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A B S T R A C T

To meet global greenhouse gas (GHG) reduction goals, the shipping sector must also be defossilized. Hydrogen- 
powered systems could be particularly advantageous for short- and medium-range routes, such as ferries for river 
or strait crossings. For such applications, metal hydrides offer a promising way to store the hydrogen needed to 
power the respective ship’s propulsion system. In such metal hydrides, hydrogen can be stored safely and without 
any storage losses under ambient conditions (pressure/temperature). To evaluate the suitability of these metal 
hydride storage systems as part of a hydrogen-powered propulsion system on ships, the design and operation of 
ships with metal hydride storage systems must be examined in direct comparison with battery-driven and diesel- 
powered systems. Therefore, the overarching goal of this paper is based on an optimization-based approach to 
investigate how a metal hydride system can be operated and designed in a technically and economically viable 
manner. Furthermore, the environmental performance resulting from such a system is analyzed. The findings 
show that fuel costs (hydrogen system: 92%, battery system: 85% of total costs) significantly affect the economic 
viability. Compared to a battery-powered system and a diesel-driven system, the hydrogen-powered system 
requires the least amount of space. It remains a viable option even with less favorable discharge rates (ranging 
from 0.03 to 1.0 kW/kWh) of the metal hydride storage system. Thus, if the hydrogen fuel costs decline in the 
future, such a hydrogen-powered propulsion system for ships could be an alternative to pure battery-based 
systems. Additionally, the hydrogen-powered system can significantly reduce greenhouse gas emissions 
compared to a diesel-powered system as long as “green” hydrogen is used.

1. Introduction

The international shipping sector is responsible for roughly 2.5% of 
global fossil fuel-based CO2 emissions and therefore clearly contributes 
to global warming [1]. There are several options to mitigate these 
greenhouse gas (GHG) emissions. Important levers are direct electrifi
cation of the power source, “green” fuels (e.g., methanol, ammonia) 
produced from renewable energy sources, or “green” hydrogen used 
directly as an energy carrier [1].

Analogous to ground-bound transport, direct electrification is an 
option to defossilize, especially smaller vessels with a limited travelling 
distance. This option relies on electricity stored in rechargeable batte
ries. However, as with road transport, this technology clearly reaches its 
limits as weight and distance increase.

“Green” fuels, like biodiesel or bioethanol, will most likely become 

expensive in the short- and medium-term future due to the a priori 
limited available potential on the one side and the given demand from 
various niche markets (e.g., chemical industry, aviation) on the other 
side [2,3]. Additionally, the so far foreseeable production capacities for 
these fuels will by far not be sufficient to cover all transportation needs 
(also including aviation) [4]. Furthermore, air pollution, particularly in 
populated areas, cannot be avoided entirely.

One other option is to use hydrogen directly without converting it 
into “green”, liquid molecules. Hydrogen conversion products do not 
pollute the air, and hydrogen can be produced from renewable energy 
sources via water electrolysis [5,6]. Hydrogen-based fuel cell propulsion 
systems, therefore, offer one solution to overcome these obstacles, 
especially for small-scale ships like ferries for river or strait crossings 
[7,8]. The major problem with such a solution so far is converting the 
hydrogen required for the respective transportation duty into a form that 
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enables intermediate storage with high gravimetric and volumetric en
ergy density. Especially the latter is important for shipping, and here, in 
particular, for smaller ships/ferries, which cannot provide unlimited 
space for energy storage(s) [9]. Although liquid hydrogen offers high 
energy density, its physical properties result in boil-off losses and 
require complex storage and propulsion facilities. As with renewable 
liquid fuels, their use is therefore more likely on larger ships traveling 
longer distances [10,11]. Metal hydride storage systems can be an 
alternative solution. After the storage reaction (absorption), the 
hydrogen is stored under ambient conditions; i.e., the storage facility 
does not need very low temperatures (as, e.g., for liquid hydrogen) or 
high pressure (as, e.g., for gaseous hydrogen). Beyond that, it has 
already been shown that, for example, incorporating metal hydride 
material into a polymer matrix provides high cycle stability [12]. 
Moreover, the suitability of metal hydrides to react fast enough for 
efficient hydrogen loading and unloading to cover the energy demand 
on ships was demonstrated in [13], which investigated discharging rates 
in depth; but this paper mainly focuses on the thermal system, without 
analyzing the overall propulsion system. Metal hydride hydrogen stor
age is characterized by high volumetric energy densities, being up to six 
times higher compared to modern lithium-ion batteries [14,15], even 
though the gravimetric density is lower compared to conventional 
hydrogen storage options [15]; the latter aspect does not lower the 
promising application possibility for the maritime sector.

Although hydrogen-based fuel cell systems with an integrated metal 
hydride storage facility offer a promising solution for defossilizing parts 
of the shipping sector (e.g., small- to medium-sized ferries), there is a 
lack of studies that deeply investigate the design and operation of the 
ship propulsion system.

If alternative propulsion systems for ferries / small shipping vessels 
are investigated, studies focus primarily on pure electric energy systems. 
For example, in-depth techno-environmental studies of battery ferries 
were conducted, but without a technical analysis of ferry operations or 
comparison with a hydrogen-powered ship [16]. A study on the feasi
bility of retrofitting diesel ships to battery power also revealed that 
explicit charging schedules are required and that the batteries reduce 
the usable weight needed [17]. Another example of a ferry transition of 
about 11 min with a storage capacity of about 320 kWh has been 
modeled and analyzed [18]. This investigation already shows one major 
obstacle: the ferry needs to be charged seven times a day. Depending on 
the ferry schedule, the charging time for such batteries may be too long. 
As a result, several studies model ferry transitions as a combination of 
fuel cell and battery propulsion. For example, different ferry routes are 
compared, among others, for a diesel-operated system and a hydrogen- 
powered fuel cell system [8]. Here, no operation optimization has been 
realized, and no battery-only system has been used for comparison. 
Additionally, no further economic assessment was carried out. Another 
fuel cell battery hybrid system was investigated without comparison to 
pure electric or conventional diesel-powered propulsion systems [19]. 
On larger scales, alternative (liquid) fuels are usually investigated (e.g., 
[20]). There are already systems that demonstrate the suitability of fuel 
cell propulsion systems for smaller ships in demonstrator format, but 
these are generally not optimized in economic or technical terms and do 
not offer a direct fossil-free comparison with battery vessels, e.g., [21].

