restriction on the use of internal combustion engines in rolling
stock, similar to what has been announced for road transport. The Polish administration
is also active in creating a legal framework for the application of low-carbon sources in
the national economy. The adopted Strategy for Sustainable Transport Development un-
til 2030 (SRT2030) [66] lists reducing the environmental impact of transportation as the
fifth direction of intervention. The scope of activities in this area provides for, among
other things:

Modernization of rolling stock (vehicles and alternative fuel infrastructure);
Supporting low-emission transport, including switching a road transport to rail;
Promoting means of transportation powered by alternative energy sources (reducing
the dependence of the transport sector on conventional fuels).

The average level of the electrification of railroad routes in the European Union is
currently about 62%, with the remaining routes being served by diesel-powered locomo-
tives. It is estimated that about 20% of rail transportation in the EU is carried out by diesel
locomotives [67]. Hydrogen locomotives will be implemented first on those routes that
have not been electrified to date. Diesel locomotives will naturally be replaced by hydrogen
locomotives.

5.3. Industry

Hydrogen is widely used in several key industries. Currently, the production of
hydrogen for industrial use is mainly performed by methane reforming (“grey hydrogen”).
However, this is a process that is characterized by high greenhouse gas emissions, and in
the future, this type of hydrogen will have to be gradually replaced by hydrogen derived
from RES. Replacing natural gas used to produce hydrogen in industrial processes with
“green hydrogen” is part of the EU’s energy and climate policy, and is strongly supported
at both regulatory and financial levels. Currently, the largest demand for hydrogen is in the
chemical industry (production of ammonia, from which fertilizers are obtained) and in the
refining industry in the following processes:

Reforming—which aims to raise the octane number of the fuel;
Hydrotreating, hydrodesulfurization—which allows the reduction of the content of
sulfur, nitrogen, and oxygen compounds and get rid of unsaturated compounds that
reduce fuel stability;

e  Hydrocracking—which involves converting heavy petroleum fractions such as lubri-
cants or heavy oils into light oils and gasoline [68].

Hydrogen is also used in the food industry to protect food from oxidation in her-
metic packages. It is also used in the process of hydrogenation of fats, particularly in the
production of margarine. Fats hydrogenation involves the addition of hydrogen to the
double bonds present in the acidic residues of unsaturated fat in the presence of a nickel
catalyst. In the food industry, hydrogen is also used in the process of synthesis of sorbitol, a
sweetener [69]. In the iron and steel industry, hydrogen is considered a valuable alternative



Energies 2023, 16, 6261

11 of 27

to coke, coke oven coal, and gas. The world’s largest steel companies are working on
methods to enable the substitution of fossil fuels in the steelmaking process. Hydrogen
can be used in these processes as a reductant of iron compounds contained in its ores
and as a fuel for heating the feedstock in blast furnaces. However, using hydrogen to
decarbonize the economy requires obtaining it in a way that does not generate emissions.
This is only possible with hydrogen extracted through electrolysis using electricity from a
non-carbon-emitting source [70].

6. Methods of Calculation

The role of “green hydrogen” in the Polish and EU electricity system was evaluated
by applying the energy model MEESA [71] linked with the Computable Equilibrium
Model (CGE) [72] and the transport model TR3EE [73]. MEESA (Model for European
Energy System Analysis) is a linear optimization model written in the GAMS programing
language. It was developed based on the OSeMOSYS platform [74]. The model finds the
lowest cost feasible solution for the system under given set of constraints (the objective
function is the least system cost in the system over the whole analyzed period).

The model was developed within the Centre for Climate and Energy Analyses (CAKE).
More details concerning the MEESA model can be found in the dedicated documenta-
tion [75]. In this paper, only general information about the methods applied in the model
are described.

MEESA is a model of energy system of EU+, created for the long-term integrated
assessment and energy planning. The main objective of the presented tool is to compre-
hensively analyze the implications of energy strategies aimed at transitioning to a zero- or
low-carbon economy.

The MEESA model was created to formulate and evaluate alternative energy supply
strategies, which are in line with the user-defined constraints such as limitations on energy
sources, norms of emission and reduction targets, policy and market regulations, crossbor-
der energy flow technical limitations, required share of RES in given period, etc. The model
takes into account the most important dynamics and relations, occurring in the electricity
sector, in order to reflect its functioning as completely as possible.

