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Abstract

The Atlantic coast of Europe has very high demand for maritime transport, with
important commercial ports and tourist areas that emit significant amounts of
greenhouse gas emissions. In an effort to address this, the impact of electric and H,
ships for freight and passenger transport along the Atlantic coast on the European
energy system in 2050 is analyzed. An optimized energy supply model is applied,
which envisions a cost-optimal infrastructure with 100% renewable energy across all
of Europe, employing hydrogen as an energy vector. To achieve this target, a
minimization of the total annual costs to supply electricity and hydrogen demands is
carried out. The obtained results indicate that Ireland will play a key role as a
hydrogen supplier as ship demand rises, increasing onshore and electrolyzer
capacities, mainly due to comparable low-cost renewable electricity production. The
preferred supply routes for Irish hydrogen will be pipelines through the United
Kingdom and France to export energy to continental Europe. An increase in salt
cavern storage capacity in the United Kingdom, central Europe and Spain is
observed. H, and electricity are shown to be essential for the deployment of more
sustainable maritime transport and related activities on the European Atlantic coast.
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1. Introduction

Climate change, caused by the increase in anthropogenic greenhouse gas emissions
(GHGs) over the last few centuries, has prompted governments and societies to
change their environmentally-harmful policies and behaviors in favor of more
sustainable pathways of energy consumption and generation. As a result, many
roadmaps in individual countries or groups have been developed [1-6]. The
increasing contribution of variable renewable energy sources (VRES) to the energy
system is the prevailing decarbonization route for current systems, and this increased
globally by 50% in the five years between 2013 (1563 GW) and 2018 (2351 GW) [7].
However, the intermittent character of VRES necessitates the use of energy vectors
to store the energy over long periods of time and balance the electrical grid [8,9].
Hydrogen is currently receiving significant attention as a potentially suitable energy
carrier by many country roadmaps and studies [10], as it can be cleanly generated by
means of electrolyzer technology [11-13] or recovered from industrial hydrogen-rich
waste streams using separation techniques [14]. H, fuel can be used for
transportation [15-18], as raw material in industries (chemical, metallurgical [19,20]
and refineries), injected in the natural gas network [21,22] or to balance the electric
grid [23,24], allowing the coupling of different sectors [25]. Although this vector has a
low volumetric energy density, it can be stored, in liquid form, in metal or chemical
hydrides [26—-28] and in gaseous form (vessels, salt caverns or the gas grid).
Furthermore, H, can be transported in liquid form in trucks, large containers and

ships and in gaseous form via pipelines or trucks [29-31].

High investment and a number of challenges must be addressed in order to achieve
the established targets. For this reason, energy system models, as well as the
simulation and analysis of optimal possible future scenarios, are playing an important
role in helping policy-makers and companies make decisions in order to tailor their
actions and investments in an optimal way. Several system models have addressed
the deployment of a high-penetration renewable energy scenario at the European
level, investigating the influence on renewable shares and costs in the cases of
isolated or interconnected countries [32-35]. Child et al. [32] highlighted the
importance of an interconnected European scenario with a 100% VRES power
system to reduce the storage capacity and the total annual costs (TAC). In turn, other

models have considered the coupling of renewable energy with the transport and
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heating sectors [17,36—38]. Cebulla et al. [38] realized that sector coupling reduced
the requirement for electrical energy storage. Moreover, short-term storage was more
suitable for regions with frequent periods with an excess of VRES. However, aviation,
shipping and pipeline transport have not been considered thus far. In contrast, other
studies have focused on decarbonizing the energy system by utilizing H, as an
energy vector at different regional levels and accounting for diverse generation

technologies and demands, as described in the following.

An energy study for Europe with different shares of VRES and assuming a power
demand for 2050 was assessed by Gils et al. [39]; however, H, was considered only
as a storage resource and solely becoming important at high solar contributions. On
the other hand, an H, deployment scenario was cost-optimally designed by Samsatli
et al. [40], satisfying a 100% penetration assumption for fuel cell-electric vehicles
(FCEVs) as domestic transport demand across Great Britain, with onshore wind
turbines for generation. Pressurized vessels, underground salt caverns, as well as
depleted oil and gas fields, were considered as storage solutions and H, pipelines
and electricity lines for transmission. In Robinius et al. and Welder et al. [25,41], a
hypothetical energy system for Germany in 2050 was developed. In the former study,
an H, transmission and distribution pipeline grid was created to cover future demand
of FCEVs with surplus energy from diverse renewable energy sources (RES). In the
latter work, only eligible onshore wind was used, but with consideration of both
mobile and industrial H, demand. Additionally, a new hydrogen transmission pipeline
infrastructure was designed on the basis of compressed natural gas pipelines,
highways and railways and utilizing salt caverns and gas pipe as storage. In the
study by Guandalini et al. [42], a power-to-gas system was applied to Italy in 2050,
producing an amount of H, equivalent to 5-6% of all natural gas consumption, or 6-
8% of the total transportation fuel supply. With a different target year of 2035, Tlili et
al. [43] assessed the potential of generating H, in France with RES and nuclear
energy. In an isolated countries scenario, the available surplus energy for producing
H> was higher than in a highly interconnected case but with a lower nuclear capacity

factor.