Summing up the investigations available so far, many studies focus 
on selected technologies (mainly technical, rarely economic) for 
smaller-scale ships or on the use of alternative fuels for larger-scale 
ships. But several aspects are still missing. First, a balanced and equi
table comparison of propulsion systems for a ferry/small-scale ship, 
including hydrogen fuel-cell propulsion, battery propulsion, and con
ventional diesel propulsion, which is by far the most widely used tech
nology at this size. Second, the operational optimization, including, e.g., 
charging when possible within the ferry schedule and not as an exter
nally imposed boundary. Third, the use of metal hydride storages within 
a hydrogen-powered fuel cell system on a ship. And last, the concurrent 
analysis of the three mentioned systems on a techno-economic and 

environmental basis.
This paper aims to address all these points to close the research gaps 

mentioned. In this work, based on an existing small-scale ferry route, 
three propulsion systems (hydrogen, pure electricity, and diesel) are 
optimized in terms of design and operation. The aim is to optimize ferry 
operations cost-effectively. This paper addresses the research gaps 
identified by covering the following points. 

1. Three different propulsion systems are technically compared with 
each other under the same conditions, such as an identical timetable 
and ferry route. This allows for clearly identifying which system 
dominates in which area (technical or economic), and to determine if 
there are weaknesses or obstacles to the large-scale implementation 
of these alternative fossil-free propulsion systems in the ferry sector. 
Selecting a real ferry route and integrating it specifically into the 
energy demand profile enables more realistic operating results than 
idealized routes that are typically used.

2. As a result of the conditions of the existing ferry service, which must 
be maintained, it is stipulated that all systems under consideration, 
including their drive systems and (primary) energy storage devices, 
must be capable of completing the operating day without recharg
ing/refueling. An operational optimization of all three systems is 
carried out, which, in particular for the battery concept, will enable 
an equal comparison of all propulsion systems (e.g., in terms of the 
required storage capacity).

3. A metal hydride storage system is integrated into the hydrogen sys
tem under consideration here as a hydrogen storage medium, as an 
alternative to liquid hydrogen or pressure storage systems that are 
usually considered. In particular, the flexibility of such a storage 
system can be modeled concretely for the first time using the route 
chosen here, taking into account the special conditions that charac
terize metal hydride storage systems to evaluate their general suit
ability for such fast-reacting (transport) systems. Consequently, 
including a metal hydride storage system offers a new (advanta
geous) perspective on the implementation of fuel cell systems for 
ferry operations

4. All systems are optimized economically, with the objective function 
including total annual costs (TAC), enabling a detailed analysis of 
which cost components dominate. This enables clear recommenda
tions for action regarding the conditions under which such a pro
pulsion system can potentially be operated economically.

From an economic and technical perspective, the issues discussed in 
this paper can provide valuable insights into the integration of potential 
alternative propulsion systems for small ships, thereby assisting in 
answering the question of whether the proposed fossil-free propulsion 
systems are suitable for the ferry operation considered in this study.

2. Approach

The methodological approach is shown in Fig. 1. Based on different 
propulsion technologies, a propulsion system for a ferry is designed to 
meet the energy requirements of a selected ferry route. Technical pa
rameters, such as the power curve representing propulsion and auxiliary 
power requirements, and economic parameters, such as fuel prices, are 
specified exogenously. Environmental data, such as specific GHG emis
sions for various fuels, are also specified exogenously. A mixed-integer 
linear optimisation approach is used to design selected systems to ach
ieve optimal operating behaviour at the lowest possible total annual 
costs. Therefore, the system is optimized by determining the optimal 
operation for each system based on specified upper and lower limits for 
the respective system components. The optimization leads to techno- 
economic and environmental results, including storage capacities and 
volumes, the size of the conversion components, electricity demand, 
operating costs, and total GHG emissions.
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2.1. System modelling

The objective function for the optimization system (equation (1)) is 
defined as the minimum total annual costs (TAC) consisting of daily 
operating costs (cop,d) multiplied by the number of operation days (nd) 
per year, annual investment costs (cCAPEX,a,n), and the maintenance costs 
(cmain,n) for each component (n ∈ N ). 

minTAC = ndcop,d +
∑

n∈N
cCAPEX,a,n +

∑

n∈N
cmain,a,n (1) 

The daily operating costs (equation (2)) include electricity (elec), diesel 
(diesel), and hydrogen (hydr) costs per time step (t). The respective costs 
are summed over the daily operation time period (t ∈ T) multiplied with 
the time period interval (Δt). 

cop,d = Δt
∑

cop,elec,t + cop,diesel,t + cop,hydr,t (2) 

An annuity factor (Af ,n) is added for each component (n) to describe the 
yearly distribution of the CAPEX (capital expenditures) values for the 
various components (cCAPEX,n) over the assumed lifetime; the lifetime of 
the components differs from one another (equation (3)). It includes an 
inflation rate (infl) and the nominal weighted average cost of capital 
(WACCnom) as well as the deprecation period of the components (dn) 
[22] (equation (4)). 

cCAPEX,a,n = Af ,ncCAPEX,n (3) 

Af ,n =

(
1+WACCnom

1+infl

)(
1+WACCnom

1+infl

)dn

(
1+WACCnom

1+infl

)dn

− 1
(4) 

The maintenance costs for each component are based on a component- 
specific maintenance factor. For every timestep (t; i.e., every minute), 
the sum of demand (Edem,b,t) and supply (Esup,b,t) for the energy carrier (e. 
g., electricity, hydrogen) bus (b ∈ B ) has to be zero (equation (5)). 

Esup,b,t +Edem,b,t = 0∀t ∈ T,∀b ∈ B (5) 

As part of the optimization process, the optimal combination of possible 
energy system components is compiled, and their sizes and operating 
modes are determined cost-optimally.

For certain energy converters, partial-load behavior is assumed, 
leading to an efficiency curve that depends on load behavior and is 
implemented analogously to [23].

The full mathematical model is presented in the appendix (chapter 

7.1).

2.2. Assessment criteria

The assessment is carried out by analyzing the following parameters 
derived from the optimization runs for each system layout. 

• Size and capacities of the used components.
• State of charge of all storages during one operation day. This involves 

measuring the fill level of the main storage system (metal hydride 
storage, battery, and diesel tank) and, if applicable, the auxiliary 
storage system (battery in the hydrogen-powered and diesel-driven 
systems).

• Supply and demand of energy through the performance of various 
components during driving cycles.

• Energy provided by the converters versus energy provided by the 
storages.

• Total GHG emissions of the respective fuels of all systems during 
operation. These are based on emission factors for each energy 
source (electricity, hydrogen, and diesel fuel) and include both direct 
emissions from operations (where applicable) and upstream emis
sions caused during production/supply of the fuels (e.g., emissions 
from production of photovoltaic or wind power plants which are 
used for electricity supply). Total GHG emissions for each system 
(GHGtot,t) is calculated by multiplying the specific GHG emission 
factor of the fuel (GHGspec) by the amount of energy which is supplied 
to the storages for a given period of time (Estor,t) (equation (6)). 
Specific GHG emission factors are listed in Table A4.