In addition to the MEESA model, the toolkit elaborated within CAKE also includes
a global model d-Place [72] and transport model TR3E [73] (Figure 5). The use of an
integrated set of models makes it possible to analyze key aspects involving energy and
climate policy actions in all sectors of the EU+ economy. It uses computational loops with a
specific sequence of actions. Initially, the emission price and electricity, heat, and hydrogen
demand are determined endogenously by the d-Place model, taking into account all sectors
in specific region. Then, this parameters are forwarded to the MEESA model, which, using
its detailed representation of energy sector, provides a new estimates of CO, emissions,
electricity, heat, and hydrogen generation costs as well as capital expenditures in the power
sector. In the next iteration, this estimates are used in the d-Place model to recalibrate the
emission intensity of the power sector and establish new energy demand based on the new
energy prices. In this process, the d-Place model also uses results provided by the transport
model TR3E. Subsequently, the new set of inputs are transferred to the MEESA model and
the whole process is repeated, until a satisfactory convergence of parameters between the
models is achieved [76].

This approach makes it possible to identify the impact of changes in one sector on
other sectors and the economy as a whole. For example, an increase in hydrogen demand
in the transportation sector affects the electricity sector, its structure and operating costs,
and also affects the balance of emissions across the economy.
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Figure 5. General scheme of operation of models in the LIFE Climate CAKE PL project. Source:
Tatarewicz et al. [75].

The MEESA model is used to characterize the supply side of electricity, district heating,
and hydrogen coming from electrolysis. This aim of this model is to support energy
policy planning and the preparation of impact assessment analyses that require a high
level of technological detail. An important feature of the model is a relatively detailed
(for optimization model) temporal resolution, allowing an analysis of the load of units
characterized by intermittent operation, which makes it possible to assess the impact of
such technologies as RES technologies, energy storage, or DSR services. The model uses
several types of days reflecting typical variation of weather conditions (windy and sunny
days) for different seasons as well as different demand profiles for each type of day. One day
is divided into twelve 2 h periods, which allows the reflection of typical daily changes in
PV generation, short periods of peak demand, and schemes of operation of energy storages
(especially short-time energy storages like batteries or hydro-pumped power plants).

The MEESA model minimizes the cost of the energy mix (electricity, district heat,
hydrogen), meeting the set of constraints and minimizing the total discounted cost in the
system and analyzed period of time.

For a given level of demands for electricity, district heat, and “green hydrogen”, the
model provides sufficient supplies, utilizing the technologies and resources defined in
the model by the user. The demand for electricity and commercial heat, exogenous to the
model, is given at the first level of the energy chain, and the model calculates the demand
at subsequent levels of the chain up to the energy resource level (one by one from the left
side of the Figure 6 to the right). The value of the objective function, which is set by the
user at the initial stage of analysis, determines the solution which is optimal according
to the criteria specified [75]. Figure 6 shows a simplified representation of energy chain
applied in MEESA model.

As noted above, the system operating costs in the MEESA model are optimized
throughout the whole supply chain, taking into account each element of the network.
At the moment, approximately 55 different technology types are defined in the model,
including existing and new conventional thermal units, RES, energy storages, electrolyzers,
and DSR services. Each technology defined in the model was assigned an appropriate CO,
emission factor related to its generating unit, which allows to calculate the total emissions
from the power sector and to include the derived costs in the optimization process.
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Figure 6. Schematic presentation of energy chain. Source: CAKE/KOBiZE, Warsaw, Poland.

The MEESA model is included in a computational loop with the model d-Place and the
other sector model TR3E. This allows for the analysis of the impact of changes in the power
and heat sector on the overall economy and individual sectors. However, the iterative
nature of the calculation process, with the use of several models, causes a significant
increase in the calculation time. Therefore, for better computing efficiency, EU+ countries
have been grouped into 9 larger regions:

e  BEN—Belgium, Luxembourg, the Netherlands;

e CEU—Austria, Switzerland, Czech Republic, Hungary, Slovakia, Slovenia;
e  [BI—lItaly, Malta, Portugal, Spain;

e  NTH—Denmark, Estonia, Finland, Lithuania, Latvia, Norway, Sweden;

e  STH—Bulgaria, Greece, Cyprus, Croatia, Romania;

e  UKI—Ireland, United Kingdom;

e DEU—Germany;

e FRA—France;

e POL—Poland.