Finally, Caglayan et al. 2021 [44] designed a European hydrogen infrastructure to
supply electricity and H, in a 100% renewable energy scenario for 2050. The

electricity was based on the e-Highway “100% RES” project [45] but substituted
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electric vehicles with FCEVs. Underground salt caverns were used for storage [46],
as well as different conversion technologies, with electrical grids and hydrogen

pipelines conducting transmission.

Despite all the interesting system models developed, none of them have included the
maritime sector in their analysis, which accounted for 2.6% of global CO, emissions
in 2012 [47]. In 2018, the International Maritime Organization (IMO) established the
target of reducing total annual GHG emissions in the sector by 50% or more by 2050
against 2008 to align with the 2015 Paris Climate Agreement goals [48,49].
Moreover, and beyond GHG emissions, a link between particulate matter (PM)
emissions from global shipping and health effects was evaluated, with around 60,000
premature deaths estimated annually [50]. For these reasons, many scientific studies
and projects are being developed to achieve the target established by the IMO for
2050 using more bio-friendly systems and fuels to decarbonize the sector [51-55].
Fuel cells have gained much attention in ships and submarines as they can be used
as power auxiliary units or for propulsion depending on the ship power requirements
[53,56-59]. In addition, fuel cells can be also used as an alternative to cold ironing,
reducing the emissions at ports [60]. Other projects are focused on hybrid power
systems to enhance the transition to cleaner fuels reducing emissions in comparison
to original engines [52,61-63]. Furthermore, some companies are developing
liquefied H, carriers to promote the transport and use of hydrogen in different
countries [30,31,64].

On the other hand, the Atlantic coast of Europe is characterized by many important
ports, with intensive cargo ship traffic for trading with other countries and is a notable
tourist area with many passenger ships. This high volume of ships implies a
significant amount of GHGs and other harmful emissions being secreted in the region
[65,66]. In this sense, projects have been launched in this area to promote hydrogen
[67—70] and some companies have developed fuel cell ships [71,72] or use hydrogen
as a fuel or as auxiliary support, combined with renewable energy technologies [73].
These investigations and developments prove that electricity and hydrogen could be

used as cleaner sources of propulsion for ships.

The previous aforementioned studies and projects focus on hydrogen performance
and storage in ships. However, none of the previous energy systems models have
considered the implications of maritime transport despite being the main mode for
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goods transport. Hence, the impact of the new hydrogen and electric demand for

shipping on the future European energy system as a whole has yet to be addressed.

The main novelty of this work is the study of the impact of a futuristic electric and
hydrogen maritime sector on the European energy system in 2050 for a scenario with
100% renewable energy sources. This impact has been considered including the
estimated electrical and hydrogen demand of ships from the ports of the Atlantic
coast of Europe in 2050. The transport activities of freight and passenger ships in the
main ports of this coast that have been registered in the Eurostat database [74] have
been included. The optimizer energy model minimizes the TAC of an interconnected
European system based on an electrical and Hy infrastructure that selects the most
adequate technologies and capacities in each region. The model provides an optimal
design of the infrastructure of the energy system across Europe to satisfy the electric
and H, demands in all of the regions. Furthermore, the hourly operation time series of
all of the technologies through the year 2050 are calculated for every region. In this
way, a snapshot of the 100% renewable energy system configuration required in
2050 with a high penetration of eco-friendly ships is shown to promote its transition

by the corresponding policy agents.

In this work, the technologies and the electrical and hydrogen demands included as
input for the energy system model are first described. Then, a discussion of the
results is conducted in terms of TAC, technology capacities, the state of charge, the
operation of some technologies and the electrical and hydrogen balance in two

regions. Finally, the main conclusions of the work are drawn.

2. Methodology

This section briefly describes the energy system model and the boundaries employed
in this work. Then, the main technologies considered in each region for optimization
are provided. Ultimately, a detailed explanation of the methodology employed to

calculate ship electricity and hydrogen demands is presented.



2.1 Program

The optimized design of the energy system discussed herein is based on a program
developed in the Python language named Framework for Integrated Energy System
Assessment (FINE) [75], which is explained in detail in Welder et al. [41]. This
program minimizes the TAC of the energy system, selecting and adjusting the
capacity of the optimal renewable energy sources as well as the conversion,
transmission and storage technologies in each region. An interconnected electric and
hydrogen infrastructure between regions across Europe is designed, with each region
represented as a node of a network and transmission between them by edges. The
system enables the exchange of electricity and hydrogen commodities and the
deployment of specific technologies and capacities in each region in accordance with
their specific characteristics. The techno-economic parameters of each technology
are defined as input for the optimization problem. In this way, the system is able to
satisfy the expected hourly electricity and hydrogen demand across all regions and at
all times in 2050. In terms of temporal resolution, the model employs an hourly time

series for that year.

2.2 System definition

The energy system definition employed here is the same as in the work of Caglayan
et al. 2021 [44], where it is explained in detail; therefore, a brief description of their

energy system concept is presented here.

For the regional boundaries of Europe, 96 regions were considered in accordance
with the e-Highway project [45]. In each region, energy carriers can be generated,
consumed, converted or stored using the same technologies as proposed in
Caglayan et al. 2021 [44], as is shown in Fig. 1. The same values of specific
investments of all technologies are taken, and are considered constant for all regions
except in the case of onshore and offshore wind, with variable costs according to the

size and location of the turbines, as discussed in Ryberg et al. and Caglayan et al.



