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Abstract: For lignite intense regions such as the case of Western Macedonia (WM), the production
and utilization of green hydrogen is one of the most viable ways to achieve near zero emissions
in sectors like transport, chemicals, heat and energy production, synthetic fuels, etc. However, the
implementation of each technology that is available to a respective sector differs significantly in
terms of readiness and the current installation scale of each technology. The goal of this study is the
provision of a transition roadmap for a decarbonized future for the WM region through utilizing
green hydrogen. The technologies which can take part in this transition are presented, along with the
implementation purpose of each technology, and the reasonable extension that each technology could
be adopted in the present context. The WM region’s limited capacity for green hydrogen production
leads to certain integration scenarios, with regards to the required hydrogen, electrolyzer capacities,
and required power, whereas an environmental assessment is also presented for each scenario.

Keywords: green hydrogen; roadmap; decarbonization; Western Macedonia

1. Introduction

The world is currently experiencing a profound transformation with regards as to how
energy is generated, transformed, stored, and used across diverse applications. There is a
growing concern about the transition towards a society where energy no longer contributes
to climate change and local pollution, and instead fossil fuels are replaced with renewable
energy sources (RES). The Paris Agreement has been adopted by 196 countries with the
target of reducing greenhouse gas emissions and limiting global warming below 2 ◦C by
2050 [1]. To reach climate neutrality, countries must commit to a timely decarbonization
in the energy sector that also includes the lignite phase-out. Lignite-intensive regions,
such as the Western Macedonia region, must overcome significant technological, economic,
and social challenges in their transition towards a low-carbon economy. In the revised
National Energy and Climate Plan (NECP), the Greek Government is committed to the
decommission all lignite-fired power plants by 2028 [2]. Consequently, WM is urged to
rapidly adapt to the phasing-out of coal. This poses a substantial challenge in terms of
transforming the WM region’s economy from its almost complete lignite dependency
into other, diversified economic activities. Simultaneously, it is critical to safeguard social
cohesion and future prospects for the local communities [3,4].

The European (as well as the Greek) energy transition is underway with renewable
hydrogen being a key component in this transition. Hydrogen is a versatile, clean, and
flexible energy vector, capable of becoming a suitable medium to enable the large-scale
RES integration in various industrial, residential, and commercial activities. Fuel cells
and hydrogen (FCH) technologies already exist and are mature for deployment in most
segments, such as transportation, heating, power generation, and as feedstock for industrial
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applications. There are many ways of producing hydrogen, but the sustainability of each
method is governed by the utilized feedstock and energy source, which are mostly dictated
by region specific aspects. For example, hydrogen can be produced via coal gasification
under high pressures and temperatures to form synthesis gas; a mixture comprising mainly
CO and H2 [5]. Coal gasification has never been deployed in Greece and its large-scale
implementation would require significant infrastructure investments regarding carbon
capture, utilization, and storage. The large economic impact along with the imminent
phase-out of coal, renders this option unfavorable against alternatives. The most common,
and widely implemented hydrogen production process is natural gas (NG) steam reforming.
Synthesis gas is produced by processing natural gas with high-temperature steam, and
subsequently, through the water gas shift reaction, additional hydrogen is generated.
Hydrogen from reformed natural gas using steam accounts for most of the hydrogen
produced globally.

The main investigated renewable hydrogen production process is electrolysis. Electrol-
ysis involves the use of electrochemical devices (known as water electrolyzers) to separate
water molecules into hydrogen and oxygen by applying an electrical current. In this pro-
cess, purified water is introduced to the system and subsequently directed towards the
electrodes via bipolar plates and porous transport layers. At the electrode, the water is
split into oxygen and hydrogen, with the ions (typically H+ or OH−) crossing though
the liquid or solid membrane electrolyte. The membrane or diaphragm situated between
the two electrodes is critical for keeping the produced gases (hydrogen and oxygen) sep-
arated and preventing their mixing. Electrolyzer designs are categorized into low- and
high-temperature devices. Low-temperature electrolysis can be implemented with either a
polymer electrolyte membrane (PEM) (50–80 ◦C) or alkaline electrolyzers (70–90 ◦C). Due
to material requirements, PEM stacks are more expensive than alkaline electrolyzers [6].
Both PEM and alkaline electrolyzers have compact and simple system designs but PEM
technology has a higher performance efficiency. On the other hand, alkaline designs are
very reliable, achieving lifetimes of over 30 years. High-temperature electrolysis is used
with solid oxide electrolyzer cells (SOEC) (700–850 ◦C). SOECs can be coupled with heat-
producing technologies for higher system efficiencies and produce high-quality waste heat
that can be exploited resulting in efficiencies that can often surpass 100%. Additionally,
solid oxide cells are reversible, meaning that they can operate both as a fuel cell and an
electrolyzer. On the downside, SOECs demonstrate faster degradation and shorter lifetimes.
SOECs are today deployed at the kW-scale, although some current demonstration projects
reached 1 MW. There are also additional renewable hydrogen production processes such as
photoelectrochemical and photocatalytic H2 production that present promising results but
are currently at lower technological readiness levels for large scale deployment in the WM
region [7–9]. Overall, water electrolysis technologies are currently deployed in demonstra-
tion as well as large-scale industrial projects and are expected to significantly increase their
efficiencies and reduce the associated costs in the short- and medium-term [6,10].

The intermittency of renewable energy sources (solar, wind) is an obstacle to contin-
uously producing green hydrogen and would require a reliable and cost-efficient energy
storage system [11]. Several energy storage technologies exist including pumped hydro
storage, compressed-air energy storage, electrochemical storage, mechanical energy storage,
and thermal energy storage [12]. Their classification varies in terms of discharge time of
each technology, the scale in which they can be deployed, and their short-term or long-
term storage capabilities. The readily available and mature storage solution, in terms of
implementation for the WM region, is pressurized storage tanks where hydrogen is either
in gas or liquid form (liquefaction). The produced hydrogen from the renewable-powered
electrolysis can be used either as a fuel for transport, displacing oil in light vehicles, rail-
ways, and marine applications, or as a feedstock for industrial applications. An alternative
potential use of the produced hydrogen is its conversion into methane by exploiting the
CO2 emissions from the nearby power plants. Figure 1 gives a schematic representation of
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the sections coupled under the use of hydrogen, their main medium of energy storage and
transfer, and sectors that use it as their feedstock.
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There have been studies that envisioned pathways to decarbonize WM. Renewable
energy is believed to be the key element in the transition to a decarbonized future for areas
like WM. The decommissioning of 4.3 GW of lignite power plants in the region by 2028
will result in a huge power generation gap [13], that is necessary to be filled by another
environmentally friendly generation technology [14]. The high solar potential of the region
(1365 kWh/kWp), in combination with vast areas of open-pit lignite mines that will cease
operation in the nearby future, indicate that solar photovoltaics (PV) will be the main
technology for a carbon-free, power generation. Specifically, a study that includes the
region of Western Macedonia [15], shows that the mining area suitable for PV installations
(91.8 km2) can house a PV capacity of 8.1 GW. The deployed electricity grid infrastructure
of the area can at least cover a capacity of 4.3 GW, equal to the combined capacity of
operating and shut down lignite power plants of the region. The difference between the
potential deployment of PVs and the existing exploitation capabilities reveals the potential
for additional technologies being implemented in the region to maximize the utilization
of solar power. Currently, there are approximately 0.46 GW of installed and operating
photovoltaics connected to the grid in the Western Macedonia precinct [16]. However,
the intermittent nature of solar power is not favorable in terms of management of power
sources distribution and requires the integration of energy storage to mitigate the lack of
power during the night and the uneven production during the day.