GHGtot,t = GHGspecEstor,t (6) 

• Total annual costs for all ferry energy systems consist, on the one 
hand, of operating costs (i.e., costs for the respective energy source) 
and, on the other hand, of CAPEX-related costs for the individual 
components.

3. System description

The evaluated ship energy systems are shown in Fig. 2. A fixed 
electricity demand consisting of a defined power curve for a predefined 
ferry route from an electric motor and an additional auxiliary demand is 
assumed (Fig. 3).

Three different ship propulsion systems are being investigated to 
meet the specified energy demand curve for the predefined transport 

Fig. 1. Overall approach.
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route. 

• The first system is a conventional diesel engine attached to a 
generator to provide electricity (i.e., diesel-electric system). It serves 
as a reference system.

• The second system is based on a polymer electrolyte membrane 
(PEM) fuel cell, combined with an auxiliary battery to provide 
electricity. The hydrogen is stored in a metal hydride storage tank 
(storage material FeTi).

• The third system uses a battery-only system to supply electricity.

The assumptions made for the individual components and the cor
responding energy sources (i.e., diesel and hydrogen fuel costs and 
electricity costs) are decisive for the quantitative classification of the 
results. In general, degradation effects are neglected in this work, e.g., 
for the battery and the metal hydride storage system. This study assumes 
cost data for 2025 for both components and energy. In addition, nominal 
efficiencies have been specified for the individual components, which 
will most likely continue to improve in the future as fuel cells and bat
teries evolve [22]; this evolving trend is neglected here. Furthermore, 
upstream GHG emissions are included in the emission factors of the 
individual systems, deviating from some regulatory definitions, e.g., 
[24], to reflect the actual emissions of the individual propulsion systems.

Cost data for the fuels and other economic data are given in Table A3. 
All techno-economic data for the components are provided in Table A2.

3.1. System definition

The power demand reflects the energy required to cross the River 
Elbe in Northern Germany, an exemplary ferry route. The route is 
selected in particular to evaluate how the drive systems under investi
gation behave in the context of a small-scale ferry connection, which 
involves high frequency with short distances and frequent acceleration 
and braking. The power curve is based on measured speed profile data 
for a selected ship [25]. A crossing takes 28 min, followed by a 14 min 

stop at the port for loading and unloading of cars and passengers. Then 
the cycle begins again. It is assumed that a certain amount of auxiliary 
power is continuously required at each port [10]; hence, the power 
demand does not drop to 0 even during stops. Exceptions are before the 
first trip of the day and at the end of the day. The power demand curve 
for the first two cycles (i.e., one cycle is one crossing) of a day is shown in 
Fig. 3.

The driving cycle is repeated throughout the day from 5 am to 10.30 
pm, always following the same pattern. The power curve is available at 
1 min resolution (i.e., the optimization time interval is 1 min).

Optimization requires suitable limits within which the components 
can be optimized in terms of their design. The required upper and lower 
limits for each propulsion system are summarized in Table 1. The upper 
limits are set after preliminary investigations in which the maximum 
capacities expected to be required were analyzed. Technical details of all 
components that are included in the different systems are provided in 
Table A2.

3.1.1. Hydrogen-powered system
Within the hydrogen propulsion system, a fuel cell as the primary 

energy converter, a hydrogen storage system, and a battery are included. 
Fig. 4 shows the layout of such a propulsion system. Hydrogen is stored 
in a metal hydride storage tank. The metal hydride storage system is 
based on the material FeTi. The material specification is relevant in the 
context of the energy system because, on the one hand, the temperature 
level must be suitable for the PEM fuel cell used here. On the other hand, 
the enthalpy difference required to operate the metal hydride storage 
system must be defined. The two storage systems differ in their 
limitations: 

• The metal hydride storage can only be filled once, at the start of the 
day. This energy is then released throughout the day, resulting in the 
storage system being completely empty by the end of the day.

• The battery storage cannot be charged externally, i.e., on land, but 
only internally via the fuel cell. Unlike the metal hydride storage, it 
must also have the same fill level at the end of the day as at the 
beginning.

These assumptions are intended to address the different functions of 
the storage systems: the metal hydride storage is the main energy sup
plier for the propulsion system, while the battery can provide support, 
for example, to bridge load peaks or to compensate for the unfavorable 
partial-load efficiency of the fuel cells.

3.1.2. Battery-only system
Another fossil-free alternative for ship propulsion is a pure battery 

system. The respective system layout is shown in Fig. 5. The electrical 
energy required to power the ship is drawn directly from the battery, 
which is the only component within the ship's propulsion system under 
consideration. As in the hydrogen-powered system, the battery is not 
intended to be recharged during the day, but can be fully charged once 
during the night / at the beginning of the operating day, similar to a 
metal hydride storage system, and then release this energy throughout 
the day. The battery must therefore be designed sufficiently to store 
enough energy for a single day's cycles, assuming that it can be 
completely recharged during the night.

Fig. 2. General system overview.

Fig. 3. Power curve ferry route.

Table 1 
Capacity ranges of available components for optimization for all system layouts.

Component / Capacity range Diesel Hydrogen Battery

Diesel storage 0 – 30 MWh − −

Diesel engine 0 – 1 MW − −

Battery 0 – 500 kWh 0 – 500 kWh 0 – 15 MWh
Metal hydride storage − 0 – 30 MWh −

Fuel cell − 0 – 1 MW −
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3.1.3. Diesel-powered system
The diesel-powered propulsion system for the investigated ferry 

comprises a diesel tank, a diesel engine for power generation, and a 
battery to cover peak loads (Fig. 6). This concept is becoming increas
ingly common in modern ships [26,27]. The fuel is stored within a 
conventional diesel storage tank. Since state-of-the-art technology is 
assumed, peak loads are buffered by a small battery, enabling power to 
be supplied from the battery or the generator. The generator is included 
in the modeling and in the term “diesel engine” below. The battery can 
only be charged via the diesel engine and cannot be connected to an 
external power grid (analogous to the hydrogen-powered concept). The 
diesel tank can be filled up completely at the start of the day and release 
energy throughout the day. Similar to the hydrogen-powered system, 
the peak-shaving battery must have the same amount of energy at the 
start and end of the day and should support load smoothing, as the diesel 
engine, like the fuel cell, has a non-linear efficiency curve.

3.2. Analyzed cases

Two different groups of cases are defined. First, base cases for each 
system layout, and second, modifications of selected parameters across 
three parameter variations, resulting in modified systems to analyze 
selected effects.