[76,77]. In these studies, the maximum capacity was calculated through diverse land

eligibility constraints.
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Fig. 1. Generation, transmission, conversion and storage technologies considered in the

model.

In their study, only RES generation technologies were considered, including onshore,
offshore, photovoltaic (PV) fixed or with sun tracking in open fields, as well as PV on
rooftops, biomass and run-of-river (ROR) hydropower [44]. The renewable feed-in
time series for onshore, offshore and PV were created with the weather dataset,
Modern-Era Retrospective Analysis for Research and Application, Version 2
(MERRA-2) [78] and the simulation tool, RESKit [76,79]. The capacities of ROR and
hydropower were assumed to be fixed respect to 2015. In addition, biomass was
treated as a commodity that could be acquired when needed to generate electricity

with heat and power (CHP) technology [44].

To convert Hy from electricity by means of a clean process, polymer electrolyte
membrane (PEM) electrolyzers were considered to be the best option [80].
Regarding the conversion from H;, to electricity, five technologies were taken into
account: PEM fuel cells, solid oxide fuel cells (SOFCs), hydrogen open cycle gas
turbines (OCGTs), hydrogen combined cycle gas turbines (CCGTs) and hydrogen
gas engines [44].



For energy storage, electricity was expected to be stored by using lithium-ion (Li-lon)
batteries, which have a fast and steady response time and small self-discharge rate
(less than 0.3%) [81], and by using pumped hydro storage (PHS) and hydro
reservoirs systems with fixed capacities [44]. In the case of hydrogen storage, thin-
bedded structures and salt domes were considered with the technical capacity in
each region defined from the study of Caglayan et al. 2020 [46]. Both salt caverns
have the benefit of being very gastight and inert with H,, while possible reactions
between hydrogen and microorganisms or mineral constituents in depleted fields and
aquifers can occur [82]. However, as not all of the regions feature salt caverns,
vessels were also included in the model that could be used as alternative hydrogen

storage media [44].

With respect to energy transmission, the electricity was transmitted through high-
voltage direct current (HVDC) and high-voltage alternating current (HVAC) lines,
which are considered fixed and carrying zero investment costs. For H; transmission,
pipelines were considered to be the best and most economical method for
transporting hydrogen on a large scale and across significant distances (greater than
200 km) due to their lower operational costs in demand-intensive scenarios [83,84].
The shortest path for pipelines between regions was extracted combining the existing

infrastructure of roads, railways and natural gas pipelines.

Finally, for electricity demand, the estimated value for 2050 from the e-Highway
project [45] was used, which included a large share of electrified heat demand for
space and water heating in residential and non-residential places. However, instead
of considering electric vehicles as electricity consumers, a 75% penetration of FCEVs
was assumed for the hydrogen demand. In this study, the expected market
penetration for 2050 was reduced to 50% [85].

2.3 Ship electricity and hydrogen demands

In this study, a special emphasis is placed on the Atlantic coastal regions of France,
Spain, lIreland, the United Kingdom and Portugal, estimating and including the
electricity and hydrogen demand for ships making use of the ports of these regions in
2050.



These estimated marine transport demands provide an insight into the shipping
decarbonization in 2050 to reduce GHGs and other harmful emissions along the
coast and ports of the Atlantic area of Europe. This area is characterized by intensive
ship traffic for both trade and leisure. Furthermore, this work provides a study of the
potential of the hydrogen vector in the area in a bid to encourage policy-makers and

companies to use environmentally-friendly fuels and transports.

For this purpose, the methodology shown in Fig. 2 is employed to estimate the
electricity and hydrogen demands for ships in 2050, with values in 2015 from the
detailed database Eurostat [74] and growth estimations derived from Khalili et al.
[86].

in 2015

&t
(P &1 Compute distance (p-km & t-km)
coefficient per country with
2015 data (km) Apply both coefficients in each
(p-km & t-km) port and aggregate per region in
[ Compute 2015-2050 2050

[ Ports transport data ]

Passenger and freight
transport in countries growth rate (p-km & t-km)

in 2015 and 2050 (p-km & tkm) coefficient per (p-km & t-km)
country \ 4

[ Apply specific energy demand ]

(KWh/p-km & KWh/t-km)

(kWh,) | (kwh, )

v

Apply hot/cold ambient week
electric demand profile from ferry

Hourly ship H2

demand in
2050

Apply annual electric
demand profile from ferry

Hourly ship
electric demand
in 2050

Fig. 2. Flow chart of the methodology to calculate ship demand. Data: Khalili et al. [86]
(blue); Eurostat [74] (pink); Rivarolo et al. [87] (green); and Baldi et al. [88] (yellow).