The identification and evaluation of potential measures and actions mainly on a
regional level, has been the result of efforts to promote the just transition of WM to a
coal-free era. For instance, circular economy practices that integrate PV parks, biomass,
and waste derived fuels for heat production were investigated in [17]. Water resource
management (which is not explicitly tackled in any climate change plan so far) is another
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topic that is examined in [18]. Overall, studies focus on the rehabilitation of the mining
surface area, the spatial planning of the area, and the finding of alternative use cases for
carbon [19,20]. The socio-economic impact of the suggested interventions in the area is
assessed in order to understand public awareness and acceptance is towards the post-lignite
era [21]. Finally, there is also the opinion that the schedule for delignifying the WM region
should be postponed for the years past 2028, because it is deemed inevitable according to
the actions of the “Just Transition Plan” to have a marginalized and degraded area if the
closing of lignite-fired plants is completed expeditiously [17].

Due to the pressing need for economic diversification and decarbonization, the emerg-
ing concept of hydrogen valleys that involves the establishment of integrated hydrogen
ecosystems that encompass hydrogen production, storage, distribution, and utilization has
been brought forward. It is the next step scale-wise after a series of pilot/demo projects
that the Clean Energy Partnership and the European Commission endorsed [22]. Hydrogen
valleys are envisaged as an important milestone towards the wider implementation of a
hydrogen economy. The hydrogen valleys could range from small-scale (0.3–0.5 kt/y) to
large-scale hydrogen valleys (>4 kt/y). Since the capital and operating expenses of the
proposed solutions are exceeding the state-of-the-art and currently employed fossil-based
technologies, the EU has prioritized the funding of the creation and operation of several
hydrogen valley projects across Europe. Their goal is to cover and implement green hy-
drogen uses across its full value chain but also with a clear regional scope around existing
infrastructure. Currently, there is a number of hydrogen valley projects under development
in Europe and worldwide. The first hydrogen valley in Europe is “H2 Energy Applications
in Valley Environments for Northern Netherlands (HEAVENN)” [23]. HEAVENN aims to
create a regionally integrated energy system in the northern Netherlands by consolidating
multiple hydrogen sectors. This involves merging 13 significant hydrogen projects in the
region, encompassing both local and imported green hydrogen production. Industrial,
commercial, and residential uses demonstrate the practical applications of fuel cell and
hydrogen technologies. The goal is to showcase the viability of hydrogen for transporta-
tion, energy, and industrial purposes, thus establishing a comprehensive value chain for
hydrogen deployment in the region. In Greece, there are currently two hydrogen val-
leys under development: (i) the “Crete-Aegean Hydrogen Valley: Crave-H2” focusing on
power, mobility, and industrial applications of hydrogen in the island of Crete; and (ii) the
TRIERES valley centered around the Motor Oil refinery in the regions of Western Greece,
Peloponnese, and Attica.

With the current momentum that hydrogen is gaining, and the flexibility that it
offers with multiple exploitation options (transport sector, ammonia feedstock, heat and
energy production, synthetic fuels, etc.), it represents a viable pathway to follow for the
decarbonization of the sectors that require hydrogen [24]. Solar energy is the source that
feeds the electrolyzer with green electricity, according to the maximum available space
in the WM region for PV installations. The scope of this study is to provide a roadmap
for the transition of WM to a decarbonized future through exploiting green hydrogen
production powered by solar energy and pre-assess the required capacities and energetic
requirements of these technologies. Its aim is to present which technologies can take part
in this transition, the implementation purpose of each technology and to what reasonable
extension each technology will be adopted.

Section 2 gives an overall presentation of the already deployed assets in the area, the
strategic efforts that are currently being put into hydrogen infrastructures and outlines the
available hydrogen production technologies. Section 3 presents the scenarios associated
with the development of each technology and gives a generic description of each technology
involved alongside its technical constraints and characteristics. Section 3 also presents an
assessment of every scenario and its potential deployment in the region with respect to
the required electrolysis and hydrogen requirements, the environmental footprint of the
investigated technologies as well as potential efficiency improvements. Finally, Section 4
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presents the future perspectives and challenges of this work, whereas Section 5 presents
the key conclusions of this research.

2. Emerging Technology Scenarios for the Western Macedonia Region

In this section, the investigated hydrogen uses relevant for the Western Macedonia
region are covered by integration scenarios of every technology investigated. A general
description as well as the technical details of each solution are presented. The main aspect
that the scenarios are utilizing in this study is the existing relevant infrastructure that is
established in mainland Greece and is presented in Figure 2. The Greek energy production
mix is, in general, dependent on natural gas since most of the base power plants are
combined cycle plants [25]. The price volatility, predominantly of EU natural gas [26],
alongside Greece’s dependance on it, has brought forward the need for re-opening formerly
closed lignite plants or postponing the closure of others. This means that the situation
presented in Figure 2 with regards to lignite plants can shift in the short term.
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Data regarding the technology characteristics, the respective costs, and limitations
that are involved during deployment and operation of the units are presented. Every
subsection refers to the individual implementation of the technologies under consideration.
The implementation of each technology is not exclusive; they can be deployed simulta-
neously and to different scales to cover the needs of multiple sectors and uses. The main
constraint for the implementation of individual or multiple technologies at once, is the
maximum available area in WM for PV installations, which according to the study in [14],
is approximately 8.1 GW.