3.2.1. Base cases
For the three investigated propulsion systems, different limitations 

must be met to ensure that each technology can be examined in detail. 
The main difference between the various system configurations ad
dresses the limitation of the energy supplied via the battery. For all 
systems, recharging at the port stays is not assumed (i.e., each system is 

completely charged at the start of the operation period). Thus, the bat
tery within the battery system must be designed to enable the ferry to 
operate for an entire day without recharging from an external energy 
source (e.g., at port stops). This prohibition on recharging should enable 
comparability between hydrogen and diesel ships, which would not be 
possible with permitted reloading. This also eliminates the need for 
further infrastructure development, such as the installation of fast 
charging stations at both port facilities, which would be required in 
addition to providing the infrastructure for the primary energy sources 
for each system. In diesel- and hydrogen-powered systems, the battery 
may supply up to 10% of the daily energy requirement. This order of 
magnitude corresponds to the typical proportions of a hybrid ship of the 
size examined [28–30]. For hydrogen- and diesel-powered vessels, the 
battery charge level at the start of the day must match that at the end of 
the day to ensure the battery is integrated, primarily to smooth the 
power curve. The system's layout details are shown in Table 2 and 
described below. All cost data (e.g., fuel prices) and details for sup
porting points used to linearize non-linear efficiency curves are dis
played in Table A1.

3.2.2. Parameter variation
Several assumptions made in the base case definitions might signif

icantly influence the results of the various propulsion systems. This in
cludes, e.g., the availability of land-based power during port stays for 
loading and unloading; this could be a viable option with the emergence 
of fast battery charging [33]. Additionally, the ship's auxiliary power 
requirements could also be covered by shore power.

Charging and discharging rates are important parameters for metal 
hydride storage systems. Since the loading and unloading of metal hy
drides is generally slower than that of conventional hydrogen storage 
options [9], this factor may be particularly important for the application 
scenario assumed here.

Finally, the development of fuel prices could have a significant 
impact on system costs. The data used in this study are based on the 
situation in 2025 and are naturally subject to change.

As a result of these aspects, the parameters discussed below are 
varied independently of each other. 

• In the first parameter variation, it is assumed that the ship will be 
connected directly to the power grid when it is in the harbor. This 
allows the battery to be charged and/or shore power to be used to 
meet the ship's power requirements directly. For the change in the 
state of (dis)charge pattern and the potentially changed volume of 
storage, as well as for the total annual costs of the systems, the results 
of this parameter variation are compared with those of the base cases 
defined in chapter 3.2.1.

• In a second parameter variation, different maximum discharge rates 
are assumed to analyze how they could affect total annual costs and 
the capacity of the corresponding metal hydride storage.

• In a third parameter variation, the costs for the respective energy 
sources (i.e., hydrogen, electricity, and diesel fuel) are varied to 
determine their influence on the total annual costs.

Fig. 4. Layout of the hydrogen-powered system (yellow: electricity, light blue: 
hydrogen). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 5. Layout of the battery-only system (yellow: electricity). (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 6. Layout of the diesel-powered system (yellow: electricity, red: diesel, 
dark blue: mechanical energy). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Table 2 
Main assumptions for all systems (SOC State of charge).

System / Limitation Battery 
SOC

Battery energy supply References

Diesel-powered 
system

Start = End ≤ 10% of total energy 
demand

based on 
[31]

Hydrogen-powered 
system

Start = End ≤ 10% of total energy 
demand

based on 
[32]

Battery-only system No 
limitation

No limitation −
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4. Results and discussion

The results are analyzed for the base cases (chapter 4.1) and for the 
parameter variations (chapter 4.2).

4.1. Base cases

The results for the base layouts are shown below. Depending on the 
results, three time periods are analyzed: one year, one day, or one cycle 
(i.e., one river crossing).

4.1.1. Installed capacities
All built capacities for the three systems are shown in Fig. 7. The 

hydrogen-/diesel-powered system comprises an energy conversion 
technology (a fuel cell/diesel engine) and two storage components (a 
battery and a metal hydride storage/battery, and a diesel tank). The pure 
battery system has only the battery as an energy storage.

Based on the optimization, the hydrogen system is equipped with a 
fuel cell of about 0.58 MW, while the metal hydride storage system has a 
storage capacity of 9.79 MWh. The size of the hydrogen-powered energy 
converter and storage system is roughly comparable to that of the diesel- 
powered system, which, however, shows a slightly smaller storage ca
pacity (for diesel fuel). In contrast, the pure battery-operated system, 
with the battery as the only component, has a storage capacity of 
4.39 MWh. The clearly lower storage capacity of the battery-only system 
compared to the hydrogen and diesel-powered systems indicates that the 
hydrogen and diesel-powered systems are most likely significantly less 
energy efficient and thus require significantly more “input energy.”.

The difference in required storage capacity, combined with the 
specific volumetric energy density, can be illustrated by the total storage 
volume required for each ship topology.

Although batteries require the least storage capacity in terms of 
stored energy, they also have the lowest specific energy density 
(compared to hydrogen stored in metal hydrides and diesel fuel) and 
require a storage volume of ca. 9 m3 without recharging during the day. 
Only roughly one-third of this storage volume is needed for the 
hydrogen-powered system, as the metal hydride storage shows a much 
higher specific volumetric energy density and thus needs less space. The 
battery integrated into this concept has a small storage capacity and, 
therefore, a small volume. Compared with a conventional diesel- 
powered system, the required storage volume is less than 1 m3, as 
diesel has the highest specific volumetric energy density of the three 
storage types.

These results demonstrate an advantage of the hydrogen-powered 
system over the battery-only system, as volume and space 

requirements on ships are important factors, even though the total en
ergy stored in battery systems may be lower.

4.1.2. State of charge
Fig. 8 shows the state of charge for all systems, along with the cor

responding storage capacities for one day of operation. Since the systems 
are optimized for minimal annual costs, the primary storage units (i.e., 
the metal hydride storage within the hydrogen-powered system), which 
cannot be recharged during the day, are designed to continuously supply 
energy from early morning until they are completely depleted at the end 
of the operation day. For the hydrogen and diesel-powered system, the 
state of charge of the batteries indicates that they are only supporting 
the main energy supplier for peak energy shaving. In the hydrogen- 
powered system, the pattern is very regular, suggesting that the bat
tery is used for regular stops and possibly also for peak energy demands 
at the beginning of each crossing cycle. The battery capacity is far from 
being fully utilized (in both the hydrogen- and diesel-powered system), 
and the battery usually operates between 0 and 30%; i.e., the full ca
pacity of 100% is not being utilized. This can be explained by the 
charging and discharging rates determined by the storage capacity; i.e., 
a fixed charging and discharging rate, expressed as power per storage 
capacity, is assumed. If a high discharging rate is required at certain time 
periods (e.g., when increasing the power at the start of the driving 
cycle), a high discharging rate is required, resulting in a high storage 
capacity. Similar behavior can be observed in the diesel-powered sys
tem. In accordance with the material specifications of the metal hydride 
storage material, the storage limits are assumed to be 10% and 90%, 
respectively.