The marine operations of freight and passenger transport from ports in the United
Kingdom, Ireland, France, Spain and Portugal in the region under study (see Fig. 4)
and registered in the Eurostat database [74] for the year 2015 were identified. These

activities are expressed in terms of the annual gross weight of goods transported (in
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tonnes, t) and passengers transported (in passengers, p) for each port. However, to
attain a projection of marine activities for 2050 for each port, the values from 2015 for
each country from Khalili et al. [86] for both marine freight (in million t-km) and
passengers (in million p-km) modes were collected. As is apparent, both data
sources have different units for each of the transport modes (freight and passenger)
because, in Khalili et al. [86], the weight of the goods or passengers is multiplied by
the distance traveled. To find an equivalence in units between both data sources, an
average “distance coefficient” (t-km/t and p-km/p) is calculated for each country in
2015. In this way, the data from the Eurostat database [74] can be multiplied by the
“distance coefficient” to obtain the same values as in Khalili et al. [86] for the year
2015 and in the same units. The “distance coefficient” is employed for all the ports of
each country, assuming that the average distance traveled is the same for all of them
(Table 1).

Once the marine transport values of all ports have been calculated for 2015 using the
units of Khalili et al. [86], the “growth ratio” for each country between 2050 and 2015
for the same reference is attained. This is accomplished by dividing the transport
estimated value in each country in 2050 by the value in 2015 (Table 1). Furthermore,
it is assumed that all the ports in each country grow at the same pace as the country
itself from 2015 to 2050, computing the “growth ratio” in each transportation mode for
all of the ports in their respective countries. The coefficients calculation can be found

in the Supplementary Material.

Table 1. Average “distance coefficient” and “growth ratio” between 2050 and 2015 for each

country.

Average distance coefficient Growth ratio 2015-2050 (-)

Country Ftrﬁ:rg/[:; P‘z:jfr:?:)rs Freight  Passengers
UK 4230 251 2.1 5.2
Ireland 4140 190 1.4 1.1
France 6744 238 1.6 2.9
Spain 2942 170 1.3 1.6
Portugal 2552 1089 1.2 1.1

Once the freight and passenger transportation activity values for the year 2050 in

each port are quantified, the annual electric and H, demands for shipping are

10



calculated with the corresponding specific energy demand estimations for 2050 [86].
These values are 0.02 kWhg/t-km and 0.029 kWh,/t-km for freight mode and 0.325
kWhe/p-km and 0.461 kWhyo/p-km for passenger mode [86]. The ship demands
calculated by each port are added up to compute the regional demands for each
commodity. The detailed annual electricity and hydrogen demands calculations by

regions can be found in the Supplementary Material.

The temporal resolution of the model used in this study is hourly, and for that reason,
these annual values must be disaggregated by the hour. As there is a lack of data on
hourly electric energy demand in ports, the electric consumption profiles for hotel
services and related services from a cruise ship during a typical week of operation,
from Rivarolo et al. [87], is employed. These vessels can offer an insight into the
electrical variability required in ships with high energy demand for non-propulsion
processes. The normalized week electrical demand profile from Rivarolo et al. [87] in
cold ambient is repeated cyclically in the months between October and April and the
warm ambient week in the months between May and September. Moreover, to better
represent the energy demand evolution along the year because of differences in
ambient temperature, the normalized daily electric power demand profile of a cruise
ship, from Baldi et al. [88], is also applied. The resulting ship electricity demand for
ships in the region of the northeast of France is represented in Fig. 3. Electrical
power demand is higher in ships during the summer months due to heat, ventilation
and air conditioning needs than in the winter months, while ferry operations see an
increase due to tourism [88]. However, the total electricity demand during summer is
lower due to a reduced electricity demand for the rest of applications (heating,

lighting, etc.), as can be seen in Fig. 3.
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Electricity and Hz demands in northeast region of France
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Fig. 3. Total and ship hourly electricity and H, demands (GWh) in the northeast region of
France

H, fuel is expected to play a dominant role in 2050 for marine passenger and freight
transport. H, could be used to reduce emissions [6,86,89], as an auxiliary power
supply system [6,90], as a hybrid fuel with biofuels and synfuels [91-93], or to
support the high energy demand of auxiliary engines and boilers for the on-board
operations of large ships in berth [47,60,94]. However, the ship H, demand profile is
considered constant throughout the year because there is no data from hydrogen
refueling stations dedicated to marine vessels or the use of this fuel in the maritime
setting in the first place, as it is still in the research stage. Nevertheless, due to the
dense marine traffic between ports and regions, the fact that maritime trade is usually
regular throughout the year and the energy demanded by ships during operation at
berth [47,95,96], an average value of H, demand can be considered a good
approximation. Therefore, the average annual hydrogen demand is divided by the
number of hours of a year to obtain an average hourly H, demand per region. In Fig.
3 the total and ship H, demands for the northeast region of France are represented.
The ship H, demand is constant throughout the year with the previous assumption
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considered and the variable profile of the total H, demand corresponds to the hourly
profile of a fueling station for the FCEV [44].

Fig. 4a shows the total annual ship electricity demand (TWh/y) in each of the regions
studied on the European Atlantic coast. Its contribution to total electricity demand in
each region and along the Atlantic coast is represented in percentage values in black
and red, respectively. As can be observed, a high contribution of ship electricity
demand is expected in 2050 in each region, especially in the United Kingdom and
northeast of France, reaching a third of the total electricity demand in some of those
regions. In total, the electricity demand from all the ships on the Atlantic coast would
be around 4.26% of the total electricity demand in Europe. This contrasts with the
nearly zero electricity demand currently and the important development that must be

carried out in the electric marine sector to achieve these values by 2050.