The same regional aggregation was used in the CGE model and in the energy model.

The d-Place model is a recursive-dynamic global and multi-sector computable general
equilibrium (CGE) model (based on a static CGE model). The d-Place model was developed
mainly to examine the impact of energy and climate policy on the economy. The input data
underlying the base year calibration in the d-Place model come from the GTAP-10 (Global
Trade Analysis Project) database. The d-Place model distinguishes 21 sectors (industries)
and 11 regions (10 EU+ regions and a single rest of world region). From the perspective of
this study, the main role of the CGE model is twofold. First, it determines the demand—
from households and industries—for electricity, hydrogen, and district heating (supplies
of which are modeled in MEESA). Second, as an economy-wide model, including both
energy and industrial sectors, as well as air and water transport, it allows us to assess
allowance prices (marginal abatement costs) in the EU ETS, consistent with the emission
reduction targets. Demand determines the level of demand for particular fuels and energy
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carriers in all final consumption sectors. Industries and consumers adjust their end-use
patterns changes in response to changes in relative prices of different fuels and technologies
(including the cost of emissions), whereby prices of electricity and hydrogen are determined
by MEESA.

It is assumed that hydrogen can substitute natural gas in industrial sectors, as well
as substitute oil uses in most sectors (including, inter alia, construction, agriculture, and
water transport; in the latter case it is assumed that hydrogen is transformed to ammonia).
The use of hydrogen starts as soon as it becomes cost-competitive compared to the other
fuels (emission cost included), but the process of substitution is stretched out in time, so
that that is only partial even in the final simulation years. We have not assumed the use
of hydrogen by households for heating purposes. The production process is modelled
using nested constant elasticity of substitution and Leontief production functions. More
details concerning the d-Place model can be found in its documentation [72]. Projections of
demand for electricity, district heating, and hydrogen from the industrial, municipal, and
commercial services sectors are derived from the d-Place model.

The demand for electricity and hydrogen in the transportation sector is generated by
the TR3E model, which simulates changes in transportation activity, including the selection
of transport types and modes in the passenger and freight transport, the choice of fuels
used, and strategies for reducing CO; emissions in the sector. The model consists of two
modules: the demand module (in which flows of transportation activity are calculated)
and the supply module (in which more detailed characteristics of vehicle categories and
technologies are developed). More details on the TR3E model can be found in the dedicated
documentation [72].

7. Modeling Assumptions
7.1. Scenarios

Calculations were conducted to assess the potential for “green hydrogen” production
in Poland and the EU+ under four different scenarios. These scenarios vary in the scale
of availability of specific technologies crucial for emission reduction in the energy sector.
While all scenarios aim to achieve climate neutrality by 2050, they differ in the approaches
taken to achieve this goal:

(1) The EU Climate Neutrality Scenario (fit)—a baseline scenario assuming approximately
90% emission reductions in 2050 vs. 1990 and zero net emissions (including removals)
across the EU+ economy. This scenario assumes the achievement of the targets set
in the Fit for 55 package for given time frames with the ultimate goal of achieving
climate neutrality by 2050.

(2) The EU Climate Neutrality Scenario with low CCS utilization in the EU+ (low_ccs)—
assumes the same overall conditions as above, except significantly lower (about 30%
lower than in fit scenario) potential of carbon storage technology in the energy sector.
This limitation applies to all CCS technologies but, from the system perspective, the
most important is the reduced development of BECCS technology, as it is one of the
few technologies capable of generating negative emissions in the energy sector. This
scenario shows the impact of lower emission reduction potential in the power sector
on CO; and energy prices, which in turn may affect the demand for hydrogen.

(3) The EU Climate Neutrality Scenario without new nuclear power plant in the EU+
(no_nuc)—scenario for achieving climate neutrality in the EU+ without wider devel-
opment of nuclear power (no new nuclear power plants will be built and the existing
power plants will be operating until the end of their lifetime). It is intended to provide
an answer to the question of whether it is possible to generate the energy surplus
needed to produce “green hydrogen” using mainly non-controllable RES sources.

