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A B S T R A C T

The International Maritime Organization (IMO) aims to reduce greenhouse gas emissions to net-zero by 2050. 
Batteries and fuel cells have emerged as promising technologies to meet this ambitious target in marine transport 
applications. Although batteries and fuel cells for marine transport applications have been studied, limited 
attention has been paid to the fuel-cell efficiency for battery recharging as a function of fuel type. The study 
theoretically examines the effect of fuel type on lithium battery recharging efficiency. A model was developed to 
assess battery recharging processes using fuel cells with different fuels. The model was created using the MATLAB 
Simulink environment. Simulations were conducted under several scenarios, including a system comprising 
single- and multi-type fuel cells. The results indicate that the configuration consisting of a single methanol fuel 
cell exhibited the highest recharging efficiency, followed by the hydrogen fuel cell configuration. Scenarios 
involving configurations with multiple fuel cell types exhibited lower recharging efficiency than those with a 
single fuel cell type, except for the ammonia fuel cell. The lowest recharging efficiency was observed in the 
configuration incorporating three types of fuel cells.

Introduction

The marine transport sector accounts for 3% of global greenhouse 
gas emissions. For this reason, the International Maritime Organization 
aims to reduce emissions from marine transport to achieve net zero by 
2050 [1–3]. To achieve this goal, the marine transport industry is 
investigating multiple renewable energy alternatives, including super
conductors, solar cells, wind turbines, batteries and fuel cells [4,5]. The 
combination of these two options has emerged as a valuable technology 
for reducing greenhouse gas emissions. This interest is attributed to their 
favourable properties, including the possibility of achieving net-zero 
emissions, high efficiency in power supply, and current accessibility 
[2,6,7]. A fuel cell typically serves as a power source for charging or 
recharging batteries, while the battery, in turn, provides energy to meet 
the marine vessel's demands. However, before incorporating this tech
nology into marine transport applications, theoretical studies must be 
conducted to assess its viability and determine optimal conditions.

Lithium battery modelling has been extensively investigated in the 
literature. Saxena et al. [8] developed a numerical model to study the 

effects of state of charge (SOC) and state of health (SOH) on the power 
supply efficiency of lithium batteries. They determined that the decrease 
in the SOC difference between the recharging and discharging processes 
reduced battery degradation. Sepasi et al. [9] employed and developed 
the Coulomb-continuing method to evaluate the effects of SOC and SOH 
on battery performance. This method resulted in a significant reduction 
in computational time and source requirements for predicting battery 
performance. Kumar et al. [10] further, designed an accurate predictive 
model to investigate the influence of SOC and SOH on battery efficiency 
and service life for automotive applications. They utilised electro
chemical, thermodynamic, and experimental data to develop this model. 
This model enabled the identification of optimal operational conditions 
to improve battery efficiency and lifespan across various operating 
scenarios. Chatterjee et al. [11] developed a model to monitor the effi
ciency and performance of a lithium-battery-powered vehicle, ac
counting for the influence of battery SOC and temperature on vehicle 
propulsion efficiency. The predictive model was developed using the 
MATLAB Simulink environment. The researchers demonstrated that the 
efficiency of a lithium-battery-powered vehicle was comparable to that 
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of traditional and hybrid vehicles.
With respect to fuel cell modelling, a wide range of modelling ap

proaches has been reported in the literature. In 2009, Jia et al. [12]
developed the earliest model of a hydrogen fuel cell using the MATLAB 
Simulink platform. This model enabled simulation of the hydrogen fuel 
cell's dynamic response under varying load conditions. The researchers 
reported several key findings, including a smooth transition between 
system loads, the significant influence of anode and cathode pressures 
on hydrogen fuel cell efficiency, and the mitigation of membrane 
damage at low pressures. In 2015, Kabza [13] developed an accurate 
predictive model to assess the efficiency of the hydrogen fuel cell under 
varying operational conditions, including temperature, fuel flow rate, 
fuel concentration, reactant partial pressure, power demand, and the 
sizes of the anode and cathode chambers. This comprehensive study 
provided valuable guidance for the design and optimisation of future 
hydrogen fuel cells. In 2023, Vairo et al. [14] developed a model to 
assess the efficiency of a hybrid system comprising a hydrogen fuel cell 
and a diesel engine. The model was established using machine learning 
in combination with electrochemical impedance spectroscopy. The re
searchers determined that the model can predict fuel leakage as a 
function of hydrogen fuel cell efficiency, thereby enabling an effective 
method for accident prevention. In the case of the ammonia fuel cell, 
Ishak et al. [15] studied its performance, power-generation efficiency, 
and thermodynamic and electrochemical phenomena. The model was 
designed employing both theoretical and experimental information. 
They determined that the ammonia fuel cell exhibited high stability and 
durability at the open circuit, whereas its efficiency was higher under 
closed-circuit conditions due to hydrogen formation. Syed et al. [16]
developed a model to assess the viability of the ammonia fuel cell as a 
power source and to evaluate the feasibility of solar cells and wind 
turbines for producing ammonia fuel. The model found that the solar cell 
and wind turbine were acceptable for producing ammonia fuel. The 
ammonia fuel cell further provided a smooth, efficient, and stable en
ergy source.