In Fig. 4b, the total annual ship H, demand (TWh/y) in each of the regions along the
Atlantic coast studied is plotted and its contribution to the total H, demand of each
region is represented in percentage values in black. The share of regional ship H;
demand to the total Atlantic coast H, demand is depicted in red. As can be seen, the
ship H, demand generally predominates over FCEV demand in all of the regions,
highlighting the role of maritime transport on the Atlantic coast of Europe and the
efforts that must be addressed in this sector to achieve this high H, demand

compared to the null current hydrogen demand.
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Fig. 4. Annual ship demand (TWh/y) and its contribution (%) to regional demand (in black)
and to total Atlantic coast demand (in red) in terms of electricity (a) and H, (b) in each of the

regions of the Atlantic coast of Europe considered.
2.4 Scenarios

As this work is an estimation of the future consumption of electricity and H; for freight
and passenger transport ships in 2050, the real values could differ. Therefore,
different penetration scenarios of ship H, demand are simulated to analyze its effect
on the model. The electricity demand of ships is maintained constant with the value
calculated previously in order to be able to emphasize the influence of H, as an
energy vector for maritime transport. Furthermore, the electricity demand derived
from the e-Highway project [45] and the H, demand for the FCEV also remained

constant in all scenarios.

The range of variation of ship H, demand spans from 0% of the values calculated
previously, considered the reference case (S0), up to 160% (S160), implying an
increase of 60% with respect to the calculated values. This overestimation allows
observing the impact if the calculated values are underestimated with respect to
reality in 2050. Scenario S100 is the case in which the ships use 100% of the values
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of Hy calculated previously (Fig. 4). Intermediate steps of 20% are included to track

the evolution of costs and capacities in the energy system.

These penetration scenarios enable an analysis of the impact of less polluting
vessels for freight and passenger transport concerning the Atlantic area and their

requirements in a transition to a more sustainable European energy system.

3. Results and discussion

The results obtained in this study using the methodology previously discussed are
described in this section in order to analyze the economic and technical impact of the
additional ship H, demand on the European energy system. Then, a study of the
energy system behavior in scenario S100 is conducted in order to better understand

the relationships between the different technologies considered.
3.1 Impact of ship H, demand

Fig. 5a shows the TAC (10° €/y) of the main technologies and storage systems
across all of Europe with respect to the scaled ship hydrogen demand scenarios. The
generation technologies with the highest TAC values in 2050 will be onshore wind,
PV fixed and offshore. As the ship H, demand increases, the TAC of the technologies
rises linearly. However, in the case of electrolyzer and onshore technologies, a steep
slope is produced between scenarios 0% (S0) and 160% (S160), increasing a 49.4%
and 16.7%, respectively. For the remaining technologies, the slope is very slight.
These results can be explained with the capacities of generation, conversion and
transmission technologies and storage systems that will be installed in 2050, which
are shown in Fig. 5b. Electrolyzer and onshore technologies have variations in
capacity values of 49.4% and 17.3% between 0 and S160, respectively, similar to the
TAC case, because capacity and TAC are directly related. Therefore, onshore
technology will be the main renewable source of electricity to generate hydrogen as

the demand from ships increases.

It can be noted that fixed PV will have a high installed capacity with a lower variation
than onshore wind (5.7%) between the extreme scenarios. Thus, PV is a very
important technology for electricity generation, compensating for the wind

fluctuations, but with little dependence on ship H, demand. On the other hand,
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offshore technology will have a smaller installed capacity but make a relatively high
contribution to the TAC.

The capacity of H; pipelines is defined as the product of the mass flow rate (g/s) and
lower heating value (LHV, in MJ/kg) of H,. HVAC and HVDC have zero TAC values,
as they are defined exogenously, without investment costs or expansion. However, a
highlighting fact is the high contribution of the H; pipeline to the capacity but with very
little impact on the TAC, with values lower than 0.4% of the TAC for each scenario,
demonstrating the importance and feasibility of the use of pipelines for H; transport in

2050 with low investment.

In terms of storage capacities, the largest installed systems will be salt caverns and
hydro reservoirs, with the former accounting for around 54% of the total installed
storage capacity. These systems will be used for long periods and with an increase of
7% for salt cavern capacity between the SO to S160 scenarios, remaining constant
for hydro reservoirs due to the capacity being considered to be fixed [44]. This 7%
variation in salt cavern capacity means 13 TWh, while ship H, demand has increased
from O TWh in scenario SO to 383 TWh in S160. This result highlights the slight
increase in storage requirement when a high amount of H, demand is added and the

reduced impact on the TAC (Fig. 5a).

Therefore, the deployment of hydrogen ships in the Atlantic area to promote cleaner
transport of freight and passengers requires the reinforcement of the European
energy system and its technologies with a relatively low additional TAC (11%)

between scenarios SO and S160.
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Fig. 5. a) Variation of total annual costs (TAC, in 10° €/y) and b) main generation, conversion
and transmission technology capacities (GW) and storage capacities (TWh) versus

percentage of ship H, demand across all regions of Europe.

