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Abstract

The growing global deployment of renewables has triggered an energy transformation with profound
geopolitical implications. As an energy carrier, hydrogen is at the heart of this transformation, enabling
international trade and facilitating decarbonisation. This research project aims to find eligible locations
to install renewable systems dedicated to producing green hydrogen. These locations are restricted to
onshore and offshore regions of ltaly and Portugal. Moreover, the research focuses on identifying the
optimal configurations of such systems that minimise the cost of producing hydrogen. The multi—criteria
geographical model is built through standard—level procedures, with data collected from several prominent
sources, while the optimisation algorithm expands from the detailed computation of the classic levelised
cost of hydrogen. Key findings of this study include the acknowledgement that although having only a
small percentage of their territory available, both countries can easily satisfy their annual hydrogen needs.
Furthermore, the optimal configurations obtained by the algorithm offer reductions in costs to the order
of 70%, depending on location in the countries; this can translate to millions of euros in savings. Such
findings represent unprecedented achievements for both Italy and Portugal, and can serve as an essential
asset to economic analyses performed on this subject by municipalities and even the central governments.
Additionally, these results validate the initial premise of the optimisation model, significantly improving
the credibility of this study by constructively challenging the standard way of assessing large—scale green

hydrogen projects.
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1. Introduction

The world is changing. The expanding deployment
of renewables has put in motion a global energy
revolution with profound geopolitical implications.
The coming of a new energy age will transform
relationships between nations and communities and
create a new world of power security, energy
independence and human prosperity. Unlike fossil
fuels, whose reserves are concentrated in specific
regions, renewable energy sources (RES) are available
in every country. Renewable energy can be produced
everywhere and thus has the potential to significantly
change how energy is traded [1]. Nonetheless, in
recent times, no sustainable and cost—effective way
has been developed to transport renewable electricity
over long distances. The use of green—hydrogen
could be an answer. As an energy carrier, hydrogen
enables renewable energy to be traded across
regional and continental borders, also facilitating the
decarbonisation of harder—to—abate sectors (like the
steel and cement heavy industries). Hence, hydrogen

has been recognised as a leading study subject, driven
by unprecedented policy focus and put on the spotlight
to investors and other market players [2].

Stemming from and subsequent of this recent surge
in interest, academia has seen a growing body of
research being published containing hydrogen—related
keywords. This thesis intends to contribute to said
groundwork by exploring the feasible linkages of
hydrogen systems directly coupled to RES.

Hydrogen technologies have gone through many
cycles of expectation over the last decades. Although
the vast majority of hydrogen produced to date
has come from steam methane reforming, the
production through green electrolysis has grown
exponentially—mostly driven by hydrogen road—maps
enacted by governments around the globe [3].
Efforts exist to ramp the up—scaling of electrolysers
for high—purity hydrogen production, supported by
recommendations by the International Energy Agency
(IEA); some suggest that it is not beneficial to connect
all this capacity to the electric grid, which is facing



enough of a challenge keeping up with the increase
in demand for electrification [4]. A solution could
come from systems with increasing shares of variable
renewable energy sources, where low—cost surplus
electricity may be available.

Even so, relying solely on occasional curtailed
electricity to produce hydrogen implies electrolysers
having very low utilisation factors (and, ultimately,
very high unit costs). Hereupon emerges the relevant
argument for extensive, dedicated hydrogen projects
directly coupled to renewable energy sources. As will
be seen, these systems can be located onshore or
offshore, and have single or hybrid RES—to—Hydrogen
configurations [5].

This thesis is then rooted on the central purpose of
contributing to the study of these important matters,
with an article to be published hereafter. More clearly,
the two—part question to be answered in this thesis is:
Which locations are available to install renewable
energy systems dedicated to the production of green
hydrogen, and which con guration results in the
lowest hydrogen production cost?