Regarding the methanol fuel cell, Divisek et al. [17] developed a 
numerical model to assess its performance and efficiency. The re
searchers reported that the efficiency of the methanol fuel cell was 
significantly influenced by methanol diffusivity and fuel competition 
within the cell. Dohle et al. [18] further developed a theoretical model to 
analyse the operational mechanisms and performance of the methanol 
fuel cell. This model incorporated both electrochemical reactions, 
diffusion processes, and thermodynamic phenomena. The diffusion of 
methanol from the anode to the cathode resulted in a mixed potential 
between the two electrodes, thereby decreasing power generation effi
ciency. Methanol diffusion is enhanced at high concentrations in the 
anode chamber, thereby reducing fuel cell efficiency. Olivera et al. [19]
conducted a comprehensive literature review of existing methanol fuel 
cell models, including numerical, simulation-based, and semi-empirical 
approaches. The researchers emphasised that, despite the broad range of 
existing methanol fuel cell models, the modelling of the two-phase flow 
mechanism remains a significant gap in the current literature. They also 
confirmed that the modelling provided a rapid and straightforward 
method for assessing performance degradation in methanol fuel cells.

The existing literature also encompasses the modelling of hybrid 
systems comprising both a battery and a fuel cell. Lemoine et al. [20]
developed an algorithm to determine the optimal configuration for a 
hybrid energy system in maritime and aircraft transport applications, 
accommodating 50 passengers. The hybrid energy system comprises a 
battery, a hydrogen fuel cell, and a storage system. This algorithm 
considered both the pollution emissions, energy supplied, and the eco
nomic factors. It was developed utilising data from multiple types of 
lithium battery -Li-ion, Li-air, Li-S, and SBB- and fuel cells -proton ex
change membrane fuel cell and solid oxide fuel cell. The researchers 
identified that the optimal configuration of the hybrid energy system 
comprising the lithium battery SSB and the solid oxide fuel cell yielded a 
total hydrogen consumption of 190.9 Kg of hydrogen. Although the 