Considering that the natural gas infrastructure and, in particular, the Trans-Adriatic
Pipeline (TAP) crosses WM, operating from the Greek border with Turkey to southern Italy,
the production and the consequent injection of methane or even hydrogen in the pipelines
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represents a reasonable option for exploiting assets of the region. According to the demand
forecasts of the Greek national natural gas grid operator (DESFA) for the next decade that
are part of its ten-year development plan 2023–2032 [27], new pipeline infrastructure will
be added to its portfolio that will be 100% hydrogen-ready and an injection of hydrogen
will also be demonstrated. TAP’s current operational capacity is 10 billion cubic meters
annually (bcm/y) and is expected to increase up to 20 bcm/y through upcoming additions
and modifications [28]. On the other hand, DESFA’s network operating capacity is around
14 bcm/y. Overall, expanding Greece’s gas network infrastructure to accommodate hy-
drogen injection aligns with the transition towards a sustainable and low-carbon energy
future, offering a viable pathway for WM to achieve its climate and energy goals.

2.1. Hydrogen for Electricity Generation/Storage

A fuel cell utilizes the chemical energy stored in hydrogen or another fuel to generate
electricity in a clean and efficient manner. When hydrogen is used as a fuel, electricity,
water, and heat are the only products. Fuel cells are unique in terms of the variety of
their potential applications due to their modular operation and the different scales to
which they can be applied; they can provide power for systems as large as utility power
stations and as small as laptop computers. Fuel cells have diverse applications across
transportation, material handling as well as stationary, portable, and emergency backup
power applications. They offer numerous advantages when compared with conventional
combustion-based technologies, currently used in many power plants and passenger
vehicles. Fuel cells demonstrate higher attained efficiencies than combustion engines, with
efficiencies that could reach up to 80%. They also exhibit lower emissions than combustion
engines since hydrogen fuel cells emit only water; there are no carbon dioxide emissions
and air pollutants that create smog and cause health problems at the point of operation.
Also, fuel cells present lower noise levels as they have fewer moving parts [29].

There are several limitations regarding power generation by hydrogen fuel cells,
ranging from the readiness of technologies, the need for storage for decentralized plants,
and the availability of a fuel distribution network for centralized ones. The most crucial one
is the cost of investment. Recent technological advances and demonstration projects have
lowered the cost of hydrogen applications, and it is expected that the cost will be even lower
in the upcoming years [30]. With costs decreasing and the existence of a growing demand
for low-carbon alternatives, H2 fuel cells are considered a sustainable and promising option
for WM to exploit renewable energy production. The integration of hydrogen storage
facilities would be necessary, with capacities depending on the time that the fuel cell is
required to run at its nominal power (4 to 12 h of run time). Hydrogen storage in tanks
offers a medium- to long-term storage capability.

2.2. Hydrogen Used for Transportation Purposes (Cars and Buses of the Region)

As the market share of renewable generation is increased, vehicles powered by elec-
tricity become more and more attractive due to their ability to exploit renewable energy
efficiently. These zero and low emission vehicles can be either battery electric vehicles,
plug-in hybrid electric vehicles, or hydrogen fuel cell vehicles (FCV). Based on the NECP,
the Greek Government aims to have almost 30% of the newly added vehicles as electric by
2030. Since hydrogen is the focus of this study, it is considered that FCVs are the dominant
technology for electric vehicles in the WM region.

Fuel cell electric vehicles use an electric motor that is powered by a fuel cell that
converts hydrogen into electricity. The propulsion system is often coupled with a battery
as an additional power source to increase the vehicle’s overall capability and efficiency.
Compared with conventional internal combustion engines, FCVs have a higher efficiency,
quieter operation and the only emissions being produced are water vapor and air. They
exhibit similar refueling time to that of a conventional vehicle and have a similar driving
range. The most common fuel cell technology used in FCVs is PEM. Major automobile
manufacturers are gradually introducing a limited yet expanding range of FCVs to the
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public, in conjunction with the capacity of the developing infrastructure in the specific mar-
ket/region. A typical example of a commercial hydrogen car is the Toyota Mirai [31]. Fuel
cell buses are also present in commercial markets but mainly in demonstration projects [32].

In the case of WM where no infrastructure is currently present for hydrogen refueling
stations (HRS), having many privately-owned hydrogen cars injected to the overall fleet
would render the design of a HRS network difficult due to the stochastic nature of the
car routes. On the other hand, public transport vehicles (city and intercity buses) have
pre-determined suburban and long-distance routes and the kilometers that they travel daily
do not exceed certain ranges. This fact helps with the design of the HRS network since a
level of uncertainty is taken out of the design framework. The result for the region would
be the replacement of the public transport fleet with fuel cell buses (total size or segments
of the fleet) and the integration of as many fuel cell cars as the infrastructure can withstand
relevant to the production and refueling capacity capabilities of the HRS network.

2.3. Hydrogen Transportation to Refineries

Crude oil is dominating the energy landscape and will continue to do so in the coming
years. However, due to the current energy transition, refineries are pressured to reduce
carbon emissions and achieve carbon neutrality. This fact, in combination with the rise
of electrification and the increased international competition, intensifies the pressure on
the European refineries. As the demand for carbon-containing products will persist and
even grow in the coming years, refineries must prioritize to reduce emissions and stay
competitive at the same time [33]. Refineries are among the highest industrial hydrogen
consumers. Processes such as hydrocracking and hydrotreatment are utilizing hydrogen in
vast amounts for the removal of the contained heteroatoms in several petroleum fractions
such as nitrogen and sulphur. It is estimated that 33% of the total global hydrogen demand
is consumed by refineries and 20% of the refinery’s emissions are associated with hydrogen
production (mostly by natural gas), meaning that significant emissions can be avoided
if employing green hydrogen production technologies. Hydrogen is mostly produced
internally through the cracking of hydrocarbons or the reforming of natural gas (internally
or bought from external sources). It is estimated that a maximum of 50% of the used
hydrogen is bought externally from natural gas reforming whereas the rest is derived from
internal processes [10].

The replacement of the NG-derived hydrogen with renewable hydrogen produced
by electrolysis would not require the modification of existing refinery processes and there-
fore require minimum infrastructure modification investments. It requires, however, the
transportation of the produced renewable hydrogen from the production site in Western
Macedonia to the respective refinery location. The employed transportation option largely
depends on the transported hydrogen amounts, transportation distance, and costs [34].
This option would completely or partially avoid the purchase of externally produced
NG-derived hydrogen as well as avoid the associated direct and indirect carbon emissions.