To determine the impact of ship H, demand across the regions of Europe, Fig. 6a
shows the difference in the capacity of the main RES technologies, H, pipelines and
salt caverns between scenarios S160 and S0. On the other hand, Fig. 6b displays
the layout of the capacities that would be required in 2050 in scenario S160. The total
storage capacity is increased from 184 TWh to 197 TWh from the SO scenario to the
S160 case, mainly increasing in Northern Ireland (7 TWh), the southern region of
Scotland (3 TWh) and the southwestern United Kingdom (2.7 TWh), but decreases
by around 2 TWh in the Wales-Midlands area of the United Kingdom and in the west
of Germany. Minor variations are also produced in other regions of Europe.
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Analyzing the optimal VRES capacities in the two scenarios, a combination of
different generation technologies is observed in the center and north of Europe, with
the dominance of onshore, while in the southwest PV without tracking predominates,
as explained in Caglayan et al. [44]. The main increases are produced for onshore
(123 GW) and PV fixed technologies (63 GW). Onshore capacity is mainly increased
in Ireland (72 GW) and lower variations are produced in the London area and the
Netherlands. On the other hand, the capacity of fixed PV in the field is increased in
Scotland, southeast of Spain and the Netherlands. Offshore technology only
increases by 4 GW between extreme scenarios, varying only in Wales-Midlands and

the north of Germany.

With respect to the H; pipelines, an important growth in the capacities of Ireland, the
United Kingdom and the interconnection with France can be observed in Fig. 6a. The
low cost of electricity generation in Ireland and the United Kingdom and the high full
load hours (FLH) of onshore technology favor the conversion from electricity to
hydrogen via electrolyzers and transportation with high-capacity pipelines to
continental Europe [44]. As the H; pipeline between southern Ireland and the south of
Scotland achieve the maximum established capacity (48 GW), a reinforcement of the

pipeline route southern Ireland — Northern Ireland — southern Scotland is proposed.

Furthermore, the pipelines primarily reinforce their capacities in regions where
hydrogen demand has increased, in this case, in the areas along the Atlantic coast
where ship H, demand has been varied in the studied scenarios. However, the
pipelines of other European regions also increase their capacities, as in the case of
southeastern Norway or the north of Germany, to support the additional ship H;

demand with cheaper commodity production.
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Fig. 6. a) Difference in salt cavern capacity, RES technologies and H, pipelines across
regions of Europe between scenarios S160 and SO; b) Capacity distribution in scenario
S160.

The increase in the installed capacities (GW) between scenarios SO and S160 of
onshore and fixed PV RES technologies previously discussed can be better
observed in Fig. 7a and Fig. 7b. Ireland, with an increase of 72.3 GW for onshore, is
plotted in green and out of scale so as to be able to appreciate the variation in the
remaining regions, as in the case of London, Wales-Midlands and the Netherlands.
However, small variations would be required in many other regions in the central and
northern Europe to support the production of electricity for H, production in the S160
scenario. A decrease in onshore capacity is observed in the southwest of the Iberian
Peninsula and is replaced by fixed PV. This latter technology, along with the main
increases in Scotland, southeastern Spain and the Netherlands, also requires minor
variations in other regions in the center and south of Europe (Fig. 7b). Furthermore, a
small reduction in the fixed PV installed capacity is produced in Ireland or other
regions because the model assumes that electricity can be produced more
economically with onshore technology or in adjacent regions.

Regarding conversion technologies, scenario S160 would require installing additional
63.8 GW of electrolyzers in Ireland (Fig. 7c). This value is close to the onshore

increase in the same region, confirming Ireland to be the main supplier of H, for ship
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H, demand in the Atlantic area. Moreover, electrolyzer capacity would also need to
grow in the other regions, where onshore and fixed PV are further deployed to
produce H; from renewable electricity, as in the case of Scotland, London, Wales-
Midlands, the Netherlands and southeastern Spain. Finally, as ship H, demand
increases, a small variation in the capacity of hydrogen gas turbines (CGT) is
required (Fig. 7d). The capacity increases in the south of Scotland, the Netherlands
and in the London area because a higher amount of H, is generated with
electrolyzers and stored in salt caverns and converted again into electricity with Hy
turbines. On the other hand, the installed capacity decreases in the S160 scenario in
Scotland, Wales-Midlands and central Europe. This can be explained because more

electricity is produced directly with the reinforcement of RES technologies.

a} Onshore b) PV fixed
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Fig. 7. Difference in installed capacity (GW) of: a) onshore, b) fixed PV, c) electrolyzers and
d) Ho CGT (CCGT+OCGT) technologies across the regions of Europe between scenarios
S160-S0.

3.1 Analysis of scenario S100

In order to better understand the energy system, an analysis of scenario S100 in
terms of the operation of different technologies in one region (Fig. 8), the state of
charge of salt caverns in another region (Fig. 9) and electric and H, balance in two

other regions (Fig. 10) is carried out.

In Fig. 8, operation in the region of London in scenario S100 for the year 2050 for the
onshore, fixed PV, electrolyzer and Li-lon batteries technologies are graphed. With
regard to RES, higher electricity generation with onshore technology compared to PV
can be observed during fall and winter, despite the daily fluctuations. A soft “eye
shape” shadow (slightly wider than the PV fixed generation) of lower operation can
also be perceived because wind is driven by sun energy, originating boundary layers
and turbulences due to the thermal effect on land and the creation of transitions

between day and night [97].