researchers provided a valuable framework for selecting the optimal 
configuration of the hybrid energy system, it does not consider alter
natives beyond those documented in the existing literature. Ünlübayir 
et al. [21] investigated the applicability of a hybrid energy system 
comprising a battery and a hydrogen fuel cell as energy sources for the 
propulsion system of a cruise ship. A representative model of the elec
trical and thermal behaviour of both the battery and the hydrogen fuel 
cell was developed for this purpose, incorporating the effect of ageing on 
the overall performance of the hybrid energy system. Machine learning 
was utilised to optimise the energy management, and the model was also 
validated employing hardware-in-the-loop testing. The findings 
demonstrated the applicability of the hybrid energy system for cruisers 
and proposed an optimal energy management strategy that reduced 
operational costs and increased energy efficiency. However, the ther
modynamic and electrochemical phenomena of both the battery and the 
hydrogen fuel cell were ignored in the model, depending on the oper
ating conditions. Jia et al. [22] developed a model to predict the feasi
bility and efficiency of using a hydrogen fuel cell to recharge a lithium 
battery within a hybrid system. The researchers concluded that the fuel 
cell can both recharge the lithium battery and supply power to electrical 
loads. The battery can also provide supplementary energy during pe
riods of peak power demand. However, this model was designed 
explicitly for direct-current applications, which limits its broader 
applicability. Power demands were also simulated using a generic load 
resistance, thereby simplifying the load characteristics. Notably, the 
model was designed in MATLAB/Simulink. Motapon et al. [23] devel
oped a predictive model to simulate a hybrid system comprising a bat
tery or supercapacitor as the energy storage unit, a hydrogen fuel cell as 
the primary energy source, and an automotive vehicle as the power- 
demand system. In this study, the vehicle operated under alternating- 
current (AC) demand, necessitating a direct-current (DC)/AC con
verter. The researchers also assessed the most efficient energy storage 
system, battery or supercapacitor, to supply power to vehicles under 
various operational conditions, as well as the capability of the hydrogen 
fuel cell to recharge both energy storage systems. As a result of this 
investigation, they concluded that the battery exhibited higher effi
ciency at approximately 80% SOC and that the lowest energy con
sumption of the hydrogen fuel cell and the battery was achieved under 
frequency-decoupling and fuzzy-logic conditions. Han et al. [1]
designed a model for a hybrid energy system of a low-power boat, 
comprising a hydrogen fuel cell and a lithium battery. The model aims to 
identify the optimal operation of a hybrid system by considering oper
ational parameters such as fuel partial pressures, SOC, and dynamic 
power demand. They proposed an innovative hybrid system to supply 
the ship with energy. It is important to note that the MATLAB Simulink 
platform was further utilised to implement the model, and the simula
tion results were validated against experimental data. The researchers 
demonstrated that the proposed system achieved a higher relative effi
ciency than the traditional load command controller strategy. Bassam 
et al. [24] further developed a hybrid energy system model for ship 
applications, using multiple energy management strategies to identify 
optimal conditions with respect to energy and fuel consumption. In this 
study, the specifications of the FCS Alterwasser were adopted to model 
the ship. The multi-scheme energy management strategy included state- 
based, equivalent-fuel-consumption minimisation, charge-depleting and 
charge-sustaining, and a classical proportional-integration controller- 
based approach. The models were designed in MATLAB Simulink. The 
results indicated that both state-based and proportional integration 
effectively reduce fuel consumption, whereas battery SOC significantly 
influences overall energy consumption. Switching between operational 
schemes incurs only a negligible additional energy or fuel consumption. 
Nui and Xiao [25] conducted a comparative study of the efficiencies of 
the energy management strategy and topology optimisation method for 
a cruise ship propellowered by a hybrid energy system comprising a 
battery and a hydrogen fuel cell stack. The model was developed in the 
MATLAB Simulink environment, and the simulations represented 
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various operational scenarios of the cruise ship, including cruising, 
docking, and sailing. The topological optimisation method demon
strated superior efficiency in energy distribution for the energy man
agement system, reducing power fluctuations in the hydrogen fuel cell 
and the battery. Notably, both the hydrogen fuel cell and the battery 
supplied power directly to the system simultaneously. Nazemian et al. 
[26] also investigated the implementation of various energy manage
ment strategies in a hybrid energy system model comprising a lithium 
battery and a hydrogen fuel cell, which supplied power to the propellers 
of the crew transfer vessels. Energy management strategies employed in 
the simulations included state-based, equivalent-fuel-consumption 
minimisation, charge-depleting and charge-sustaining strategies, multi- 
scheme strategies, and a classic proportional-integral-controlled base. 
The models were designed utilising the MATLAB Simulink environment. 
The multi-schemes exhibited the highest energy efficiency among the 
energy management strategies examined. It is important to note that the 
electrochemical and thermodynamic equations were absent in this 
study. Jamma et al. [27] conducted a comparable investigation into the 
applicability of a hybrid energy system comprising a lithium battery and 
a hydrogen fuel cell for maritime transport, employing modelling in 
MATLAB Simulink. In this case, the researchers proposed an innovative 
energy management strategy that demonstrated excellent efficiency in 
temporal energy distribution.

Although fuel cells, batteries, and hybrid energy systems have been 
extensively modelled across a wide range of applications and operating 
conditions, evaluating fuel cell efficiency for battery recharging by fuel 
cell type remains a notable gap in the existing literature. This paper 
presents a theoretical investigation of fuel cell efficiency for battery 
recharging as a function of fuel type, including hydrogen, ammonia, and 
methanol. Seven scenarios were proposed in this study, encompassing 
configurations comprising single-type fuel cells (hydrogen, ammonia, 
and methanol) and multiple-type fuel cells (hydrogen/ammonia, 
hydrogen/methanol, ammonia/methanol, and hydrogen/ammonia/ 
methanol). Both battery and fuel cell blocks of the model were devel
oped using the governing thermodynamic and electrochemical equa
tions. The model was developed based on lithium battery specifications 
and implemented in MATLAB Simulink. The recharging and discharging 
processes were defined over the SOC range from 0% to 100%. The 

efficiency of lithium battery recharging was defined as inversely pro
portional to recharging time. The total simulation duration was set to 4 
days to ensure statistical significance in recharging time measurements.

Simulation methodology

The system model for charging a lithium battery using a fuel cell 
(Fig. 1) was developed utilising the MATLAB Simulink environment. 
Separate models were developed for three distinct types of fuel cells, 
differentiated by their respective fuel sources: hydrogen, ammonia, and 
methanol. Although the specific fuel cell model varied with the fuel 
type, several blocks were similar. The fuel cell block simulated the 
generation of electrical energy using the selected fuel. “Direct current 
(DC) / DC converter” block was employed to model the conversion of the 
fuel cell output to a DC voltage compatible with the battery system. 
“Discharging/charging controller” block regulated the discharge/ 
recharging cycles of the batteries. The power supply from the fuel cell to 
the lithium battery was automatically terminated when the battery 
state-of-charge (SOC) reached the predefined fully charged threshold 
(recharged SOC) and reactivated when SOC decreased to the specific 
threshold (discharged SOC), both detailed in Section “Simulation setup”. 
The “Lithium battery” block simulated lithium battery behaviour ac
cording to its commercial specifications. The “DC / AC converter” block 
modelled the conversion of the battery's DC outputs into the AC re
quirements of the connected electrical load. The fuel cell was electrically 
connected to the battery via the “DC / DC converter” and “Discharging/ 
charging controller” blocks.