2.4. Hydrogen Injection into the Natural Gas Pipeline

The European gas grid is an important asset in the energy strategy of Europe. Natural
gas imported from non-EU countries has been flowing uninterrupted to EU countries
to fulfil the energy needs of the continent. However, recent events (Russia’s invasion of
Ukraine, interruption of global supply chain) have led to the EU reconsidering its objectives
as well as accelerating the energy priorities in Europe. Green hydrogen is a strategic priority
of the European green deal and the existing gas grid could serve as a potential storing and
transportation medium of renewable hydrogen [35].

Renewable hydrogen injection in the natural gas grid has been proposed in sev-
eral past works and is currently under investigation. Due to the lack of an extensive
hydrogen transportation infrastructure, the gas grid could serve as a means of storing
intermittent renewable energy in the form of hydrogen into the grid and transport it to
the end-users with minimum losses (0.7% for gas grid vs. 2–6% for electricity grids) [36].
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Hydrogen injection will also reduce the associated greenhouse gas (GHG) emissions of the
gas end-use [37]. On the other hand, challenges regarding the upper H2 blending limits
for certain end-uses [38], safety and practical issues (hydrogen embrittlement, leakage and
gas measurements) [37,39], cost considerations as well as lack of a catholic national and
international regulatory framework are issues that need to be resolved before the large-scale
implementation of this option.

Based on a recent EU report, the actual gas grid is able to accept up to 10% vol. hydro-
gen, whereas after minimum modification, this limit can be increased to 20% blending [35].
These limits, however can, vary based on the end-use of the gas [38,40,41]. The exact
determination of the upper limits for blending would require a detailed analysis of the used
equipment and specifications across the complete value chain—from the pipelines to the
storage tanks and end-uses. There is currently no general EU consensus/framework for the
upper hydrogen blending limits; those limits can vary based on the employed country [42].
Greece has currently no existing regulatory framework for hydrogen blending in natural
gas grid. However, based on DESFA, apart from the composition, there are certain quality
specifications of the transmitted natural gas grid in the grid (Wobbe index, gross calorific
value, relative density) (Table 1) [43]. Hydrogen injection affects the thermodynamic prop-
erties of the natural gas—H2 blend, which must be taken into consideration during the
injection as well as during policymaking.

Table 1. Natural gas quality specifications of the Greek natural gas grid (DESFA).

Value Min Max

Wobbe index, kWh/Nm3 13.066 16.328
Gross calorific value, kWh/Nm3 10.174 13.674

Relative density, - 0.56 0.71

The end-use of the mixture could either be conducted in its blended form in commer-
cial, industrial, or residential applications, and/or recovered and used in its pure form.
The latter requires the consideration of additional hydrogen recovery techniques such as
pressure swing adsorption, membranes, or electrochemical hydrogen compressors [44–46].

2.5. Methanation of Carbon Emissions from Nearby Power Plants of Methane into Pipelines

The power plants of the regions which are operating mainly with coal—lignite and
secondly by natural gas, are the major CO2 emitters of the region. Even if all the lignite
plants are shut down and converted to natural gas or biomass-fired plants, carbon emissions
will continue to be an environmental burden, although in lower amounts than previously.
Carbon dioxide could provide a valuable carbonaceous feedstock that could be used for
the production of added-value chemicals and fuels. A viable solution is the methanation
of the carbon dioxide emissions from the nearby lignite and/or natural gas power plants
using renewable hydrogen produced by electrolysis.

Methanation is an exothermic process targeting the production of substitute natural gas
(SNG) by combining CO and CO2 with the addition of H2 at the required stoichiometries.
The simplicity and high efficiency of the methanation process have been critical factors
in adopting this technology for converting waste feedstocks such as biomass [47,48] and
energy-intensive industrial emissions [49,50] into methane. The primary reactions for the
production of methane from syngas include [45]:

CO(g) + 3H2(g) → CH4(g)+ H2O(g) ∆H0 = −206 kJ/molCO (1)

CO2(g) + 4H2(g) → CH4(g) + 2H2O(g) ∆H0 = −165 kJ/molCO2 (2)

CO2(g) + H2(g) → CO(g) + H2O(g) ∆H0 = +41 kJ/molCO2 (3)



Energies 2023, 16, 7029 9 of 21

Methane, as a product, has an already established market in industrial uses, residential
heating, transportation, and/or power applications. Natural gas can be stored and trans-
ported as compressed natural gas (CNG) or as liquefied natural gas (LNG). One potential
use of the produced methane from the CO2 emissions would be the injection in the existing
natural gas infrastructure in order to by-pass possible implications of hydrogen injection
into the grid [51]. For the Western Macedonia case, natural gas can either be used within
the region or injected into the gas grid networks in the area.

2.6. Methanol Synthesis of Carbon Emissions from Nearby Power Plants

In the face of the current energy transition plan, there are many discussions on al-
ternative carbon-containing molecules, that could partially replace or even substitute in
the long-term, the fossil-derived carbon. Methanol (MeOH, CH3OH) due to its favorable
chemical structure and properties, is investigated as an alternative solution to the current
fossil-based products. It is a colorless water-soluble liquid with an octane number of
113 and a density half of that of gasoline. Methanol is already a vital component in the
chemical industry serving as feedstock to produce chemicals such as formaldehyde, acetic
acid, and olefins. It is also investigated as a potential fuel component, as a stand-alone fuel,
in a blend with gasoline, for the production of biodiesel or in the form of methyl tert-butyl
ether (MTBE) or dimethyl ether (DME) [52]. MeOH is also liquid at ambient conditions,
which simplifies its storage and transportation, compared with other potential gaseous fu-
els, such as hydrogen [53]. This characteristic enables easy transportation through pipelines
and storage in existing fueling stations, often requiring little or no modifications to existing
infrastructures. Thanks to those favorable properties and its cleaner combustion charac-
teristics, methanol has gained increased attention as a sustainable fuel in the aviation and
marine industry [52,54].

Presently, the main method for producing methanol is covered with fossil-derived
synthesis gas (natural gas and coal) that after H2/CO ratio adjustment is catalytically
processed at 50–100 bar and temperatures between 200 and 300 ◦C (temperatures required
for the activation of the employed catalyst) [55]. Gas-phase methanol synthesis is based on
the following two reactions and reaction (3) [49]:

CO(g) + 2H2(g) → CH3OH(g) ∆H0 = −90 kJ/molCO (4)

CO2(g) + 3H2(g) → CH3OH(g) + H2O(g) ∆H0 = −49 kJ/molCO2 (5)

The global methanol market was 98 Mt of methanol produced in 2019, which is
expected to reach 135,000 kt in 2027 [56]. However, to avoid the related carbon emissions
during the syngas generation, the carbon feedstock, and the added hydrogen, should be
derived by renewable sources. In this case, the carbon feedstock is derived by the power
plants of the region and the added renewable hydrogen by water electrolysis.