Furthermore, each river crossing involves the same driving cycle, 
with slight deviations in the first and last cycles, which start and end 
with an energy requirement of 0 (Fig. 3). The daily fluctuation in the 
battery level observed in the state of charge curves of the hydrogen and 
diesel-powered systems (Fig. 8) can be explained by minimal deviations 
from the calculated optimum within the scope of optimization, which 
accumulate over the course of the day but do not significantly affect the 
results with regard to the state of charge.

4.1.3. Operation
Fig. 9 shows the energy demand for all propulsion systems during 

one river crossing (driving cycle) and the supply required to meet that 
demand.

The hydrogen-powered system (Fig. 9, top) shows that the ship's 
energy requirements are met by a combination of energy provision from 

Fig. 7. Component capacities for all systems (FC Fuel cell, MHS Metal hydride 
storage; size of the conversion components on the left vertical axis, size of the 
storage components on the right vertical axis).

Fig. 8. State of charge (SOC) of the respective storages for all systems (MHS 
Metal hydride storage).
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the fuel cell and from the battery. The fuel cell is ramped up directly to a 
load of 321 kW, more than needed to meet the power demand, so the 
battery can also be charged. After a constant-power period, the fuel cell 
power increases further to a maximum of 566 kW. The remaining en
ergy is supplied by the battery, with around 75 kW at peak power. A 
similar behavior is observed during the ramp-down phase of the fuel 
cell: the system tries to keep the fuel cell power constant as long as 
possible, using the additional power generated to charge the battery. 
The small power demand during the port stay is fully covered by the 
battery, with a capacity of 32 kW. This behavior indicates that the fuel 
cell is ramped up and down as quickly as possible to avoid load ranges 
that are unfavorable to efficiency. The resulting excess electricity can be 
fed into the battery. The desired effect of load smoothing by the battery, 
inferred from the state-of-charge pattern, can thus be confirmed.

In the battery-only system, a priori, the power can only be supplied 
via the battery. However, load smoothing is not necessary in this system, 
as no load-dependent efficiency is assumed for the battery storage.

The diesel-powered system behaves similarly to the hydrogen- 
powered system. The battery covers the peak value at the middle of 
the driving cycle, so that the diesel engine's power output does not 
exceed 574 kW. This is due to differences in efficiency assumptions for 
the diesel engine.

4.1.4. Supplied energy
Fig. 10 shows how much of the primary energy used in one year (i.e., 

the energy fed into the storage system) can be used to cover the energy 
demand after conversion or withdrawal from the respective energy 
converters (or from the storage system in the case of the battery system).

The energy supplied by the battery can be used immediately to meet 
power requirements, resulting in “only” charging and discharging losses.

In contrast, the metal hydride hydrogen storage, part of the 
hydrogen-powered system, has an energy content of 2.9 GWh/a, 
exceeding the battery's by more than 1.6 times. The comparison of the 
energy released from the metal hydride storage facility and the electrical 
energy ultimately supplied from the fuel cell shows a considerable loss of 
energy (i.e., a loss of “usable” energy). The additional thermal energy 
released by the fuel cell can be used to provide more than 85% of the 
activation energy required for the metal hydride storage tank during 

hydrogen discharge.
The diesel-powered system accounts for the largest share of “primary 

ship energy”. At around 3.3 GWh/a, the energy released by the diesel 
tank is more than 1.8 times that of the battery system. The relatively low 
electrical efficiency of the diesel engine necessitates storing a large 
amount of energy as diesel fuel. The reason for these high losses is that a 
considerable amount of energy is converted into excess heat, which, 
unlike in the hydrogen-powered system, cannot be used (i.e., there are 
no heat consumers).

When considering the ship propulsion system alone, without ac
counting for prior conversion chains, the battery-only system achieves 
the highest electrical efficiency. Although the losses are significantly 
higher in the hydrogen-powered system, a high proportion of waste heat 
can be utilized, at least by matching the temperatures of the metal hy
dride storage and the fuel cell.

4.1.5. Greenhouse gas emissions
The greenhouse gas (GHG) emissions, caused by the fuel (combina

tion of production and use) within one operational year, are displayed in 
Fig. 11.

GHG emissions from hydrogen are solely due to the energy required 
for its production, as no GHG emissions are released during combustion/ 
use. Assuming that the electricity used for hydrogen production comes 

Fig. 9. Operation energy balance of all systems for one driving cycle (positive 
values are energy demands and negative values the corresponding supply; Elec. 
Electricity, Dies. Diesel, FC Fuel cell).

Fig. 10. Available energy (left bars) and supplied usable energy (right bars) 
within operation for all systems over one year (Dies. Diesel, FC Fuel cell, elec. 
Electricity).

Fig. 11. Greenhouse gas (GHG) emissions for all systems over a year.
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from renewable sources, the GHG emissions within the hydrogen system 
sum to 200 t CO2-eq/a. These include, in addition to upstream emissions 
from the necessary electricity generation, ca. 4% of the emissions from 
electrolyzer production [34]. This approach differs from the European 
Union's regulatory framework, which considers “green” electricity for 
hydrogen production to have an emission factor of 0 g CO2-eq/kWh 
[24]. In this work, however, the actual emissions should be taken into 
account. When using the German electricity mix (2025), GHG emissions 
actually exceed those of the diesel-powered system, at around 1,458  
t CO2-eq/a.

Within the framework of a battery-only system, GHG emissions are 
released only during electricity production; no GHG are emitted during 
operation. Based on the current electricity mix, the GHG emissions are 
around 504 t CO2-eq/a. These mainly include emissions from the 
combustion of fossil fuels, which are part of the electricity mix. 
Assuming a renewable electricity mix, the battery-only propulsion sys
tem can achieve a significant reduction to around 55 t CO2–eq/a.

The GHG emissions of the diesel-powered system are almost entirely 
driven by diesel fuel combustion. Due to the overall high GHG emissions 
(1,043 t CO2-eq/a) of the diesel-powered system, production of the fuel 
plays with ca. 17% only a less significant role compared to the supply of 
electricity and hydrogen within the other systems [35].

Even though the GHG emissions from using hydrogen within the 
hydrogen-powered system exceed those from the battery used within the 
battery-only system, assuming that renewable electricity is used, the 
comparison with the reference system shows that the contribution of 
diesel to the GHG emissions is much higher; i.e., switching from diesel to 
hydrogen, the GHG emissions can be reduced by roughly 80%.

4.1.6. Total annual costs
The total annual costs (TAC) of the three systems examined are 

shown in Fig. 12. These costs include the annualized investment and 
maintenance costs, as well as the annual operating costs. The total 
annual costs of all systems are clearly dominated by fuel costs, ac
counting for between 85% (battery-only system) and 97% (diesel-pow
ered system) of the total costs.