In contrast, the “DC / AC converter” block connected the battery to 
the AC power load. This power demand was modelled using the “Load” 
block, which comprises a 1 Ω resistor connected to the “DC / AC con
verter” block and ground. Notably, the battery served solely as a power 
supply to the AC load.

Fuel cell models

The modelling of the fuel cell was based on the Nernst equations for 
the electrochemical processes (Eq. (1) [16,22,23,28,29]). 

Fig. 1. Schematic drawing of the discharging/recharging model of the lithium battery using a fuel cell, comprising the following functional blocks: “fuel cell”, “DC / 
DC converter”, “Discharging/charging controller”, Lithium battery”, DC / AC converter”, and “Load”.
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where, E is the voltage of the fuel cell in operation mode, N is the 
number of the fuel cells in the stacks, Eocp is the voltage of the fuel cell for 
open circuit, R is the ideal gas constant (8.314 JK− 1mol− 1), T is the 
temperature, F is the Faraday’s constant (96500 Cmol− 1), ne is the 
electrons transferred in the electrochemical reactions, [Rea]m is the 
partial pressure with the stoichiometric power factor of the reactants, 
[Pro]− n is the partial pressure with the stoichiometric power factor of the 
products, Rohm is the ohm resistance, i is the current produced by the fuel 
cell, io is the current of the fuel cell in the open circuit, α is the cathodic 
slope, and il is the current limit of the fuel cell. It is noteworthy that only 
gaseous state chemical agents participated in the electrochemical reac
tion within the fuel cell.

The model used to simulate fuel cell power generation is presented in 
Fig. 2. In this model, the relative pressures of the reactants and products 
were assumed to vary over time. It was represented through the simu
lation block named “Fuel pressure in the anode and cathode”. The flow 
within the anode and cathode (Fcham) chamber was described by Eq. (2)
[22,23]. 

Fcham = Pin − mRTiF− 1n− 1
e V− 1 + nRTiF− 1n− 1

e V− 1 (2) 

Here, Pin is the pressure in the chamber, m is the stoichiometric power 
factor of the reactants, n is the stoichiometric factor of the product, and 
V is the volume of the chamber.

The fuel cell characteristics were implemented as a simulation block 
to represent the intrinsic features of the cells, including temperature, the 
number of cells per stack, and the dimensions of the cathode and anodic 
chambers. Eocp was defined using Eq. (3) [13,15,28,29], implemented in 
the model via the “Voltage at open circuit potential” block. 

Eocp = F− 1n− 1
e (ΔH − TΔS) (3) 

where, ΔH and ΔS are the enthalpy and entropy of the electrochemical 
reactions, respectively. The block entitled “Combustion products” rep
resented the products of the electrochemical reactions. The “Internal 
resistance of the fuel cell” block implemented part of Eq. (1)

− Rohmi − ln
(
ii− 1

o
)
+α− 1ln

(
1 − ii− 1

l
)

in the model. Rohm was determined by 
Eq. (4) [1–3]. 

Rohm = TRNn− 1
e F− 1α− 1(inom − 1)− 1ln(io) (4) 

Here, inom is the nominal current, which was estimated by Eq. (5) [2,4,5]. 

io = KBR− 1F− 1N− 1
a (

∑
PRea)e− ΔG/RT (5) 

Here, KB is Boltzmann’s constant, Na is Avogadro’s number, PRea is the 
partial pressure of the reactants, and ΔG is the Gibbs energy differential. 
The products of the electrochemical reactions varied with temperature. 
It is important to note that water is included in the equation only when 
the fuel cell temperature is at or above 373 K. The liquid chemical 
products were absent in the electrochemical reactions, which were 
represented using the “Temperature effect on the fuel cell” block. The 
current generated by the fuel cell was constrained by its operating 
conditions (e.g., fuel partial pressures, temperature, fuel type, humidity, 
number of cells, and anodic and cathodic chamber dimensions), which 
were implemented in the model through the “Current controller” block. 
Finally, the model block titled “External connector” served as the 
interface between the fuel cell and the central system.

Cell features for the fuels hydrogen, ammonia, and methanol are 
listed in Table 1.

Lithium battery

The model for the lithium battery was also developed based on the 
electrochemical mechanism, as represented by Eq. (6) [22,23,27,31]. 