To answer this question, a series of three objectives

have been explicitly established, which constitute
the set of expected deliverables of this work. The
following list details said objectives, also disclosing
the novel contributions associated with each one:
1) Create a map of the eligible locations on
which to install renewable systems dedicated to the
production of green hydrogen. These maps are
restricted to ltaly and Portugal, and represent an
unprecedented achievement for these two countries.
2) Obtain a ratio of the RES installed capacity to
the electrolyser’'s nominal power, to apply on these
extensive, country—wide systems. This innovative
method may be used by the academia in subsequent
research papers published on this topic, as a means to
make estimations that better resemble reality.
3) Develop an algorithm to compute the optimal size
of pairs of renewable energy systems and electrolysers,
in specific locations, considering single offshore and
hybrid onshore configurations. A model with such
characteristics has not been found in the literature.

Aside from these novel contributions, in the

preparatory work for this thesis, two articles were
published in scientific journals:
Recent Developments on Hydrogen Production
Technologies: State{of{the{Art Review with a Focus
on Green{Electrolysis in MDPI's Applied Sciences,
and A Review of the Impact of Hydrogen Integration in
Natural Gas Distribution Networks and Electric Smart
Grids in MDPI's Energies.

The remainder of this document is structured as
follows: Section 2 clarifies the underlying concepts
of the theoretical framework in study; Section 3
introduces the methods of investigation, elaborating
on the different stages of designing the geographical

model. The methodology extends to Section 4, where
the numerical formulation of the economic models
is described in detail. The discussion of results
takes place in Section 5, and Section 6 provides the
overall findings of this work, with its achievements and
recommendations for future work.

2. Theoretical Framework

Standalone projects designed to produce green
hydrogen always comprise two distinct systems. First,
a RES system generates renewable electricity through
green technologies; the two considered in this work
are solar photovoltaic parks and onshore/offshore wind
farms. Then, a hydrogen system converts this green
electricity into gaseous hydrogen. The conversion is
achieved by an electrolyser, that can be of different
types; in this case, proton exchange membranes.

The competitiveness of renewable energy sources
has improved greatly in the last decade, as shown
by data from the International Renewable Energy
Agency (IRENA) Cost Database. Between 2010
and 2021, reports indicate a decline of 88% in
the cost of renewable electricity from utility—scale
solar projects, 68% from onshore wind and 60%
from offshore wind [6]. These costs are usually
divided into capital expenses (CapEx) happening at
the beginning of the project, and operational expenses
(OpEx) taking place during its lifetime. In this work,
CapEx includes hardware installation costs, balance of
system (BOS) costs and soft financing costs, while
OpEx includes fixed and variable operation costs and
costs associated with maintenance and services. This
distribution follows the suggestions of IRENA and
the US Department of Energy's National Renewable
Energy Laboratory [7].

Figure 1 presents a summary of up—to—date capital
and operational expenditures for each of the four
technologies in study, based on the most recent reports
on the subject [7].
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Figure 1. Cost analysis: overview of RES capital and
operational expenditures.

The hydrogen feedstock industry is well established
nowadays, having decades of experience in distinct
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sectors, from the production of ammonia to iron,
steel, glass and electronics. Yet, the market is set to
continue growing significantly in the coming years [8].
The large majority of hydrogen today is produced
based on fossil-fuels, whether coal or gas. While
efforts have been made to produce ‘blue’ hydrogen
with carbon capture and storage (CCS) techniques,
the hydrogen industry is still mostly polluting.
However, the use of water electrolysis to produce
‘green’ hydrogen has been on the rise lately, with most
of the research nowadays focusing on developing and
improving electrolysis techniques. This production
process is the one with the least life—cycle carbon
intensity (measured in kilograms of carbon dioxide
equivalent per kilogram of hydrogen), thus being the
most sustainably alluring.

The first proton—exchange membrane electrolysers
(PEMEI) were developed and commercialised in the
1960s, almost 200 vyears after the first alkaline
electrolysers (AIKEl) [9]. PEMEIs introduced some
fundamental changes to overcome the drawbacks
of AIKEls, offering a simpler and more compact
system design and leading to fewer costs and
maintenance [10]. PEM electrolysers use a solid
polysulfated membrane as the electrolyte, working
like a proton conductor through which the hydrogen
atoms move during electrolysis. These membranes
can operate at high differential pressures and ambient
temperatures, enabling the production of highly pure
hydrogen with low environmental impact. Other
promising advantages include high net production
rates, sizeable operating load ranges and fast response
times—making this technology ideal to couple directly
with renewable energy sources and produce green
hydrogen in a flexible way. Table 1 presents a summary
of the aforementioned features.