The hydrogen-powered system shows the highest costs by far at 
0.62 Mio. €/a, because hydrogen currently has the highest specific 
provision costs of the three fuel types (hydrogen, electricity, diesel). 
Despite the high storage capacity of metal hydride storage and the 
associated CAPEX costs, this is hardly significant in terms of total annual 

costs (due to the high cost of the hydrogen used). After hydrogen costs, 
fuel cell investment costs account for the largest share of the hydrogen- 
powered system's total annual costs, at 4%.

At 0.34 Mio. €, the battery-only system has significantly lower total 
annual costs, benefiting in particular from the fact that the purchased 
electricity can be used to cover the ship's energy requirements with 
almost no losses, even though the specific costs are higher than those of 
diesel fuel. The battery's CAPEX accounts for 12% of total annual costs.

The lowest annual costs are incurred by the diesel system, at around 
0.22 Mio. €. The very low specific diesel costs are the reason for this, 
even though the diesel system has the worst efficiency of all the systems 
considered (i.e., the use of fuel energy in the tank relative to the final 
provision of energy from the engine).

Given the clearly dominant fuel costs across all systems, the key lever 
for economic optimization is the reduction of fuel supply costs.

4.2. Parameter variation

Three additional aspects are included separately within the param
eter variation: allowing charging of the batteries at the harbor stops, 
changing the maximum discharge rate for the metal hydride storage 
tank, and changing the energy carrier costs.

The changed conditions within the three parameter variations lead to 
some new systems/system configurations. This can lead to changes in all 
results that are analogous to the base cases. However, a significant 
change occurs only in selected results from the three parameter varia
tions, which will be discussed in detail below.

4.2.1. Port shore power
Allowing batteries to be charged with shore power results in signif

icant changes, particularly in the state of charge of the storage systems 
over the course of the day (Fig. 13). In addition, changes can be observed 
for the hydrogen-powered system and the battery-only system in terms 
of total annual costs and the resulting (significantly reduced) storage 
capacities (Fig. 14 and Fig. 15).

The ability to charge batteries via shore power shows a significantly 
different discharge behavior.

For the battery-only system, at every stay at the harbors, the battery 
can be charged by about 50%-pt. Thus, under these conditions, the 
required storage capacity might be significantly reduced.

The charging pattern of the battery within the hydrogen-powered 

Fig. 12. Total annual costs (TAC) for all systems (MHS Metal hydride storage, FC Fuel cell, Dies. Diesel, Main. Maintenance).
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system also shows that it is regularly charged via shore power. While the 
reduction in size of the ship's battery and thus the reduction in CAPEX is 
likely to be a decisive factor in the use of shore power for the battery- 
only system, most likely within the hydrogen-powered systems the 
focus is on substituting the more expensive energy source hydrogen with 
(cheaper) electricity in the form of external electricity supply during the 
stay within the harbor.

In the diesel-powered system, on the other hand, land-based 
charging is not an option. Due to diesel's lower cost as an energy 
source, this is not advantageous from an economic standpoint.

The extent to which a possible change in storage capacity affects the 
required volume on board is shown in Fig. 14. The largest reduction in 
storage capacity due to this port recharging option is observed in the 
battery-only system. Here, the installed battery capacity can be reduced 
by about 93% compared to the base case. Smaller changes occur within 
the hydrogen-powered system, where the potentially more expensive 
hydrogen storage is reduced by 16%. The battery storage capacity itself 
is only slightly decreased (in absolute terms), suggesting that the sys
tem's lower storage capacity is compensated for by direct grid power 
consumption at ports. This is because operating with hydrogen is more 
expensive than with direct electricity / battery power, with clearly lower 
conversion losses and lower specific costs. No change in the diesel sys
tem has been observed. This is presumably due to the significantly lower 
specific costs of diesel fuel, which make it economically unviable to 
purchase more expensive electricity from the external power grid. These 
changes in volume and capacity (Fig. 14) initially indicate an advantage 
of the battery-only system over the hydrogen-powered system.

The effects on state-of-charge and volume change can be explained 
by analyzing the total annual costs of the systems (Fig. 15) when shore 
power is included. The main differences can be observed within the 
battery-only system. The total annual costs decrease by ca. 0.5% due to a 
significantly smaller battery being installed, as shown in comparison 
with the overall base case capacities (only the battery within the battery 
system). The operating costs are the same, as the electricity costs are the 
same for regular charging at the harbors and for (initial) battery 
charging before the start of the day. More extended changes can be 
observed within the hydrogen-powered system; fewer (storage) capac
ities are built, resulting in a total annual cost reduction of around 8%. No 
changes were observed in the diesel system, as the shore power option is 
not used.

In summary, despite the possibility of using shore power in harbors, 

Fig. 13. State of charge (SOC) of the respective storages for all systems with 
additional shore power (MHS Metal hydride storage).

Fig. 14. Storage volume reduction with shore power, all systems (MHS Metal 
hydride storage).

Fig. 15. Total annual costs (TAC) for all systems with shore power (MHS Metal hydride storage, FC Fuel cell, cap. Capacities, elec. Electricity, Dies. Diesel, Main. 
Maintenance).

C. Drawer et al.                                                                                                                                                                                                                                 Energy Conversion and Management: X 30 (2026) 101770 

9 



total annual costs for the battery system change only slightly, whereas 
installed capacity changes significantly. Storage capacities, especially 
for battery-only systems, can be reduced considerably. However, the 
biggest changes in total annual costs are observed with the hydrogen- 
powered system due to the relatively high hydrogen fuel costs.

4.2.2. Change in maximum discharge rate
By varying the maximum discharge rate, it is to be examined, on the 

one hand, to what extent the metal hydride storage capacity changes 
and, on the other hand, what influence this changing storage capacity 
has on total annual costs through CAPEX changes.

Within the base case of the hydrogen system, the maximum 
discharge rate of the metal hydride storage is set to 0.3 kW/kWh. To 
evaluate the influence on the optimization, this value is modified. As 
shown in Fig. 16, an increase in the maximum discharge rate (i.e., 
potentially speeding up discharge) does not affect the built hydrogen 
capacity and therefore has no effect on the total annual costs. Reducing 
the maximum discharge rate to below 0.1 kW/kWh, and even to a 
significantly lower level below 0.05 kW/kWh, increases the installed 
storage capacity, as the discharge rate is related to the installed capacity. 
This is associated with an increase in total annual costs. However, as 
operating costs account for the majority of total annual costs, even at the 
lowest achievable discharge rate of 0.03 kW/kWh, total annual costs are 
only 9% higher than in the base case. In summary, the discharge rate 
used in the base case provides sufficient flexibility for upward and 
downward fluctuations without significantly affecting the results.