EBat = Enom − AQ
(

Q −

∫

iBat +

∫

ichar

)− 1

+Be− C
∫

iBat −
∫

ichar − Rpol (6) 

where, EBat is the supplied voltage, Enom is the nominal voltage, A is the 
polarisation voltage, Q is the maximum capacity, iBat is the positive 
current, ichar is the charged current from the fuel cell, B is the exponential 
voltage, C is the exponential capacity, and Rpol is the polarisation 
resistance, calculated using Eq. (7) [1,3,6]. 

Fig. 2. Schematic drawing of the fuel cell model, formed of the following functional blocks; “Fuel pressures in the cathode”, “Fuel cell features”, “Combustion 
products”, “Fuel pressures in the anode”, “Voltage at the open circuit potential”, “Internal resistance of the cell”, “Temperature effect on the fuel cell”, “Current 
controller”, and “External connector”.
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Rpol = iBatAQ[
(
1 − ineg

)
(

Q −

∫

iBat +

∫

ichar

)− 1

− ineg

(∫

iBat +

∫

ichar − 0.1Q
)− 1 (7) 

Here, ineg is the negative value of the current. Several blocks were 
incorporated into the lithium battery model to accurately represent its 
electrochemical behaviour (Fig. 3). The instantaneous battery capacity 
was modelled using the “Capacity monitoring” block. At the same time, 
the state of charge (SOC) was represented through the “SOC monitoring” 
block. SOC evolution was calculated using Eq. (8) [10,23,32]. 

SOC = 100
(

1 − (

∫

iBat +

∫

ichar

)

Q− 1) (8) 

The battery's operating periods were defined either by SOC thresholds or 
by time intervals via the switch-on/off controller. The “Voltage con
verter” block generated the battery voltage as a function of time ac
cording to Eq. (6). The battery's instantaneous current was modelled 

using the “Direct battery current generator” block, implemented as a 
first-order filter. The “Voltage function generator” block was utilised to 
realise Eq. (6), whereas the “Current converter” block transformed the 
generated voltage signal into its corresponding current. The “Delay” 
block was introduced to break the feedback loop arising from the 
dependence of Eq. (6) on the current. The negative current associated 
with battery discharge was modelled using the “Negative current 
generator” block. The battery's expended capacity was estimated by 
integrating the current over time using the “Capacity generator” block. 
The “Battery internal resistance” block modelled the battery's internal 
resistance, which was in parallel with the “Voltage function generator” 
block. The “Electrical connector to power required” block was used to 
link the battery to an external load. In contrast, the “Electrical connector 
to power source” block was employed to connect the battery to the fuel 
cells.

Simulation setup

Simulations aimed at evaluating battery recharging efficiency as a 
function of the fuel cell type. To achieve this aim, seven scenarios were 
considered according to the cell fuel type, including hydrogen (H), 
ammonia (A), methanol (M), hydrogen and ammonia (H&A), hydrogen 
and methanol (H&M), ammonia and methanol (A&M), and hydrogen, 
ammonia and methanol (H&A&M). The dimensions of the anodic and 
cathodic chambers remained constant across all scenarios. The total area 
of both chambers was 100 cm2, while the chamber thicknesses were 0.12 
cm and 0.65 cm for the anodic and cathodic chambers, respectively. The 
humidity in all simulation scenarios was kept at 80%. The operating 
temperature was identical across all scenarios and was maintained at 
298K. Simulation conditions were further adjusted to ensure compara
ble conditions across all scenarios, as summarised in Table 2.

The conditions of the Motorola 12.8V lithium battery were used to 
model the battery in the simulation. The corresponding specifications 
are summarised in Table 3.

Notably, the total simulation duration was set to 4 days (3.6 × 105 s), 
and the charging process started at 0 % SOC and terminated upon 
reaching 100 % SOC.

Table 1 
Fuel cell conditions by fuel type.

Parameter Fuel type

Hydrogen 
[1,13,22]

Ammonia [15,29] Methanol [17,18,30]

Anode reaction 2H2→4H+ +

4e−
4NH3→12H+ +

2N2 + 12e−
2CH3OH +

2H2O→2CO2 +

12H+ + 12e−

Cathode reaction O2 +

4e− →2O− 2
3O2 +

12e− →6O− 2
3O2 + 12e− →6O− 2

Products 2H2O 6H2O,and2N2 4H2O,and4CO2

ne 4 12 12
ΔH(kJmol− 1) − 285.93 46 − 700
ΔS(JK− 1mol− 1) − 163.42 98.9 − 242.6
Purity 21 21 21
il(Acm− 2) 320 94 40
inom(Acm− 2) 250 50 20
Maximum 

voltage (V)
0.70 1.24 0.9

Fig. 3. Schematic drawing of the lithium battery model, consisting of the following blocks; “Capacity monitoring”, “SOC monitoring”, “Voltage converter”, “Switch 
on / off controller”, “Voltage function generator”, “Direct battery current generator”, Current converter”, “Delay”, “Battery internal resistance”, “Negative current 
generator”, “Electrical connector to power required”, “Employed capacity generator”, and “Electrical connector to power source”.
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Results