Table 1: PEM electrolyser: summary of features

PEMEI Features 2020 2050 Ref
Operational parameters
Temperature (°C) 20-100 80 [9]
Pressure (bar) 30-80 >70 [4]
Nominal attributes
Production rate (Nm®/h) a~ 5000 =~ 5000 [11]
Load range (%rnl) 0-160 5-300 [4]
System characteristics
Consumption (kWh/m3)  ~ 460 <4.04 [11]
Efficiency (%LHV) 56-60 >80  [4]
Stack Lifetime (kh) 3090 100-150  [4]
Cold start (min) <20 <5 [10]

Note: features whose predictions for 2050 are not found
in the literature remain the same as 2020. Nevertheless,
improvement in the coming decades is always expected.
rnl = relative to nominal load; LHV = lower heating value;
kh = thousands of hours.

PEME! costs have fallen over time, following
progressive learning rates. Concerning this topic,
numerous recent articles and reports [12] have
published different values based on different
assumptions. A meticulous reasoning is performed
upon consulting the literature to ensure the credibility
and validity of results. Data is first gathered from
IRENA [10] to draw a detailed cost breakdown
of a 1 MW PEM electrolyser (assumed to be the
same for larger stacks).  Further research from
issued papers and technical reports put current
PEMEI capital expenditures at 1136 EURzg21/kW
and operational expenditures at 38 EURggp1/kW /yr.
Here, OpEx is mainly defined by fixed and variable
water consumption costs.  These typically vary
across the country's regions since each administrative
division refers to its own water company; for the
sake of generality, an average value is used from the
Italian company ABC, following the procedure of
M. Minutillo et al. [13].

After establishing the electrolyser technology for
the methodological analysis, the geographical model
design is presented in the next section.

3. Geographical Model Design

This section describes the distinct stages of
material work undertaken to design and develop the
geographical model. Subsection 3.1 presents the main
characteristics of both study areas and Section 3.2
explains the data collecting and handling. Sections
3.3 and 3.4 present the diverse set of criteria used
for the exclusion and evaluation phases, respectively;
lastly, Section 3.5 discusses the final eligible locations.

3.1. Study Area

This work focuses on two similar but different
countries located in Europe, to enable a comparative
analysis of the potential for hydrogen production.
The following is a brief description of the physical
characteristics of Italy and Portugal.

The Republic of Italy is a country located in the
Southern part of Europe between latitudes 35°-47° N
and longitudes 6°-19° E. To the North, Italy borders
France, Switzerland, Austria, and Slovenia and is
delimited by the Alpine watershed; to the South,
it consists of the entirety of the Italian Peninsula
and the two Mediterranean islands of Sicily and
Sardegna, in addition to many smaller islands. The
country has a total inland area of 301,230 square
kilometres, comprising 21 regions grouped into five
major territories, and an exclusive economic zone
(EEZ) of 541 915 square kilometres that extends 200
nautical miles (~370 km) from its shores within the
Ligurian and Tyrrhenian seas to the west, the lonian
Sea to the South and the Adriatic Sea to the east.

The Portuguese Republic is a country whose
mainland is located on the Iberian Peninsula of
Southwestern Europe, between latitudes 36°-42° N



and longitudes 9°-6°W. It is bordered to the
West and South by the Atlantic Ocean and to
the North and East by Spain; its territory also
includes the Atlantic archipelagos of the Azores and
Madeira, which form two autonomous regions with
their regional governments—they are left out of this
analysis for this particular reason and the fact that
thousands of kilometres separate them from the
continent (making it extremely difficult to visualize the
results clearly). The country occupies a total inland
area of 92 090 km?2, divided into 18 districts, and a
North—Atlantic EEZ of 327 667 km?.