(4) The EU Climate Neutrality Scenario with a higher amount of “green hydrogen”
available in the EU+ (hi_hyd)—a scenario assuming a higher potential for electrolyzers
construction in the EU+ in comparison to the fit scenario and subsidies for hydrogen
production in the 2025-2035 period. The subsidies are at the level of 15 EUR/G]J
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in 2025-2030, then decline to 5 EUR/G]J in 2035. There are no subsidies after 2035.
The same level of subsidies was used in all regions except Poland. In the case of
Poland, due to very high electricity prices in 2030, the level of subsidies necessary to
promote faster development of hydrogen production was about twice as high than
for other regions.

7.2. Techno-Economic Parameters

The techno-economic assumptions for most of the electricity, district heating, and
hydrogen generation technologies defined in MEESA were based on the final assumptions
adopted in the PRIMES Reference Scenario 2020 [77].

The techno-economic parameters and potentials of the key generating units adopted
in the MEESA model are available in the dedicated documentation [75].

7.3. Fuel Prices

Primary fuel prices, excluding biomass, were assumed for the calculations based
mainly on projections coming from the PRIMES Reference Scenario 2020 (in 2025 gas prices
are 3 times higher than in the Reference Scenario 2020 forecast, coal prices 2 times higher,
and oil prices 1.5 times higher. From 2030, prices return to the path of the Reference Scenario
2020 forecast) [77]. Prices for biomass were adopted from different literature sources and
they are basically the result of an expert assessment based on statistical information and
available forecasts published by branch institutions. The fuel price projections used for the
calculations take into account the current situation in the European market, resulting from
the contflict in Ukraine and the Russian Federation’s efforts to push energy prices in the
EU+ to the highest possible levels. It is assumed that this situation is temporary and will
last about five years.

8. Results

This part of the article presents the results of analyses carried out for the scenarios
considered in terms of:

O  CO, allowance prices;

O  Electricity and hydrogen demand;

O  Electricity generation structure—including electricity generated from the “green hy-
drogen”;

O  “Green hydrogen” production;

O  “Green hydrogen” costs.

8.1. EU ETS Allowance Prices

CO; allowance prices are determined through iterative process between the MEESA
model and the d-Place and the TR3E models. The MEESA model provides information on
the demand for emission allowances in the power sector based on the allowance’s price.
This information is combined with the demand for emissions in the other sectors within
the EU Emissions Trading System (EU ETS). The price is then determined by equalizing
the total demand for allowances with the fixed supply of allowances (determined by
exogenous emission reduction targets). Therefore, the prices of CO; emission allowances in
this methodology are not exogenous data, but are results of model calculations which take
into account emission reduction targets along with changes in the energy mix and process
emissions in the EU ETS sectors. This approach allows the establishment of a marginal cost
of CO, emission abatement in a given year. The results of these calculations, obtained for
all the scenarios considered in the analysis, are presented below. They have implications
for the future structure of electricity generation, as well as the pace and extent demand for
“green hydrogen”, as described in the following sections.

The key conclusions from the analysis of the CO, marginal abatement cost curve for
the scenarios considered are as follows:
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- With the low potential of CCS—especially BECCS—the marginal cost of CO; abate-
ment increases significantly (see Figure 7). This means that BECCS technology has
a key impact in the period in which no emissions are allowed (around 2050). The
“fit” scenario assumptions require the power sector to achieve negative emissions
(offsetting emissions from other sectors) in the final year. The inability to do so raises
the cost of reductions.

- The lack of new nuclear power plants raises the marginal abatement cost in EU ETS.

- The lowest CO; marginal abatement costs are in the scenario hi_hyd. This scenario
assumes the high potential of CCS, nuclear, and electrolyzers.

EUR/t
800

700
600

500

400 - /

300
200
100

0
2025 2030 2035 2040 2045 2050

e i em—|OW_CCS no_nuc hi_hyd

Figure 7. Marginal CO, abatement costs for analyzed scenarios [EUR/t]. Source: Models d-Place
and MEESA.