The temporal evolution of the lithium battery features (voltage, 
current, power, and SOC) were different for the charging and dis
charging stages (Fig. 4). However, the voltage (Fig. 4(a)), current (Fig. 4
(b)), and power (Fig. 4(c)) of the battery obviously exhibited similar 
temporal trend for both the charging and discharging stages. The 
behaviour of the charging stage differed from the discharging stage. 
During the recharging stage, the battery features remained at 0 because 
the device was inactive. During the discharge process, the battery 
characteristics exhibited several stages of temporal evolution. In the 
initial period (3200 s), the features decreased exponentially with time, 
corresponding to the exponential response region of the battery 
discharge stage. This rapid decline is attributed to the battery's initially 
high capacity, which is quickly depleted [23]. Following this reduction, 
the battery's voltage, current, and power remained constant for an 
extended period, indicating the battery was operating within its normal 
operating region [22]. At the last stage (26000 s), the battery current, 
voltage, and power rapidly decreased to zero within milliseconds, 
indicating complete discharge [22,23].

In contrast, SOC behaviour during both the charging and discharging 
stages differed from that of the previously noted features. During the 
charging stage, SOC increased linearly with time, whereas during the 
discharging stage, SOC decreased linearly. These trends are consistent 
with the realistic trends of lithium-ion batteries reported in the existing 
literature [10,31,33]. It is important to note that the magnitudes of the 
battery features, including voltage, current, and power, reported in the 
existing experimental literature differed from those of the study, due to 
the use of distinct lithium battery models across the referenced works.

It is important to note that the temporal localisation of the 

recharging and discharging stages shifted, with the magnitude of the 
displacement determined by the configuration. These observations 
highlight the pronounced influence of the fuel cell type and configura
tion on the recharging/discharging behaviour, which is discussed in the 
subsequent sections.

The temporal evolution of the fuel cell voltage, current, and power 
varied across different scenarios (Fig. 5).

The current (Fig. 5(a)) and power (Fig. 5(b)) exhibited comparable 
temporal behaviour, characterised by two stages corresponding to the 
battery's discharging and recharging. This observation indicates strong 
coupling between battery processes and fuel cell power generation, with 
current playing a predominant role in determining power output. During 
battery discharge, both current and power remained zero. This obser
vation can be attributed to their electrochemical reactions at near- 
equilibrium conditions (open circuit) [15]. In contrast, during battery 
recharging, both current and power increased sharply within the first 
milliseconds and then remained constant. This finding indicates a steady 
recharging regime driven by the fuel cells. At the final stage of the 
recharging process, both fuel cells exhibit a dramatic drop to zero, 
marking the end of charging and the beginning of the discharge stage. 
The values and time evolution of current and power depended on the 
specific scenario considered. However, the areas under the time–current 
and time-power curves were comparable across all scenarios. Scenarios 
characterised by elevated power or current values exhibited shorter 
processing times, whereas the opposite was observed. These findings 
validated the accuracy of the recharging process simulation, as all fuel 
cell system configurations must supply an equivalent amount of energy 
or charge to satisfy the battery's demands [6]. The power and current 
levels across the scenarios followed the order: M > H > A&M > H&M >
H&A > A > H&A&M. This hierarchy is discussed in detail in the sub
sequent section. It is noteworthy that temporal trends of the fuel cell 
features - voltage, current, and power - were comparable to those re
ported for hydrogen [32,33], ammonia [29], and methanol [34,35] fuel 
cells in the existing literature. However, temporal trends for scenarios 
incorporating multiple types of fuel cells were absent from the existing 
literature, owing to the novelty of the scenarios investigated in the 
present study.

With respect to the voltage (Fig. 5(b)), most scenarios exhibited 
temporal evolutions comparable to those observed for power and cur
rent. In contrast, Scenario A, which comprised only ammonia fuel cells, 
showed a reduction in voltage during recharging. This behaviour is 
attributed to the endothermic nature associated with their electro
chemical reactions [15]. This phenomenon was absent in the other 
scenarios that combined the ammonia fuel cell with other fuel cell types, 
because the additional fuel cells compensated for the voltage deficiency. 
This limitation can be mitigated by implementing an auxiliary heating 
source to facilitate electrochemical reactions in the ammonia fuel cell. 
All fuel cell systems exhibited a constant voltage during discharge, 
consistent with the fuel cell's open-circuit potential.