3.2. Data Collection and Handling

A geographical framework begins with establishing its
coordinate reference system (CRS). This process is
required to avoid angular, length or area distortions
on the imported data, enabling precise algebraic
computation of acceptable regions and the creation
of buffer zones. The native geographic coordinate
reference system of QGIS is the World Geodetic
System 1984 (commonly referred to as WGS 84).
Upon projection to the Universal Transverse Mercator
(UTM) CRS, latitudes, longitudes and degrees are
respectively converted to northing values, easting
values, and distances. Since map projections never
represent the sphericity of the Earth exactly, the
appropriate UTM zone should be used as CRS for
each area of interest to minimize distortion and get
correct analysis results. In this case, Italy employs the
projected CRS of UTM zone 32N, while Portugal’s is
UTM zone 29N.

The proper land—eligibility operation starts with
setting the working resolution. Both countries have
thousands of square kilometres in area, whilst some
polygons of the datasets have just a few square meters;
so, even with the data divided into regions, this
would mean evaluating several million points each
time an operation is made—resulting in extra hours
of wasted time. For simplicity’s sake, yet without
compromising the good accuracy of results, a general
resolution was defined as 1 km?. All the steps
described below are performed in a batch sequence
for every dataset. In general, the first procedure is
to add geometry attributes to each layer (area and
perimeter of the polygons or length of the lines);
then, a minimum threshold is applied, the values
below which are selected and deleted—in this case,
an area smaller than 1 km? or a length less than 1
km. This process eliminates several tiny polygons and
lines that would otherwise be requesting computing
power unnecessarily, considering they are smaller than
the set resolution. Secondly, most holes left within
the layers are erased after applying the same area
limit. Finally, a merge and dissolve processing tool
is used to aggregate all layers that overlap but are not
unified. It is often needed to correct geometries before
applying further processing, and create spatial indexes

that increase the performance of the operations.

3.3. Data Exclusion

The second stage of the methodology consists of the
actual exclusion of unsuitable sites for the installation
of RES. This operation starts with setting a buffer over
the constraints previously categorized into four main
restriction criteria—environmental, legislative, safety
and technical—following the distribution established
in literature [14].

Any  environmental criterion is  generally
characterised by zones of recognised ecological
value and beauty, where the viability and conservation
of biodiversity are ensured through legislation. These
include forests, parks and beaches, natural or artificial
large lakes and glaciers, and residential, commercial
or industrial areas and agricultural fields. Offshore
nature conservation sites may include the Natura
2000 Network, the Common Database on Designated
Areas, the Posidonia Oceanica meadows and other
seabed habitats and biotopes.

A legislative criterion is provided by law and intends
to define acceptable regions through a safe distance
from terrestrial and maritime infrastructure. This
analysis divides terrestrial infrastructure into transport
facilities and general buildings. Regarding offshore
locations, the safe distance to fishing areas and island
settlements is typically absorbed by the broad ‘Shore’
buffer. This distance is the advisable radius to abide
by the law and compensate costs, considering the
increasing route expenses to and from the offshore
location as it moves away from the coast.

Safety criteria encompass those related to the safe
operation of transport activities, whether on land (rail
or road), air or sea. Railways include operational
regular and light tracks for trains, subways and trams,
while major roads combine highways and primary
national roads. Regarding airports, a buffer zone of
3000 meters from all major international airports is
selected to avoid potential collisions with aircraft and
to reduce the possible interference with radar systems.
Shipping routes comprise a 0.5 nautical miles buffer
from routes above 1000 units per km? in one year.

Finally, a technical criterion regards fixed
infrastructure that has already been deployed in
a potentially admissible area. For instance, the main
oil and gas large—pipe network, and cables from
the electric transmission grid. Concerning offshore
regions,  exclusions include telecommunication
lines and internet optical fibres, submarine energy
interconnections, and existing wind farms and oil and
gas platforms.

3.4. Data Evaluation

Following the creation of acceptable areas through
data exclusion, the last step of the methodology
consists of their evaluation through characteristic
criteria. These parameters concern region—specific



physical attributes, on which limits are imposed to
maximise energy production.

Mean elevation is included in this analysis on the
premise that RES suitability decreases at extreme
altitudes, mainly due to diminishing resources (like
lower air density or increased cloud coverage) and
increased inaccessibility, leading to higher installation
costs. The exclusion threshold is set to 2000 meters,
following the literature review by D. Rayberg [14].