8.2. Electricity Generation Mix

Hydrogen, electricity, and district heat demand, together with carbon prices, are the
primary inputs from the d-Place economic model. They determine the required level
of generation capacity in the system and determine the future investment needs in the
power sector. The final hydrogen demand is a parameter provided by the d-Place and
TR3E models, as well as demand generated internally within the MEESA model. The
same applies to electricity, for which the MEESA model calculates additional consumption
related to the energy required for charging energy storages systems, powering electrolyzers
and heat pumps. The demand for hydrogen in the MEESA model is primarily driven by
the need to enhance system flexibility. In the electricity sector, hydrogen serves mainly as
a long-term energy storage. In the computational model adopted, hydrogen is produced
through the process of electrolysis, preferably during the periods of low electricity prices
(the days), to meet the demand for hydrogen. The prices of electricity, district heat, and
“green hydrogen” generated in the MEESA model for a specific year, serves as the inputs
to the d-Place model in the next computational iteration and affect the estimated new
level of demand. This iterative process is repeated until the equilibrium between models
is achieved (typically it requires about 15 to 20 iteration to reach a satisfactory level of
convergence). The demand projections for electricity generated by the d-Place model and
sectoral models are presented in Table 4 (demand for hydrogen is presented later in this
chapter). This table also shows the additional electricity demand from electrolyzers and
heat pumps, as determined by the energy model.
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Table 4. Electricity demand.
Poland
Sector Year Unit fit low_ccs  no_nuc hi_hyd
Final 2030 [TWh] 191 191 191 187
Heat pumps + electrolyzers 2030 [TWh] 3 2 3 9
TOTAL 2030 [TWh] 194 193 194 196
Final 2040 [TWh] 284 280 278 287
Heat pumps + electrolyzers 2040 [TWh] 23 25 16 33
TOTAL 2040 [TWh] 307 305 294 320
Final 2050 [TWh] 343 355 333 344
Heat pumps + electrolyzers 2050 [TWh] 81 77 37 85
TOTAL 2050 [TWh] 424 432 370 429
EU+
Sector Year Unit fit low_ccs  no_nuc hi_hyd
Final 2030 [TWh] 3761 3763 3761 3752
Heat pumps + electrolyzers 2030 [TWh] 80 79 78 234
TOTAL 2030 [TWh] 3841 3842 3839 3986
Final 2040 [TWh] 4722 4688 4694 4707
Heat pumps + electrolyzers 2040 [TWh] 773 855 767 901
TOTAL 2040 [TWh] 5495 5543 5461 5608
Final 2050 [TWh] 5479 5629 5540 5503
Heat pumps + electrolyzers 2050 [TWh] 1888 1867 1653 2196
TOTAL 2050 [TWh] 7367 7496 7193 7699

Source: Models d-Place, TR3E and MEESA.

Compared to the fit scenario, electricity demand rises in the low_ccs and hi_hyd
scenarios, while it decreases in the no_nuc scenario. In the case of the low_ccs, this is
mainly due to the higher rate of electrification in other sectors. Lower emission reduction
potential in the energy sector puts additional pressure on replacing fossil fuels by electricity,
especially in industry, despite higher electricity prices. At the same time, due to the higher
prices, the electricity consumption for heat pump and electrolyzers is lower than in the fit
scenario.

The no_nuc scenario is characterized by a large decrease in energy demand, both in
final consumption and in the energy sector itself. It is driven by higher electricity prices and
insufficient amount of energy surpluses form renewable sources. The situation is especially
visible in countries with limited RES potential, such as Poland.

In the hi_hyd scenario, energy consumption increases both in the final demand and in
heat pumps and electrolyzers. As a result, overall demand for electricity is the highest in
this scenario (which is quite obvious as this is the best case scenario).

Electricity generation mix depends both on carbon prices and energy demand. Figure 8
shows changes in the structure of electricity generation, for Poland and the EU+ as a whole.

All scenarios, for both Poland and EU+, are characterized by a high share of RES in
the generation mix. This is an important factor for “green hydrogen” production because,
for the best cost effectiveness, hydrogen should be generated from surplus RES production.

Most of the hydrogen produced through this method is consumed by other sectors,
but part is used in gas turbines for electricity generation (and in some cases district heating)
(HYD). The broader use of this fuel in the energy sector is limited by the capacity of
electrolyzers and the relatively high cost of electricity generation using this method. These
systems can operate using natural gas or hydrogen and are primarily used for peak demand.
When operating on hydrogen, it acts as a long-term energy storage and ensures system
flexibility. The contribution of hydrogen to electricity generation in Poland is not expected
to be significant before 2040. However, this outlook can change depending on the level
of financial support dedicated to the development of the hydrogen market, which could
alter the situation. The subsidy level adopted in the hi_hyd scenario was sufficient to
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increase hydrogen consumption in other sectors, but still insufficient to encourage the use
of hydrogen in the energy sector.
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Figure 8. Electricity generation by fuels and technologies for analyzed scenarios in Poland and the
EU+. Source: Model MEESA.