The recharging time for the investigated scenarios exhibited an order 
opposite to that observed for the current: M < H < A&M < H&M < H&A 
< A < H&A&M (Fig. 6). It is important to note that the recharging ef
ficiency is considered inversely proportional to the time of recharging. 
The highest recharging efficiency was observed in scenario M, which is 
attributed to the relatively high exothermicity of the electrochemical 
reactions in the methanol fuel cell [17]. However, the combustion of 
methanol produces carbon dioxide, a greenhouse gas [17,18], which is a 
significant drawback of this technology for marine transport applica
tions. H scenario exhibited the second-shortest recharging process, 
owing to the exothermic nature of hydrogen combustion [4,28,36]. The 
third-highest recharging efficiency was observed in the A&M scenario 
because the relatively high recharging efficiency of the methanol fuel 
cell partially offset the low recharging efficiency of the ammonia fuel 
cell. A discrepancy arises because the H&M scenario exhibited a lower 
recharging efficiency than the A&M scenario. In principle, the H&M 
configuration should exhibit higher recharging efficiency than the A&M 

Table 2 
Simulation conditions of the fuel cell.

Scenario Cell types Total air pressure 
for the cell system 
(at)

Total fuel pressure 
for the cell system 
(at)

Cell 
number

H Hydrogen 13.92 13.92 60

A Ammonia 13.92 13.92 60

M Methanol 13.92 13.92 60

H&A Hydrogen 6.86 6.86 30
Ammonia 6.86 6.86 30

H&M Hydrogen 6.86 6.86 30
Methanol 6.86 6.86 30

A&M Ammonia 6.86 6.86 30
Methanol 6.86 6.86 30

H&A&M Hydrogen 3.43 3.43 20
Ammonia 3.43 3.43 20
Methanol 3.43 3.43 20

Table 3 
Lithium battery specification: 12.8 V.

Parameter Value

Q(Ah) 100
Eocp(V) 12.8
Battery internal resistance (Ω) 0.15
Potential limit (V) 15
Current limit (A) 100
A(Ah) 0.128
B(Vs− 1) 22
C(Vh) 17.186
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scenario, owing to the higher individual efficiencies of the two fuel cells. 
However, in this scenario, the different types of fuel cells affect their fuel 
consumption, reducing the overall recharging efficiency. A reduction in 
fuel consumption within the fuel cell decreases both the flow rates into 
the anodic and cathodic chambers and the efficiency of their electro
chemical reactions, thereby reducing the fuel cell's power generation. 

The recharging efficiency ranking of configuration H&A is attributed to 
the hydrogen fuel cell's limited capacity to compensate for the low ef
ficiency of the ammonia fuel cell. It is noteworthy that the power 
contribution of the hydrogen fuel cell was lower than that observed in 
the methanol fuel cell. The lowest recharging efficiency observed in the 
ammonia fuel cell can be attributed to the endothermic nature of 

Fig. 4. Temporal evolution of the lithium battery current (a), voltage (b), power (c), and SOC (d) during charging and discharging cycles for the different scenarios. 
Left graphs depict the full temporal evolution (360,000 s) of lithium battery characteristics, and the right graphs are magnifications at a time scale of 100,000 s of the 
left graphs.
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Fig. 5. Temporal evolution of the fuel cell current (a), voltage (b), and power (c) during charging and discharging cycle processes according to the different sce
narios. The left graphs depict the total temporal evolution of lithium battery characteristics, and the right graphs are magnifications of the left graphs at 100,000 s.

Fig. 6. Full recharging time of the lithium battery according to the scenario configuration.
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ammonia combustion reactions [15]. Finally, the scenario exhibited 
H&A&M the lowest recharging efficiency, which is associated with both 
the competitive interaction between hydrogen and methanol fuel cells 
and the relatively low efficiency of the ammonia fuel cell.

The theoretical results of this study establish a clear hierarchy in 
recharging efficiency, with methanol and hydrogen configurations 
outperforming those involving ammonia or multi-fuel combinations. 
Methanol’s high efficiency is largely attributed to the significantly 
exothermic nature of its electrochemical reactions [17,18]. Hydrogen 
follows closely, also benefiting from exothermic combustion [4]. 
Conversely, ammonia exhibits the lowest efficiency among single-fuel 
scenarios due to the endothermic nature of its combustion, which re
duces voltage during the recharging process [15]. While these findings 
provide a vital baseline for selecting power sources, the practical 
deployment of these technologies in the maritime sector involves sig
nificant trade-offs regarding safety, storage, and environmental impact 
that go beyond simple recharging time [37,38].

One of the most critical practical constraints is the disparity in fuel 
storage and handling requirements. While methanol is the most efficient 
according to the model, its primary drawback is the production of car
bon dioxide, which challenges the IMO’s net-zero 2050 goals unless 
carbon-neutral “green” methanol is utilised [39,40]. On the other hand, 
its storage is relatively easy using near-conventional tanks and systems, 
enabling retrofits and relatively low disruption [41]. Hydrogen, while a 
zero-emission fuel, poses immense logistical challenges due to its low 
density, which necessitates high-pressure or cryogenic storage tanks that 
occupy substantial volume and add weight to a vessel [42,43]. Ammonia 
offers a middle ground as a carbon-free carrier, as it is easier to liquefy 
than hydrogen. Still, its high toxicity and corrosive properties necessi
tate specialised materials and rigorous safety protocols to protect the 
crew and the marine environment [44,45].