2.7. Methanation of Carbon Emissions and Using SNG for Oxyfuel Combustion

The combustion of fossil fuels such as natural gas or lignite results in the emissions of
enormous amounts of CO2 into the atmosphere. The generated CO2 has to be captured with
an efficient and economical way in order to comply with the set environmental regulations.
However, the majority of those capture techniques are either not technologically mature
or too expensive, which raises further the cost of CO2 if it is to be used as a chemical
feedstock [57].

Oxy-fuel combustion is a process where methane is combusted using pure oxygen
instead of air [58]. To regulate the temperature and avoid extreme temperatures in the
system, part of the generated CO2 (and not nitrogen) is recycled back to the reactor. This
process entails several advantages compared with the state-of-the-art, air-fueled technolo-
gies. These include the generation of a flue gas that contains mainly CO2 and water, which
is easily separated and captured thus avoiding the use of expensive carbon capture tech-
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niques. Additional advantages include the reduction in the size of the flue gas conditioning
equipment, no required space for the post-combustion capture equipment, and lower
environmental impact and emissions compared with other carbon capture technologies
and power production processes [59].

The main challenge of this technology is the energy required in the air separation
unit (ASU) to produce pure oxygen that is used for combustion [60,61]. In this case,
pure oxygen is a by-product of electrolysis, which can be theoretically utilized in oxy-
combustion processes. This eliminates the energy penalty and the associated costs of the
ASU by utilizing the by-product oxygen from electrolysis [62].

Overall, oxy-fuel combustion can represent a promising cleaner solution for capturing
CO2 emissions from energy-intensive sectors, such as the power plants of the WM region.
In this case, it is assumed that the carbon emissions for the Ptolemaida V power plant are
used for methanation using renewable hydrogen to produce synthetic natural gas that will
be used for power production. The by-product oxygen will be used as the main combustion
medium; thus, eliminating the costs for air separation. Since within the next years the
retrofitting or shutdown of the Ptolemaida V power plant is not currently planned, the
oxy-combustion process could represent a versatile and environmentally friendlier solution
for the inter-sector coupling between carbon-intensive industries (i.e., power plants or
other carbon-emitting industries), the renewable hydrogen economy as well as potential
end-users from the residential and industrial sectors.

3. Integration Assessment and Environmental Footprint of the Emerging Technologies

In this section, the deployment of the technologies is assessed based on the needs
and scale of the region. This section involves the estimation of the required electrolyzer
capacities to satisfy fully, as well as to a certain extent, the green hydrogen needs of
the region. This will result in an overview/mapping of the deployment of the different
solutions with respect to the current state and applicable scales of each technology. To secure
the necessary energy for hydrogen production via electrolysis, the case of PV installations
is considered. PV capacities up to 2 GW (feasible capacity for WM) are assumed to dedicate
their production to produce hydrogen. The annual amount of hydrogen production per
case is shown in Table 2. To carry out the study, the assumption that the electrolyzer for
hydrogen production operates with a capacity factor of 0.5 and an efficiency of 60%.

Table 2. Amount of hydrogen produced and the required electrolyzer capacity per case of installed
PV capacity.

PV Capacity
[GW]

Total Energy Production
[GWh]

Total H2 Production
[kt/y]

Required Electrolyzer Capacity
[GW]

0.5 750 13.50 0.17
1.0 1500 27.01 0.34
1.5 2250 40.52 0.51
2.0 3000 54.03 0.68

Another aspect that is covered in this section, is the evaluation of GHG emissions
from the operation of the most prominent hydrogen technologies that could take part
in the energy transition of Western Macedonia. All the operational parameters of the
hydrogen technologies are covered. The infrastructure, equipment production, chemicals,
and materials (except electricity and fossil fuels) as well as the disposal of generated wastes
are considered outside the scope of the investigation.

Hydrogen production, storage, compression, transportation, and distribution are
considered as different processes in this analysis. However, many of these processes are
required in most of the cases studied. To create a base for comparison [63–66], the GHG
emissions of the above processes are presented in Figure 3. In this analysis, the input–
output data are sourced from both the relevant literature and the Ecoinvent 3.6 database,
which is integrated into the life-cycle analysis software SimaPro version 9.1 PhD. These
data have been adapted to align with the specific hydrogen systems being investigated.
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The analysis is carried out assuming PV electricity as the source of the power required for
the processes.
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Figure 3. GHG emissions in kgCO2 eq/kgH2 of hydrogen generation with PV as the power source.

Regarding green hydrogen production, the electrolyzer technologies considered are
alkaline, PEM, and SOEC. Based on its maturity and lower GHG emissions, alkaline
electrolysis is selected as the technology adopted in this study for all cases. Hydrogen
storage pressure and form can also vary depending on the use case.

Figure 4 considers the GHG emissions of hydrogen compression/liquefaction for trans-
portation/distribution, storage, and use for refueling purposes. The investigated options
involve hydrogen gas compression at 20, 350, and 700 bar, and liquid form in cryogenic
storage at −253 ◦C and at atmospheric pressure. Hydrogen transportation/distribution
through gas pipelines is assumed at 20 bar and 70 bar, and when transported by trucks,
hydrogen is in liquid form. When the refueling of vehicles is considered, buses require
350 bar of pressure (with a pressure lift up to 440 bar) and cars require 700 bar (with a
pressure lift up to 880 bar) [67].
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Figure 4. GHG emissions in kgCO2 eq/kgH2 of hydrogen compressions process for (a) stor-
age/transport; and (b) vehicle refueling processes with PV as the power source.
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3.1. Hydrogen for Electricity Generation/Storage

Currently, the total installed and operating capacity of lignite power plants in WM is
2585 GW. This capacity is set to be nullified by the end of 2028 based on the NECP. Fuel
cell systems are dispatchable, meaning that they can be a source of electricity that can be
programmed to operate on demand, depending on the grid’s needs. PV plants are the
prevailing option in WM to cover the power production gap that will be created by 2028.