4.2.3. Change of energy carrier costs
Evaluating the total annual costs for all systems, it is clear that fuel 

costs significantly influence the economic viability of each system. 
Based on this, a parameter variation is carried out as follows, reducing or 
increasing fuel or electricity costs by 25% and 50% to evaluate the 
impact on the TAC. Fig. 17 shows the results for all systems.

Since energy costs account for between 85% and 97% of total costs 
across all systems, this increase or reduction is reflected almost equally 
in total annual costs. Varying the energy carrier costs only moderately 
(+/- 25%) shows already a significant change in total annual costs. The 
hydrogen system will see the largest increase in absolute terms, rising 
from 0.62 Mio. € to 0.77 Mio. €, with a 25% increase in hydrogen costs. 
As a result of the fact that the diesel-powered ship has the lowest TAC in 
the base case, the changes caused by the variation in energy costs are 
also the lowest in absolute terms. With a 25% increase in diesel costs, the 
TAC increases from 0.22 Mio. € to 0.27 Mio. €.

Only when the fuel costs decrease extremely, e.g., by 50%, the 
hydrogen system might be economically competitive with the battery 
system, assuming the electricity price remains or increases (which is 

very unlikely, as hydrogen and electricity are closely associated when 
hydrogen is renewably produced). But even with a 50% increase in 
diesel fuel costs and a 50% decrease in hydrogen costs, the diesel system 
shows a lower TAC.

The results confirm the dominant effect of energy carrier costs on the 
TAC of individual systems and that reducing fuel costs through effi
ciency improvements, optimized driving behavior in real-world opera
tion, or reduced energy carrier costs are the key levers for reducing the 
TAC. At the same time, the results also demonstrate their fundamental 
robustness: despite a moderate change in the systems, their basic 
ranking (hydrogen system most expensive, diesel system cheapest) re
mains unchanged. Only a concurrent and significant change in fuel costs 
that implies increasing and decreasing cost effects could change the 
economic viability of the systems, but such an event seems unlikely.

5. Final consideration

Defossilizing the shipping sector is a major challenge in the efforts to 
combat climate change. Besides the use of alternative GHG-neutral fuels 
in conventional combustion engines, especially for small and medium- 
sized ships, hydrogen-powered and battery-only propulsion systems 
might be a promising solution. For hydrogen-powered ships, metal hy
dride storage systems offer a feasible option for safely storing hydrogen 
at ambient conditions with a high volumetric energy density. In this 
paper, an optimization-based analysis is presented to investigate a 
possible design configuration and operational characteristics of a 
hydrogen-powered ship, compared with a conventional diesel-driven 
ship and a battery-only system. The focus here is on a short-distance 
ferry connection characterized by frequent cycles. The key results of 
this investigation are summarized below. 

• The operational behavior of hydrogen-powered ships and diesel- 
driven vessels is widely comparable. For both options, small batte
ries can be implemented as a supporting energy source to shave peak 
energy demands.

• The most significant part (85%) of the usable “excess” heat generated 
by the fuel cell in the hydrogen-powered system can be used to un
load hydrogen from the metal hydride storage tank. This is a major 
advantage compared to the diesel-powered system, where no de
mand for the waste heat released during the combustion of the diesel 
fuel is given; i.e., this use option for the waste heat released from the 
fuel cell enhances the overall efficiency of the hydrogen-powered 
system. Nevertheless, the lowest overall energy stored and released 
from a system is in the battery-only system, as direct electrification 
does not require high-loss conversion technologies (on the ferry).

• The needed volume for storages of the hydrogen system is only a 
third of the needed volume for the battery-only system, as long as no 
recharging at harbors during loading and unloading of goods is 
assumed.

Fig. 16. Different maximum discharge rate for the metal hydride storage (TAC 
Total annual costs, MHS Metal hydride storage).

Fig. 17. Impact of changes in the cost of energy carriers (electricity, diesel fuel, 
and hydrogen) on total annual costs.
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• Looking only at the greenhouse gas (GHG) emissions from the fuels 
used within the operation modes, the battery-only system shows the 
lowest overall GHG emissions, followed by the hydrogen-powered 
system when “green” electricity is assumed. As electricity from the 
grid is still characterized by a certain share of fossil fuel energy, the 
emissions increase significantly within the hydrogen-powered sys
tem and the battery-only system if used. Compared to the hydrogen- 
powered system, the diesel-powered system shows 5 times higher 
GHG emissions, as most of the climate impact occurs during 
combustion.

• The total annual costs of all systems are clearly dominated by fuel 
costs; the CAPEX of the components play only a minor role, and only 
the battery in the battery-only system has a significant influence. The 
total annual costs are highest for the hydrogen system, followed by 
the battery system; the diesel system has the lowest annual costs, 
mainly due to its low diesel costs. Thus, by reducing the hydrogen 
fuel costs in the future (as it is most likely expected), a significant 
reduction in total annual costs can be achieved; however, it is un
likely that reducing the cost of the energy carrier alone will make 
such a system economically viable.

• If shore power is available, the total annual costs are hardly influ
enced. But storage capacities can be saved within the battery-only 
system.

• The uncertain data availability for the maximum discharge rate of 
the metal hydride storage does not affect the hydrogen-powered 
system's costs or storage capacity, as long as this is not assumed to 
be significantly lower than the value assumed in this work.

In summary, compared with a battery-only or diesel-powered pro
pulsion system for such small-scale ships, the hydrogen-powered system 
has no technological implementation obstacles. This is particularly true 
in view of the driving profile discussed here, which requires a high 
number of cycles in combination with frequent acceleration processes. 

Particularly on smaller ships, where efficient use of space is crucial, 
volumetrically advantageous options such as metal hydride systems may 
be preferred over battery-only systems, especially if fuel cells and metal 
hydride materials are combined at a common temperature level to make 
efficient use of waste heat. The extent to which this can be implemented 
in technical terms, e.g., through process simulations, was not considered 
in this study and remains an open research question for future work. The 
specific tank design of a metal hydride storage system plays a particu
larly important role in this context. Future experimental studies could 
also help determine the actual cycle stability achievable with metal 
hydride storage tanks in real-world applications. Environmentally, both 
the hydrogen-powered system and the battery-only system can offer 
significant advantages over the diesel-powered system, as long as 
“green” electricity is used.
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Appendix 

Mathematical formulation

Details of the mathematical model are presented below. The input parameters are shown in Table A2. Additional information is provided in [23]
and [36].

The investment costs for a component (Cc) with size (Qc) are calculated with the economy of scale formula, based on investment costs (Cref
c ) for a 

reference size (Qref
c ) to the power of a component-specific scale factor (Mc) (equation (A1)). 