An important precondition for increasing the share of hydrogen in the Polish energy

mix is the implementation of the nuclear power development program [78]. Nuclear power
plants, operating in the load base, will cause a considerable amount of surplus energy from
RES to appear for producing the “green hydrogen”. In the scenario with constraints on the
construction of new nuclear power plants in Europe, including Poland (no_nuc), there are
strong limitations on the development of “green hydrogen” production. This is one of the
main conclusions from comparisons of the no_nuc scenario with the other scenarios. What
should also be noted when analyzing the results presented in Figure 8 is that electricity
production falls significantly in this scenario. This is due, on the one hand, to the higher
cost of electricity production, which translates into a decrease in consumption and, on the
other hand, to the presence of limitations in the potential of the other carbon-free generation
sources. In the low_ccs scenario, limitations to the availability of CCS technology cause an
increase in the use of nuclear power and hydrogen.

Detailed results for different load zones provide some additional information. The
results presented below show power generation in Poland, for different characteristic days
in 2050, for the fit scenario (Figure 9) and for the no_nuc scenario (Figure 10). Each bar in
both graphs represents a period of 2 h.
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In the two examples shown, it can be seen that hydrogen is produced, mainly during
periods when there is a surplus of electricity above the demand and during periods
characterized by low demand and low energy prices. Another important observation is
that a surplus of RES energy is much higher in the scenario with nuclear power plants. In
the fit scenario, natural gas consumption is small and limited only to a few periods of high
demand. Even as a peak source, it is largely replaced by hydrogen. At the same time, the
base load is provided by nuclear power plants, which increases the surplus production of
renewable energy, which can be used for electrolyzers and energy storage.

With a lack of stable zero-carbon energy sources (no_nuc scenario), excess production
from RES over demand is greatly reduced and does not provide enough energy for hydro-
gen production at a reasonable cost. As a result, the model reduces or completely discards
the use of hydrogen as an energy storage in the power sector. This also leads to the high
consumption of natural gas during winter days with low wind energy production, despite
very high emission prices. As a result, electricity costs also increase.

8.3. Hydrogen Demand and Production

Table 5 presents the obtained projections of hydrogen demand broken into energy
sector and other final demand sectors. It is worth mentioning that, in our case, demand
equals production, because no assumption was made to import hydrogen to the European
Union from the third countries, and only the potential and possibilities of its production
within the EU were studied. These results indicate that, in all scenarios, hydrogen is
produced mainly for the final energy demand sectors, where emission reductions are
technically difficult to achieve: in particular, for transportation and industry. The use of
hydrogen in the energy industry is mainly reduced to the role of long-term storage. In
other words, producing hydrogen in electrolyzers and using it in dedicated turbines makes
no economic sense. A cheaper solution is battery storage, except that their charge and
discharge modes allow energy to be stored only for short periods.

Table 5. Hydrogen demand.

Poland
Sector Year Unit fit low_ccs  no_nuc hi_hyd
Final demand 2030 [P]] 0 0 0 17
Energy sector 2030 [P]] 0 0 0 0
TOTAL 2030 [P]] 0 0 0 17
Final demand 2040 [P]] 38 37 21 52
Energy sector 2040 [P]] 0 10 0 13
TOTAL 2040 [P]] 38 47 21 65
Final demand 2050 [P]] 127 117 76 130
Energy sector 2050 [P]] 67 67 0 76
TOTAL 2050 [P]] 194 184 76 206

EU+

Sector Year Unit fit low_ccs no_nuc hi_hyd
Final demand 2030 [P]] 157 157 154 608
Energy sector 2030 [P]] 0 0 0 0
TOTAL 2030 [P]] 157 157 154 608
Final demand 2040 [P]] 1706 1677 1711 2096
Energy sector 2040 [P]T] 292 583 277 273
TOTAL 2040 [P]] 1998 2260 1988 2369
Final demand 2050 [P]] 3763 3440 3383 4384
Energy sector 2050 [PT] 1349 1599 1066 1601
TOTAL 2050 [P]] 5112 5039 4449 5985

Source: Models d-Place, TR3E and MEESA.