On the other hand, electrolyzers harness electricity from both onshore and fixed PV
following their characteristic generation patterns throughout each day and during the
year. Electrolyzers work at maximum capacity most of the time because the model
has optimized their capacities to increase their FLH; however, only a small part of the
energy generated is used by them, as electricity is also used to supply demand in the

London area, as well as being exported to neighboring regions.

In the case of the state of charge (SOC) of Li-lon batteries, intra-day changes are
displayed with large transitions throughout the day, evincing their use for short-term
storage in order to balance electrical and hydrogen demand. In the early hours of the
morning, batteries start to be discharged to supply electricity demand and are
charged again after midday with energy coming from the sun, which is collected with
PV. This cycle is repeated almost every day; however, during the first and last days
of the year, the pattern is more irregular, in line with the months that have lower sun
irradiance, as indicated in the fixed PV graph with the “eye shape” operation. There
are some days on which batteries remain charged, as energy can be directly supplied

from other sources.
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Fig. 8. Operation of onshore, PV fixed, electrolyzer and SOC of Li-lon batteries in GWh in

the S100 scenario from the region covering London for the year 2050.

In order to analyze the energy use of salt caverns, Fig. 9 shows the evolution of the
SOC throughout the year 2050 in the S100 scenario in the regions i) Basque Country
— Navarre (Spain), ii) Northern Ireland and iii) The Netherlands. In Fig. 9a, the SOC in
terms of energy values (TWh) indicates the energy stored on each day of the year,
while Fig. 9b shows the percentage of the salt cavern capacity that is filled. As can be
observed, the energy stored diminishes during the spring season and the beginning
of fall, due to a reduction in the energy generated with onshore and PV fixed
technologies. On the contrary, at the end of the spring and during summer, the
electric demand is lower (Fig. 3) and energy generation with PV is increased (Fig. 8),
charging the salt caverns for the rest of the year. Additionally, at the end of the year,
onshore generation is increased and the electric demand is still not at maximum

values, enabling the storage of more H, for winter and spring.

In the case of (i), the energy stored is lower than in other regions, because the
maximum capacity is nearly 4 TWh (see Fig. 6); however, during the months of
summer and fall, it is nearly at full capacity with values around 100%, confirming the
reasons exposed. The system designs the capacities of salt caverns in small regions
in accordance with their own demands and from neighboring regions to prevent
overcapacities and over costs. For that reason, the Spanish region (i) gets filled up

during long periods, to cover mainly their necessities and for a few nearby regions. In
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the case of Northern Ireland (ii), there is a higher installed capacity of salt caverns
(11.3 TWh), but the periods with full storage are shorter than in the Spanish region,
exporting the H; to other regions with lower capacities and which are not self-
sufficient, as can be seen from the pipelines distribution in Fig. 6. Finally, the
Netherlands (iii) salt caverns have the highest storage capacity (23.6 TWh) in
Europe, reaching around the 80% of the total capacity at the beginning of winter, as
can be seen in Fig. 9b. This region mainly exports H, to the rest of regions and
provides an extra storage capacity in the center of Europe for the years with higher

energy generation and lower demand, avoiding excessive curtailments.

Therefore, a good optimization and distribution of the salt caverns across Europe
enable the exchange of H, between regions to fulfill the high number of sustainable
ships estimated in 2050. This fact reinforces the importance of an interconnected
Europe to harness the higher energy generation from regions with favorable
conditions and support the regions with higher demands and lower generation

capabilities.

a) State of charge of salt caverns (TWh) b) State of charge of salt caverns (%) 100
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Fig. 9. SOC of salt caverns in the regions of i) Basque Country - Navarre (Spain), ii) Northern
Ireland and iii) The Netherlands in terms of TWh (a) and percentage (b) in the S100 scenario
for the year 2050.

23



To analyze the balance of energy production and demand, the model can calculate
the hourly operation time series of all technologies in every region in terms of electric
and H balances throughout the year 2050. In Fig. 10, the balances of the regions of
Wales-Midlands (United Kingdom) (a) and Ireland (b) during the last days of May and
the first ones of June are shown as examples of the operation of individual
technologies. Positive values mean the generation, production or import of electricity

or H, while negative values indicate their consumption or export to other regions.

In Wales-Midlands (a), in the case of electricity, the demand is usually covered with
onshore, offshore and fixed PV in the field. Nevertheless, there are some periods that
utilize backup electricity production from hydropower, H, CCGT or OCGT, or from Li-
lon batteries. In addition, import from neighboring regions is necessary and more
economically-beneficial to balance the demand. There are periods in which energy
generation with RES is higher than the demand, taking advantage of the energy
surplus to export electricity to the neighboring regions, charge Li-lon batteries or PHS
systems or convert to H, through electrolyzers. However, excess electricity is

sometimes curtailed.

Analyzing the H, balance, the commodity is imported through pipelines, possibly from
Ireland (Fig. 10b), and used to fulfill H, demand and store the surplus in salt caverns.
As the import of gas is highly variable, salt caverns must be discharged to satisfy the
demand when imports are scarce and to export it to other regions (Fig. 9). Hz
produced with electrolyzers is stored in salt caverns or used to supply the demand. At
certain times, imported H, or that from salt caverns is employed to generate
electricity with CCGT and OCGT technologies, assisting the electricity demand. At a
glance, during this period in this region, H, is primarily imported in order to increase
the state of charge of the salt caverns to be used as a backup for other periods of the

year.
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Fig. 10. Electric (upper) and hydrogen (lower) balance with the operation of individual
technologies in the: a) Wales-Midlands (United Kingdom) and b) Ireland regions with the

S100 scenario.