In the case of PVs, fuel cells can play the role of shifting the peak power production
of PVs towards night hours. As an example, the daily production curves of 0.5–2 GW PV
plants are shown in Figure 5. In the same figure, the fuel cell production curves are shown
with dashed lines of the same color to their respective PV couple. Part of the produced
hydrogen by the PV can be used to produce power during the hours with no sun. This
process establishes fuel cells as a complementary technology to the PV, meaning that these
two technologies can have a level power production curve when operating in conjunction
with each other. The resulting hydrogen demand for the operation of various fuel cell
module sizes depending on the installed PV capacity is presented in Table 3. The demand
assumes an average 14 h of fuel cell operation daily. Larger PV installations naturally
translate to larger fuel cell sizes in order to produce a curve as flat as possible.
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Figure 5. Fuel cell operation (dashed lines) to shift PV production (continuous lines) to hours with
no sun.

Table 3. Required hydrogen quantity to sustain fuel cell power outputs for 14 h.

PV Capacity
[GW]

Fuel Cell Capacity
[GW]

H2 Demand
[kt/d]

Required Electrolyzer Capacity
[GW]

0.5 0.2 0.13 0.0016
1.0 0.4 0.26 0.0033
1.5 0.6 0.39 0.0049
2.0 0.8 0.52 0.0065

In the framework of this study, GHG emissions from fuel cells are not present. How-
ever, the overall GHG emissions do not refer only to the power generation but also to the
process of H2 production. Assuming that hydrogen is produced in close proximity to the
fuel cell plant so that no distribution or compression is required, then the GHG emissions
associated with electricity generation by fuel cells are the production emissions which are
2.9 kgCO2 eq/kgH2.
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3.2. Hydrogen for Transportation Sector

Greece’s overall car fleet is 5.5 million cars [2]. Based on the country’s population,
the average car number per capita is around 0.53. This means that the WM region with a
population of around 300,000 has approximately 171,000 cars. As for the public transport
fleet of buses in the region, it is estimated, based on the accommodated passengers, that it
has a size of around 300 buses. In this case study, depending on the injection percentage of
hydrogen vehicles in the overall fleet, the resulting demand in hydrogen and electrolyzer
capacity is calculated and presented in Table 4.

Table 4. Required electrolyzer capacity to satisfy various fleet size hydrogen needs.

Replacement of
Fleet Size Fleet Size H2 Demands

[kt/y]
Required Electrolyzer Capacity

[GW]

Cars

5% 8571 0.8 0.01
25% 42,857 4 0.05
50% 85,715 8 0.1
75% 128,572 12 0.15

100% 171,430 16 0.2

Buses

5% 15 0.075 0.0009
25% 75 0.375 0.0047
50% 150 0.75 0.0094
75% 225 1.125 0.0141

100% 300 1.500 0.0188

The results indicate that the complete automotive fleet (cars and buses combined)
would require ~0.22 GW of electrolyzer capacity (in the case of 100% injection hydrogen
fueled vehicles). The corresponding demand of each injection case needs to be covered by a
number of hydrogen refueling stations that must be distributed spatially along key strategic
locations that will serve the needs of public transport but also private H2 car owners. HRSs
can either have hydrogen production on-site by an integrated water electrolysis system or
have stored hydrogen delivered to them. The second option could prove more economically
viable in this case, considering that hydrogen production capitalizes on the economy of
scale, and it would be more efficient to produce it in large, centralized plants than in
decentralized stand-alone systems. Overall, the processes that are involved in vehicle
refueling are hydrogen production and compression. Compression is assumed at 440 bar
for buses and 880 bar for cars. The GHG emissions, taking into account Figures 3 and 4, are
3.097 kgCO2 eq/kgH2 for buses, and 3.173 kgCO2 eq/kgH2 for cars.

3.3. Hydrogen for Transportation to Refineries

The produced hydrogen via electrolysis in WM could be transported to locations and
industries in the wider radius, where hydrogen is consumed in larger amounts. For small-
scale applications, trucks and trains transporting hydrogen in liquefied or compressed form
are suitable. For large-scale applications (as in the studied work), pipeline transportation is
the preferred option [64]. The current required pressures for pipeline transportation are
between 10 and 30 bar and the associated costs vary based on the different pipe diameters,
the operating pressures, and the fluid velocity. Indicative costs are between 500 and
800 k€/km for the installation of new hydrogen pipelines [65,66].

The closest nearby refinery is in Thessaloniki operated by Hellenic Petroleum (HELPE),
a member of the HELLENiQ Energy Group, the largest petrochemical and energy company
in Greece. Other refineries are in the Attica region (Aspropyrgos) and in Corinth with a
distance of over 500 km from the Ptolemaida region. Table 5 shows the major refineries in
Greece and the estimated hydrogen demands based on a reference scale of 50 kt annual
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hydrogen demand for a refining capacity of 10,400 kt/y. It is also assumed that a maximum
50% of the hydrogen demands are covered by Steam Methane Reforming, whereas the rest
of the hydrogen is produced as a by-product of refining applications [68]. In the current
calculations, it is assumed that the hydrogen derived and/or externally purchased from
natural gas is completely replaced with green hydrogen from electrolysis. With regards
to Table 2, for the total hydrogen demand for all three refineries (41.7 kt/y) to be fulfilled,
the produced hydrogen from the energy output of a 1.5 GW PV would be borderline
insufficient. Based on the current numbers, to fulfil the demands of all three refineries, 77%
of the produced hydrogen from the energy output of a 2 GW PV plant would be consumed.

Table 5. HELPE refineries and hydrogen demands.

Region Refining Capacity
[kt/y]

Total Estimated H2
Demands

[kt/y]

Distance from
Ptolemaida

[km]

Covered H2 Demands
by Electrolysis

[kt/y]

Required
Electrolyzer Capacity

[GW]

Thessaloniki 4500 21.6 140 10.8 0.135
Aspropyrgos 7500 36.1 490 18.1 0.227

Corinth 5300 25.5 480 12.8 0.160

Assuming that the pure hydrogen will be transported in gaseous form through the
pipelines, no compression is needed (current required pressures 10–30 bar). The pressure
drop for pipeline transportation of pure hydrogen is insignificant for pipelines up to
200 km [69]. For the Aspropyrgos and Corinth refineries (490 and 480 km, respectively), a
compression point might be needed in the 250 km mark, depending on the flowrate and the
pipeline diameter. Results for hydrogen generation and storage are the same as in Figure 4.
The GHG emissions for hydrogen compression from 10→20 bar (which is the average for
pipeline transportation) is 0.00789 kgCO2 eq/kgH2. Overall, the GHG emissions include
also hydrogen production resulting in 2.97789 kgCO2 eq/kgH2.