In the fit scenario, hydrogen production in 2050 is slightly above 5000 PJ in EU+ and
less than 200 PJ in Poland. In Poland, about 35% of hydrogen is used in power generation
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and 65% in other sectors. At the level of the entire EU+, the share of hydrogen production for
energy applications is slightly lower (25%). In the fit scenario, the model makes maximum
use of the available electrolyzer potential.

The low_ccs scenario shows lower final demand for hydrogen, but the share of hydro-
gen consumption in the power sector is higher than in the fit scenario, probably due to the
high emission allowances prices and the urgent need to replace natural gas with hydrogen
in this sector.

The result for the no_nuc scenario indicates significantly lower hydrogen consumption
both in the energy sector and final demand. In the case of Poland, this effect is even stronger
because hydrogen is not used at all for the production of electricity and heat—only the
demand from other sectors is satisfied, and is significantly reduced due to the higher cost of
hydrogen. This confirms that nuclear power is important in the context of the development
of the hydrogen economy. In the situation of the limited potential of RES, nuclear power
plants allow for greater green electricity surpluses, which affects the availability and price
of “green hydrogen”.

The highest volumes of hydrogen production were obtained in the hi_hyd scenario,
which is reasonable given that this scenario assumed a higher potential for electrolyzer
expansion. Nevertheless, the model did not rely on the maximum values of the assumed
potential. This is an important observation, because it shows that the large development
of electrolyzers might also be limited by other factors determining its cost effectiveness.
The availability of surplus RES production, the shape of the demand curve, the scale of the
development of battery storage, and even the share of electric cars will also affect the use of
hydrogen in the energy sector.

Very low “green hydrogen” production in 2030 in all scenarios except hi_hyd (which
assumes subsidies for hydrogen production) shows that the fast development of this
technology without substantial subsidizing is highly unlikely. Especially at the beginning
in 2025-2030 “green hydrogen” requires significant financial support.

Results show steady growth in hydrogen consumption in the EU+ for the whole time,
while for Poland the initial growth rate is much lower (in all scenarios without subsidies).
Also, in the case of Poland, a much lower hydrogen production is clearly visible in the
no_nuc scenario.

Figure 11 presents a comparison of results obtained in the analysis with the results
coming from the studies described in Section 2. The comparisons show that, in the initial
period of analysis, the obtained results are in the lower ranges of the hydrogen demand
forecasts. This is due to the high cost of “green hydrogen” production during this period,
which, despite subsidization, does not provide a sufficient level of competitiveness. Over
time, however, the decreasing costs of electrolyzers and the electricity required to power
them translate into an increase of the share of hydrogen in the energy balance. In the 2050
perspective, it is possible to ensure that the EU’s hydrogen demand is met based on its own
resources, provided that the share of RES in the energy mix is significantly increased.

Hydrogen serves a pivotal role in the energy sector, primarily as medium- and long-
term energy storage, providing flexibility in systems dominated by intermittent RES. In our
analysis, hydrogen is utilized in both gas turbines (GT) and gas turbines with combined
cycle (CCGT). Projections for hydrogen usage in the energy sector by 2050 ranges from
67 to 76 PJ/y for Poland and 1066 to 1601 PJ/y for the broader EU+. Concerning hydrogen
storage capacity, estimates for the entire EU vary between 390 and 520 GW depending on
the scenario. For Poland, the projected capacity lies between 6 to 16 GW. It is important to
mention that these storage capacities are used for hydrogen consumed in the power sector
as well as in other sectors. Hydrogen, whether stored as compressed gas, ammonia, or
synthetic methane, offers a sustainable long-term storage solution to meet demand across
different end-use sectors.
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Figure 11. Green hydrogen production in the EU+ and Poland for 2030-2050 compared to various
demand projections [PJ].

8.4. Hydrogen Cost

In the MEESA model, hydrogen production is exclusively based on electricity from
RES (“green hydrogen”). Electricity from RES can be transferred directly to the grid or
used for hydrogen production—the model does not include RES technologies that generate
electricity solely for the electrolyzers. Therefore, the cost is influenced not only by costs
associated with RES but also by the prevailing electricity prices in the system at a given
moment. Consequently, the marginal cost of hydrogen depends on many factors, such as
the level and structure of demand for electricity, the availability of different technologies,
the potential of RES, and many others.