In Ireland (Fig. 10b), the predominant generation of electricity with onshore wind
energy is apparent, with the limited addition of PV technology on some days. This
energy generation is mainly used to supply own demand and is converted to H, with
electrolyzers. As this region lacks salt caverns, the H; is exported to many of the

European regions, making it one of the main suppliers of this commodity.

Curtailments can be observed when the H; produced with electrolyzers reaches the
maximum capacity of the pipeline and vessels, which is demonstrated as flat caps in
the H, export profile. However, these capacities and the overall system were
optimized by the model to achieve the minimum value of TAC, therefore providing the
most feasible energy system based on RES and H; for the year 2050. In this way,
electricity and H, demanded by ships on the Atlantic coast of Europe can be fulfilled,

facilitating the transition to a more sustainable energy system.

To summarize, Europe should reinforce the current energy system to achieve in 2050
a sustainable maritime transport of freight and passengers based on electricity and
hydrogen. To achieve this goal, an optimal infrastructure of hydrogen pipelines
between countries should be installed creating an interconnected network to cover all
regions and ports. This would enable the transport of this gas from countries with
higher RES (especially Ireland, the United Kingdom and north of Europe) to the
countries with higher demands and less renewable resources. In addition,
electrolyzers will be very relevant for the generation of H; with electricity from RES. In
this work, the region of Ireland is highlighted as the main producer of H, through
onshore wind and electrolyzers and the main exporter to Europe of this commodity.

Additional PV installation will offer support to the electricity generation with RES
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when the ship demand is increased, especially in summer. Furthermore, the creation
of salt caverns through Europe will be the key step to the use of H, as an energy
vector, storing the energy for long periods and being supplied again when it is
required. In this way, the electricity and hydrogen demands in all the countries and in
the ports will be fulfilled saving energy and avoiding the emissions of pollutants from

fossil fuels.

4. Conclusions

This study analyzed the impact of ship electricity and H, demands on the European
energy system in 2050. To achieve this goal, an estimated ship electricity demand in
2050 and different penetration scenarios of ship H, demand from freight and
passenger marine transport along the Atlantic coast of Europe were considered to
visualize the infrastructure that should be deployed. The energy model formulated

was based on the work of Caglayan et al. [44].

A predominance of H, demand from maritime transport compared to FCEV can be
observed on the Atlantic coast in 2050 in most of the regions, highlighting the
importance of developing the marine sector to reduce pollutant emissions. On the
other hand, the higher ship electricity demand during summer has a low impact over
the total electricity demand in each region. Increasing hydrogen demand for shipping
results in higher total annual costs and installed capacities. The main technology
expansion occurs in Ireland, increasing the onshore and electrolyzer capacities by 72
GW and 64 GW, respectively. Fixed PV technology also increases its capacity in
some regions to support the high H, demand from ships, especially during summer,
when there is an increase of passenger transport with ferries. In contrast, the
capacity of offshore technology is very low influenced by the penetration of ship
demand, varying only 4 GW between scenario SO with zero ship H, demand and

scenario S160 with 160% of the estimated ship H, demand.

A reinforcement of salt cavern storage, mainly in the United Kingdom, is required
when the ship H, demand increases between the SO and S160 scenarios to extend
the capability of balancing the energy system with higher H, demand. Salt caverns
are discharged during winter and spring when the demand is high and the generation

is low, and charged again in summer to support the rest of the year.
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Pipelines mostly increase their capacities in Ireland, the United Kingdom and the
interconnection with France, which strengthens their position as the leading suppliers
of energy to Europe, with low costs and high FLH for electricity generation. However,
additional minor expansion in the pipeline capacities in the regions of northern
Europe is required with the higher demanding scenarios for additional H, supply for

ships at a lower cost.

Many studies and projects about fuel cells and storage applied to ships are on
development to increase the energy power density and autonomy, especially for the
long distance transport. Therefore, an appropriate infrastructure for H, generation
and supply across Europe should be deployed to enable the transition to more
sustainable ships in 2050, with a relatively low cost but with a high positive impact on

the environment.

Further work will be necessary to adopt more realistic electrical and hydrogen
demand curves throughout the year according to the different types of ships that
travel within the region under study. This will enable the further quantification of
hydrogen demand for maritime operations and its impact on the energy system in
Europe in 2050.
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Nomenclature

CCGT Combined cycle gas turbine
CHP Combined heat and power

FCEV Fuel cell electric vehicle
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FLH
GHG
HVAC
HVDC
IMO
JCR
LCOE
Li-lon
OCGT
PEM
PHS
PM
PV
RES
ROR
SOC
SOFC
TAC
VRES

Full load hours

Greenhouse gas emissions
High-voltage alternating current
High-voltage direct current
International Maritime Organization
Joint Research Centre
Levelized cost of energy
Lithium-ion

Open cycle gas turbine
Polymer electrolyte membrane
Pumped hydro storage
Particulate matter

Photovoltaic

Renewable energy sources
Run-of-river

State of charge

Solid oxide fuel cell

Total annual cost

Variable renewable energy sources
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