System weight and volume also play a pivotal role in maritime 
design, where cargo space is at a premium [46]. The study notes that 
configurations using multiple fuel cell types, such as the three-type 
hydrogen, ammonia, and methanol system, resulted in the lowest 
recharging efficiency due to competitive fuel consumption and unfav
ourable interactions. Beyond this loss of efficiency, such multi-fuel 
systems would drastically increase the physical footprint and mechani
cal complexity of the ship's engine room [41,45,47]. This suggests that 
while multi-fuel systems might seem versatile, the added weight and the 
efficiency penalties observed in the simulation make them less viable 
than optimised single-fuel systems [47].

Economic factors and the realities of dynamic operating conditions 
further complicate the transition to hybrid fuel-cell-battery systems. The 
current simulation assumes a steady-state recharging regime under 
constant conditions. However, real-world marine power demands are 
highly variable, requiring systems that can handle rapid load fluctua
tions without significant degradation [6,48,49]. Furthermore, the total 
cost of ownership, including the price of “green” fuels and the lack of 
global bunkering infrastructure for hydrogen and ammonia, remains a 
barrier [45,50]. Therefore, while this research identifies methanol and 
hydrogen as more efficient options for battery recharging, the final se
lection for maritime applications must balance these theoretical effi
ciencies against the practical realities of safety, storage volume, and 
economic feasibility [41,43].

The integration of a battery energy storage system serves as a critical 
technical buffer, bridging the gap between the steady-state simulations 
presented in this study and the highly dynamic reality of marine power 
demand [49,51]. While the current model assumes constant recharging 
conditions, real-world maritime operations involve rapid load fluctua
tions due to manoeuvring and sea states that can cause significant 
degradation of fuel cell membranes if these transients are forced to be 
followed directly [52]. By utilising the battery as a “peak-shaver,” the 
fuel cell can maintain a stable, near-constant output at its optimal effi
ciency point, specifically leveraging the exothermic advantages of 
methanol and hydrogen identified in the research. In contrast, the 

battery handles peak demand and instantaneous power surges [53,54]. 
This hybrid configuration not only protects the system from the me
chanical and chemical stresses of variable operation but also allows for a 
smaller, more efficient fuel cell stack that operates continuously to 
maintain the battery’s state of charge, thereby enhancing the overall 
reliability and lifespan of the vessel's power plant [49].

Conclusions

This study presents a theoretical investigation into the efficiency of 
various fuel cell configurations for recharging a lithium battery. These 
configurations encompassed several scenarios involving systems with 
distinct fuel cell types, including hydrogen, ammonia, and methanol fuel 
cells, as well as single- and multi-fuel-cell systems. The key findings of 
this study are presented below. 

1. The temporal evolution of the discharging and recharging processes 
in the lithium battery can be simulated using the study model, which 
captures the behaviour of voltage, current, power, and SOC during 
these processes.

2. The temporal behaviour of the fuel cell features - voltage, current, 
and power - for distinct fuels, including hydrogen, ammonia, and 
methanol, and under varying operational conditions of the battery 
(recharging and discharging) can be represented using the model of 
the study.

3. Fuel cell features exhibit distinct trends depending on both the bat
tery operating mode and the type of fuel used. During the dis
charging process, the current and power remain zero, whereas the 
voltage remains constant. During the recharging process, both cur
rent and power increase sharply across all fuel cells; however, their 
magnitudes and durations vary with the fuel cell type. For most fuel 
cells, the voltage follows a temporal evolution similar to that 
observed for current and power. A notable deviation is observed in 
the ammonia fuel cell, where the voltage is markedly reduced during 
recharging.

4. The recharging efficiency of the fuel cells is defined as the inverse of 
the recharging time and is therefore scenario-dependent. The 
methanol fuel cell scenario exhibits the highest recharging effi
ciency, followed by the hydrogen fuel cell configuration. Overall, 
scenarios that combine battery types have generally demonstrated 
lower recharging efficiency than scenarios based on a single battery 
type. An exception is observed for the ammonia fuel cell, which ex
hibits the second-lowest recharging efficiency among the scenarios 
configured with a single fuel cell type. The lowest recharging effi
ciency is observed for the scenario with the configuration comprising 
three different types of fuel cells.

This study provides essential findings on the optimal selection of a 
fuel cell for lithium-ion battery recharging, representing a significant 
advancement for the marine transport industry. Beyond marine trans
port applications, these findings are also applicable to other industrial 
sectors, including automotive, construction, and aerospace.
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