Figure 12 shows the marginal cost of hydrogen production for different scenarios.
The gray area shows the range of costs in the EU regions—between the maximum and
minimum cost, while the red dotted line shows an average cost.

In all scenarios, the initial average marginal cost of “green hydrogen” is around 55
EUR/G]J. The EU+ wide average cost drops below 30 EUR/G]J in 2040. In the fit, low_ccs,
and no_nuc scenarios, the average marginal cost increases again after 2045 due to the
limited development potential of electrolyzers. Only in the hi_hyd scenario, with this
potential significantly higher, the costs continue to decrease slowly after 2045. The figure
for hi_hyd scenario shows a difference between an average cost with (red line) and without
subsidizing hydrogen (blue line).

There are also interesting differences between marginal hydrogen costs in specific
regions. In all scenarios, the highest hydrogen costs in 2025-2040 are found in Poland,
which are caused mainly by high electricity cost driven by high carbon prices and there is
still a high share of fossil fuels in the Polish energy mix. The no_nuc scenario is especially
unfavorable for Poland, where hydrogen cost exceeds 60 EUR/GJ in 2050. In contrast, the
lowest costs occur in the Northern Region, composed of the Nordic countries and the Baltic
states, thanks to large RES potential. The most stable situation, with low hydrogen costs
and the smallest differences between individual EU regions, occurs in the hi_hyd scenario.

The results indicate that the regions with a combination of significant potential for
intermittent renewable energy sources and stable zero-emission baseload electricity produc-
tion, such as large hydro or nuclear power plants, tend to have lower hydrogen production
costs. This is because the unstable renewables can provide the necessary electricity for elec-
trolysis during periods of high renewable energy generation, while the baseload sources
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Figure 12. “Green hydrogen” marginal cost in the EU+ for 2025-2050 in different scenarios [EUR/G]].
Source: Model MEESA.

9. Conclusions

This paper examines the potential of “green hydrogen” production in Poland and the
EU+ in light of the assumptions outlined in the “Fit for 55” package. The magnitude of
this potential is intrinsically tied to the hydrogen demand across various sectors, including,
industrial, transportation, and energy. This demand primarily stems from the imperative to
transition from fossil fuel-based technologies to zero-emission technologies in order to meet
EU greenhouse gas reduction targets. Our analysis unequivocally indicates that achieving
climate neutrality in the EU hinges on hydrogen playing a pivotal role. To achieve climate
neutrality by 2050, Poland will require between 76 and 206 PJ/y of hydrogen, while the
EU+ will require from 4449 to 5985 PJ /y.

The potential for “green hydrogen” production is directly tied to the availability of
surplus low-cost energy suitable for electrolysis. The greater the installed capacity of RES
in the system, the larger the surplus energy available. This article provides estimates for
“green hydrogen” production in both Poland and the EU+, reflecting the needs stemming
from the 2050 reduction targets, and defines the role of hydrogen in the energy transition.

A prerequisite for the development of this market segment is the presence of afford-
able energy for the electrolysis process. Such energy can be generated in power systems
characterized by a substantial share of RES sources and zero-emission base-load units, such
as nuclear power plants.

A primary takeaway is that the largest share of hydrogen production will be associated
with industrial and transportation sectors. In the energy sector, the hydrogen will be used
primarily as a long-term energy storage and a flexible source to contribute to load balancing.
The relatively high costs of hydrogen utilization in the power sector compared to other
technologies with similar functions in the system limit its adoption. However, after 2040,
the projected significant decrease in the cost of producing “green hydrogen” from EUR
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50-60/GJ to EUR 20-30/G]J is expected to drive increased utilization of hydrogen in the
energy sector.

Furthermore, our analysis underscores a pressing demand and, consequently, produc-
tion needs for “green hydrogen” in the end-use sectors, where achieving zero greenhouse
gas emissions using current technologies, is not feasible. It is worth noting that the actual
demand for hydrogen could surpass our analysis if the development of the hydrogen
market in these sectors benefits from various financial incentives or subsidies, factors which
were not incorporated in the analytical work carried out for the purposes of this article.
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