3.4. Injection of Hydrogen in the Natural Gas Grid

The Trans-Adriatic Pipeline has a current capacity of 10 bcm natural gas per year,
which is expected to increase to 20 bcm per year. Also, DESFA’s pipeline capacity of
14.25 bcm of natural gas per year is considered. In this case, it is assumed that hydrogen
produced in the WM region could be injected into both pipeline networks. Due to the lack
of a regulatory framework, two blending cases are assumed: 10% and 20% vol. blending. In
both cases, it is assumed that the mixture blend fulfils the necessary quality requirements for
transmission/distribution and end-use. Table 6 shows the respective amounts of hydrogen
injection into the networks of DESFA and TAP. In both cases, it is assumed that hydrogen
is injected at an average pressure of 50 bar. DESFA’s future expanded network will add
another 14.25 bcm per year with 10 or 20% blending of hydrogen.

Table 6. Total H2 production from PV as blending fraction in TAP’s and DESFA’s networks.

PV Capacity [GW] Hydrogen Produced
by PV [kt/y]

TAP DESFA

Current Capacity
[10 bcm/y]

Current Capacity
[14.25 bcm/y]

0.5 13.5 1.65% 1.15%
1.0 27.0 3.30% 2.30%
1.5 40.5 4.95% 3.46%
2.0 54.0 6.60% 4.61%

For the 10 bcm/y natural gas flowrate case, the TAP is able to absorb 82 kt/y for
10% vol. blending and 164 kt/y for 20% vol. blending. For the future modifications
(20 bcm/y) approximately, up to 328 kt/y can be injected in the TAP (20% vol. blending).
Respectively, DESFA’s pipeline could accommodate up to 234 kt/y of hydrogen (20% vol.
blending). Of course, it is obvious that even in the highest PV capacity scenario of 2 GW,
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the produced hydrogen from electrolysis would amount to 6.6% blending ratio of TAP
and 4.61% hydrogen blending for the DESFA network, respectively. In order to cover the
total allowed quantity of hydrogen for both blending cases, higher capacities of electrolysis
and PV would be required, which would prove restrictive based on the current state.
Nevertheless, with respect to the key position of renewable hydrogen in the current EU
energy transition, the utilization of the existing natural gas grid could serve as a renewable
energy storage and provide a solution to the hydrogen logistics problem (at least in the
short-term) across the interconnected EU countries.

Assuming a 10% vol. injection of hydrogen into the natural gas grid, no initial
compression and depending on the pipeline diameter, the hydrogen/methane blend can be
transported for 30 to 60 km due to the pressure drop. For higher initial pressure (70 bar)
a compression station is needed every ≈110 km. The use of the injected hydrogen can
be achieved in the form of a mixture with natural gas or as clean hydrogen by itself,
through dedicated recovery techniques. The respective environmental footprint for each
of the separation processes is 1.32, 0.83, and 0.26 kgCO2 eq/kgH2. The GHG emissions
associated with the injection of H2 in TAP or DESFA involve only the production process
of H2. Emissions must be added for the separation process if clean hydrogen is required as
output from TAP or DESFA. Overall, if membrane separation is also considered, the GHG
emissions are calculated as 3.159 kgCO2 eq/kgH2.

3.5. Hydrogen for Converting CO2 Emissions from Nearby Plants

When conversion of CO2 emissions is the goal, there are two main processes that
offer a solution that involves hydrogen as a feedstock and the process product is utilized
in WM: methanation and methanol synthesis. As reference plant, the lignite power unit
and the amount of CO2 emissions of Ptolemaida V are considered, whereas a range of
2000–8000 h/y of operation are assumed.

3.5.1. Methanation of CO2 Emissions from Ptolemaida V

Table 7 illustrates the CO2 emissions from each case and the required hydrogen for
methanation by assuming 10% hydrogen excess during methanation.

Table 7. CO2 emissions of Ptolemaida V and required H2 for methanation.

Operating Hours CO2 Emissions
[kt/y]

Produced
Methane

[kt/y]

Produced
Methane
[106 m3/y]

Methane LHV
[GW]

H2 Demands for
Methanation

[kt/y]

H2 Demand
Fulfilment with

2 GW PV

2000 740 270 7.37 0.43 150 36%
4000 1480 540 14.74 0.85 300 18%
6000 2220 810 22.11 1.28 450 12%
8000 2960 1080 29.48 1.71 600 9%

Converting the complete amount to methane of the Ptolemaida V emissions, would
require the output of more than 6 GW of PV installations to be used for electrolysis for
2000 operating hours and over 24 GW for 8000 operating hours. Those calculated scenarios,
of course, are restricted based on the current state-of-the-art and hydrogen production scale.
In the realistic case of a total installed capacity in the WM of 2 GW, 9 to 36% of the total H2
demands depending on the operating hours could be substituted by green hydrogen.

Overall, for the methanation of carbon emissions from nearby plants, two main
processes are considered to have a significant environmental impact, CO2 capture and the
methanation process itself. The later methane injection to the pipelines requires only the
compression stage that is shown in Figure 3. Overall, from capturing the CO2, converting
it to methane, and injecting it as methane in pipeline gas networks the environmental
footprint of the processes involved is 338 kgCO2 eq/tCO2 for CO2 capture, 0.022 kgCO2
eq/kgSNG for methanation, and 0.0395 kgCO2 eq/kgH2 for pipeline compression for
injection from 20 to 70 bar.
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3.5.2. Methanol Synthesis of CO2 Emissions from Ptolemaida V

In this section, the CO2 emissions from the Ptolemaida V power plant are used for
methanol synthesis through the addition of renewable hydrogen. In this case, it is assumed
that hydrogen is added in a stoichiometric ratio and approximately 60% of the CO2 is
converted to methanol through the employment of novel methanol reactor technologies
and optimized conditions [70]. Table 8 shows the results of the methanol synthesis option
for WM.

Table 8. Carbon dioxide and hydrogen demands used for methanol synthesis.