Cc = Cref
c

(
Qc

Qref
c

)Mc

,∀c ∈ C (A1) 

Several components use an efficiency that is linked to their part load behavior with a set number (Ic) of support points for the relative input (λin
i ) and 

output (λout
i ) of a component (c). For each timestep, exactly one segment (i) is active, which is indicated by a binary variable (δc,i), while the continuous 

variable (lc,i) describes the relative power within an active segment. The slope for a segment is described via βc,i which is calculated from the 
neighboring support points. Degradation is neglected, meaning that efficiencies remain constant over time. As outlined in equation (A2), the input 

power (Q̇in
c ) is expressed as a piecewise-linear function of the outgoing power (Q̇out

c ) using these parameters for each component c. 

Q̇in
c =

∑

i∈Ic

[
λin

i δc,i(t)+ βc,i
(
lc,i(t) − λout

i δc,i(t)
) ]

Q̇out
c ,∀c ∈ C , ∀t ∈ T (A2) 

Equation (A3) defines the segment slopes. 

βc,i =
λin

i+1 − λin
i

λout
i+1 − λout

i
,∀i = 1,⋯, |Ic| − 1 (A3) 

For each storage (s ∈ S ), the state of charge definition for the following timestep (SOCs,t+1,) includes the state of charge definition of the current 

timestep (SOCs,t), the charge (Q̇in
s,t) and discharge power (Q̇out

s,t ) multiplied by the respective charge (ηcharge
s ) and discharge (ηdischarge

s ) efficiencies, the self- 
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discharge of the storage (ηself
s ) and the respective timestep length (Δt) (equation (A4)). 

SOCs,t+1, = SOCs,t
(
1 − ηself

s Δt
)
+Δt

(

Q̇in
s,tηcharge

s −
Q̇out

s,t

ηdischarge
s

)

, ∀s ∈ S , ∀t ∈ T (A4) 

The state of charge is limited by a relative maximum state of charge (SOCmax
s ) and a minimum state of charge (SOCmin

s ), based on the storage capacity 
(Qs) (equation (A5)). 

SOCmin
s Qs ≤ SOCs,t ≤ SOCmax

s Qs,∀s ∈ S ,∀t ∈ T (A5) 

For the battery within the diesel- and hydrogen-powered systems, Equation (A6) shows that for the state of charge at the start of the time (SOCs,t1) has 
to be on the same level as at the end of the time period (SOCs,tn+1). 

SOCs,t1, = SOCs,tn+1, ∀s ∈ S
Bat

,∀t ∈ T (A6) 

The relative minimum (αmin
c ) and maximum (αmax

c ) loads of the components output, dependent on the component size (Qc) when turned on (xc,t = 1; 
off: xc,t = 0) is described in equation (A7). 

αmin
c Qcxc,t ≤ Q̇

out
c,t ≤ αmax

c Qcxc,t, ∀c ∈ C ,∀t ∈ T (A7) 

Table A1. Supporting points part-load behavior; part-load fraction inputs (λini ) and outputs (λouti ).

Component λini,1 λouti,1 λini,2 λouti,2 λini,3 λouti,3 λini,4 λouti,4 References

Fuel cell 0.1823 0.1514 0.5364 0.5670 0.7344 0.7665 1 1 [37]
Diesel engine 0.1219 0.1 0.4118 0.4 0.6220 0.65 1 1 [8]

Table A2. Techno-economic parameters (WACC Weighted Average Cost of Capital).
Component Parameter Value Reference

PEM fuel cell CAPEX [€/kW] 3,044 [38]
​ Reference size [kW] 1 [38]
​ Scale factor [-] 0.6889 [36]
​ Lifetime [a] 14 [39]
​ Maintenance factor [%/a] 3.8 [39]
​ Electrical efficiency [-] 0.5 [39,40]
​ Thermal efficiency [-] 0.3 [39]
Battery CAPEX [€/kWh] 750 [41]
​ Reference size [kW] 1 [41]
​ Scale factor [-] 0.8382 [36]
​ Lifetime [a] 15 [41]
​ Maintenance factor [%/a] 2.2 [39]
​ Charge / discharge efficiency [-] 0.9 [41]
​ Charge / discharge max. [kW/kWh] 0.36 [42]
​ Self-discharge [kW/kWh] 4.2⋅10− 5 [42]
​ Min. state of charge [-] 0 [36]
​ Max. state of charge [-] 1 [36]
Metal hydride storage CAPEX [€/kWh] 218 [43]
​ Reference size [kW] 1 [43]
​ Scale factor [-] 0.7509 [44]
​ Lifetime [a] 30 [43]
​ Maintenance factor [%/a] 2.0 [43]
​ Reaction enthalpy FeTi [kJ/mol] -24.6 [45]
​ Charge / discharge efficiency [-] 1 Assumption
​ Charge max. [kW/kWh] 0.75 [46]
​ Discharge max. [kW/kWh] 0.38 Assumption based on [46,47]
​ Self-discharge [kW/kWh] 0 Assumption
​ Efficiency heat exchanger [-] 0.8 [48]
​ Min. state of charge [-] 0.1 [49]
​ Max. state of charge [-] 0.9 [49]
Diesel engine CAPEX [€/kW] 590 [50]
​ Reference size [kW] 1 Assumption
​ Scale factor [-] 0.7 [51]
​ Lifetime [a] 20 [50]
​ Maintenance factor [%/a] 4.5 [20]
​ Electrical efficiency [-] 0.44 [52,53]
​ Thermal efficiency [-] 0.3 Assumption
​ WACC [%] 8 [22]
​ Inflation [%/a] 2 [22]
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Fuel cost data

Table A3. Cost data and economic parameters.

Parameter Value References

Hydrogen price [€/kWh] 0.200 [54]
Electricity price [€/kWh] 0.180 [55]
Diesel price [€/kWh] 0.064 [56]

Emissions factors

The emission factors (Table A4) used to determine greenhouse gas emissions include not only emissions generated during use, but also those 
incurred in the provision of the corresponding energy source. A so-called “well-to-wheel” balance is assumed, i.e., from extraction to propulsion. Only 
diesel fuel causes emissions during operation (during combustion), accounting for the majority (83%) of total diesel-related emissions. The remaining 
17% is released during diesel fuel production, e.g., in refineries [35]. Hydrogen and electricity do not cause emissions during operation, but emissions 
are generated during their production. In the case of hydrogen, the majority of emissions are caused by electricity generation (96%) [34]. Electricity 
generation, in turn, includes emissions from the combustion of fossil fuels (in the electricity mix) as well as emissions caused by renewable energies 
through the construction of photovoltaic systems, for example, which produce electricity per kWh.

Table A4. Greenhouse gas emission factors.

Fuel Emission factor [g CO2-eq/kWh] References

Hydrogen (renewable energies) 70 [57]
Hydrogen (grid mix) 510 [57,58]
Electricity (renewable energies) 42 [57]
Electricity (grid mix) 315 [58]
Diesel 317 [59]

Data availability

Data will be made available on request.
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