The average terrain slope is used to evaluate the
terrain’s angle and orientation. Most studies in the
literature [14] typically set a threshold on average
terrain slopes above 10° since steeper topographies are
found to cause problematic installation of solar panels
and wind turbines. Note that this attribute should
not be confused with the tilt of the solar modules;
generally, fixed panels are installed with a tilt angle
approximately equal to the latitude of the place where
they are located.

The impact of temperature on the performance of

photovoltaic modules is a well-known phenomenon in
which increasing air temperature leads to a decrease of
the module's voltage output. Typically, manufacturers
define the nominal peak power of a solar panel at 25
°C (module temperature), but this temperature can
vary significantly during operation. The panels used
in this work require air temperatures between —10 °C
and 50 °C for regular operation.
Besides, warmer air is less dense than cold air;
so in hotter locations, there is a decrease in the
turbine's electricity yield since there is a lower energy
extraction from the wind. Consequently, in this
analysis, cooler air is always preferred for renewable
electricity generation.

Bathymetry describes depth variations in the
ocean's seabed. Water depth is a crucial criterion
for assessing the siting of offshore wind farms
since, typically, these require less than 50 meters of
water depth for fixed foundation turbines. On the
other hand, floating wind technologies are currently
estimated to be economically feasible for water depth
down to 1000 meters, mainly due to the mooring,
anchorage and cabling works used.

Mean wind speed is one of the primary ways to
measure wind energy resources. In general, the
wind velocity profile in the atmosphere increases with
height, which is why turbines have steadily become
taller and taller over the years. At greater heights
is also where the air is less dense, which in turn
causes diminishing energy resources since the power of
a wind-stream is directly proportional to air density.
However, it varies to the cube of wind velocity; so
higher wind speeds correspond to higher energy.
Average wind speeds are commonly measured from
meteorological observations at 10 metres above
ground level and then converted to the desired rotor
height. Turbine manufacturers determine cut—in and

cut—out speeds at those heights to protect the turbine
from damage, usually fixating them between 3 m/s
and 25 m/s. These limits are also applied in this
analysis, serving as an evaluation criterion.

3.5. Eligible Locations

With the exclusion and evaluation criteria defined,
their respective restricted zones are merged to create
a layer of ‘incompatible locations’. Afterwards, a
geometric subtraction of these polygons is executed
from the country's total surface, creating the
data layer of the ‘eligible locations’.  Contrary
to the previous ones, these are the available
suitable areas for developing green hydrogen projects
today—constituting one of the objective deliverables
of this thesis. Figure 2 illustrates the aforementioned
information, depicting both countries in a bicolour way
of either eligible (in blue) or incompatible (in red)
locations.

4. Numerical Model Layout

Every economic assessment requires the development
of a numerical model that computes the outcome
predictions from the input data. This section minutely
describes the development of the two numerical
models used in this economic analysis. Subsection 4.1
first addresses the broad calculation of the levelised
cost of hydrogen, while Subsection 4.2 takes this
calculation and employs it into a generalised model
to be applied to the whole set of locations of
both countries.  Finally, Subsection 4.3 improves
on the generalised model and describes the entire
development of a specific optimisation model.

4.1. Hydrogen Economic Fairways

In this work, the pathway to define the economic
viability of the hydrogen projects is based on the
method recently employed by S. Walsh et al. [15].
Likewise, this analysis applies a sub—model developed
in Microsoft Excel, which considers all the distinct
parameters essential to compute the cost of hydrogen
production in the eligible locations obtained in the
previous section.

The levelised cost of hydrogen is a benchmark com-
monly used to determine the feasibility of a hydrogen
project. Above all, it measures the cost of producing
one unit of hydrogen during the lifetime of the project.
Equation 1 presents the generalised formulation used
in this thesis.

Kres + K,

Ha

LCOH®™ = (1)

Note: (*) is replaced according to the RES associated with the

calculation: (pv) for solar photovoltaic parks, (wd) for onshore

wind farms, (fx) for o shore xed wind farms or (ft) for o shore
oating wind farms.

where: Kggs is the overall cost structure of the RES

power plant, in EUR; Ky, is the overall cost structure
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