Fuel Operating Hours CO2 Emissions
[kt/y]

Produced MeOH
[kt/y]

MeOH LHV
[GW]

H2 Demands for MeOH
[kt/y]

H2 Demand Fulfilment
with 2 GW PV

Lignite
2000 740 320 0.2 100 54%
4000 1480 650 0.41 200 27%
6000 2220 970 0.61 300 18%
8000 2960 1290 0.82 400 13%

For the case of 2000 operating hours per year with lignite as the main fuel used in Ptole-
maida V unit, approximately 100 kt/y of hydrogen is required, whereas for 8000 operating
hours, approximately 400 kt/y are required. The produced methanol quantity ranges from
320 to 1290 kt/y. In the realistic case of a total installed capacity in the WM of 2 GW, 13.5
to 54% of the total H2 demands depending on the operating hours could be substituted
by green hydrogen. Overall, capturing the CO2, and converting it to methanol, has an
environmental footprint due to the processes involved. In particular, methanol synthesis
has a footprint of 0.0836 kgCO2 eq/kgMeOH.

Considering the current state-of-the-art of electrolysis and methanol synthesis from
off-gases, this investigated technology case could prove restrictive for the higher applied
capacities. Nevertheless, the investigation of lower production capacities with respect to
the current technological readiness as well as market demand of the methanol product
(with potential upscaling in the future) could be of particular interest to the region due to
the projected increased market and various uses of methanol in the EU. Methanol is also
investigated as a potential hydrogen carrier form that could be used to transport hydrogen
at large distances [71].

3.6. Potential Efficiency Improvements
SOEC Waste Heat for District Heating (DH)

Except for the electrochemical energy that is harnessed from hydrogen utilization
processes, there is also the possibility of waste heat recovery. The SOEC technology
offers the possibility of exploiting high quality waste heat that, in the case of WM, can be
integrated with the existing DH plants. Currently, three DH plants operate in the region
with a total thermal power capacity of 0.29 GW and an energy output of 560 GWh annually.
In the WM region, heating is required for 6 to 8 months within a year [72], and a capacity
factor of 0.4 is expected for the DH plants. Assuming the same basis as the other integration
scenarios, the required energy source for WM’s heating needs would be a PV installation
as presented in Table 2. The only difference would be that electrolysis would be performed
at high temperatures using SOECs. For SOECs, waste heat that can be recovered accounts
for 15 to 20% of the total power input [73]. The worst-case recovery at 15% is adopted for
this study. Table 9 depicts the fraction of the total heating required that the integration of
SOECs with PVs could serve by recovering the waste heat available. A total of 20 to 80% of
the total heating energy needs could be covered in the case of SOEC integration with PV
from 0.5 to 2.0 GW.
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Table 9. SOEC capacity which is required to satisfy WM’s heating loads.

PV Capacity
[GW]

Produced Energy
[GWh]

Waste Heat Recovery from SOEC
[GWh]

Fraction of Total
Heating Required

0.5 750 112.5 20%
1.0 1500 225 40%
1.5 2250 337.5 60%
2.0 3000 450 80%

4. Future Perspectives and Challenges

Figure 6 illustrates the capacity range (kt) that the deployment of each technology
requires in terms of hydrogen amounts as well as electrolysis requirements for the deploy-
ment scenarios that were investigated in this work. It is important to understand that in
the overall WM, the PV capacity that can be installed is limited due to spatial constraints
as mentioned in Section 2. Consequently, this puts an upper constraint on the hydrogen
amount that can be produced via renewable energy. Assuming that H2 production units
start being built immediately, it will take several years to achieve the maximum capacity of
the WM region which can be around 8.1 GW with a production of 210 kt H2/y. In addition,
electrolysis capacity demands (GW) far exceed the current readiness for deployment of
electrolysis plants worldwide.
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Figure 6. Required electrolysis capacity and annual hydrogen demand of the investigated technologies.

However, the maximum capacity of PV production and, subsequently, H2 production
in the region is sufficient to cover the amount of hydrogen required for several scenarios. On
the other hand, in the case of capturing the CO2 emissions from lignite power plants, the H2
required for methanation exceeds the maximum production capacity that can be achieved
in the short-term. For example, converting only one unit in WM (Ptolemaida V) requires
3 to 12 times more hydrogen than what can be produced via the deployment of 2 GW of
PV plants for dedicated H2 production. In other words, if CO2 capture is conducted at
full-scale, there is not enough development of hydrogen production technologies to satisfy
the electrolysis needs to utilize that CO2 for methanol/methanation.

There are several challenges and risks associated with the creation of large hydrogen
ecosystems considering the current market situation and state-of-the-art. For instance, there
is a lack of suppliers and mass demand for hydrogen end-uses. Hydrogen vehicles (such as
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cars) are currently at a minuscule percentage of the total vehicle fleet, whereas the same
is also valid for hydrogen refueling stations. Furthermore, the large-scale integration of
hydrogen into hard-to-abate industrial sectors could prove a challenge since they have to
operate continuously. To that end, for RES-powered electrolyzers, the intermittency of solar
energy must include resilient and cost-efficient energy and hydrogen storage systems. Other
challenging aspects include convincing the general public of the importance of hydrogen
and renewable energy projects, which could prove a challenge especially to an economy
formerly based on lignite power plants. The added-value of hydrogen mega-projects can be
demonstrated through the creation of employment opportunities in the region, the public
demonstration of zero-emissions vehicles, and public transportation means as well as the
related environmental and health benefits. Finally, for the establishment of innovative
and large-scale hydrogen projects, political and legislative support is needed, which could
facilitate several barriers related to regulations, funding, licensing, and citizen engagement.

5. Conclusions

This study provided a roadmap for the transition of WM to a decarbonized future with
the use of renewable hydrogen. In particular, hydrogen was investigated in a variety of
mature and readily deployable technologies for this transition such as hydrogen utilization
for mobility purposes, as refineries feedstock, gas grid injection, heat/electricity generation
as well as for added value chemicals production (methane and methanol). The results of
the assessment offer a clear indication of the potential that each technology embodies and
its respective deployment horizon. A phase-out of lignite is necessary to allow enough time
for hydrogen technologies to catch up and be further upgraded so that CO2 utilization from
industries can be implemented on a large scale. As a result, short term solutions for H2
utilization that require 0.0016–0.68 GW of electrolysis capacity (i.e., H2 for transportation, re-
fineries’ feedstock, gas grid injection, heat and electricity generation/storage) will build the
H2 production capacity that is required to start utilizing CO2 (i.e., methane and methanol
synthesis) for medium to long term horizons. The synthesis of methane and methanol
processes for the available CO2 in WM require an electrolysis capacity in the range of
1.25–7.53 GW which is restrictive considering the deployment scale of electrolyzers at the
moment and the investigated case study. Nevertheless, smaller-scale applications of the
utilization of carbon emissions cannot be ruled out and depending on the deployment case,
could provide significant economic, environmental, energetic, and societal advantages.
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