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Abstract

The increasing demand for decarbonization of marine transportation motivates the utilization of low-carbon resources.
mong different options, fuel cells are drawing attention. The selection of fuel cell (FC) and the design of energy management

trategy would have a great impact on the vessel’s operational efficiency, and thereby needs to be considered carefully. The
bjective of this paper is to develop energy management system (EMS) to reduce the fuel consumption of a hybrid fuel
ell/battery ship. To this end, a day-ahead EMS scheme is proposed that takes full use of information including ship cruising
outines and the degradation status of the fuel cell modules. The developed EMS is optimization-based and conducted off-line to
rovide guideline for the next-day power generation plan. In addition, three power allocating strategies across the multiple fuel
ell modules are considered and compared (equal, independent, and sequential). A sequential rotation procedure is proposed
o reduce the degradation rates of the fuel cell modules. Simulation results show that the proposed EMS can effectively
mprove the fuel economy of the hybrid ship while enhancing sufficient energy backup throughout the full voyage. In addition,
omparisons between different FC configurations implies that the independent distribution has the highest fuel efficiency, and
ith the proposed rotation procedure, the sequential distribution can effectively improve the fuel efficiency by up to 23.2%.
2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/).

eer-review under responsibility of the scientific committee of the 3rd International Conference on Power, Energy and Electrical Engineering, PEEE,
022.
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1. Introduction

As a critical part of the global economy, shipping is by far the most environmentally friendly mode, accounting
or only 11% of the global CO2 emissions yet undertaking 80% of the world’s trade [1]. However, the International

Maritime Organization (IMO) has taken further action to pursue the decarbonization of marine transportation.
Currently, traditional fossil fuels are still the primary source for more than 95% of ships [2,3]. With advantages in
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zero pollutant emissions, high efficiency, and low operating temperatures, polymer electrolyte membrane (PEM)
fuel cells (FC) are a strong candidate for future maritime applications and has gained wide attention to build
zero-emission ships.

Due to the slow dynamic response of fuel cells, an auxiliary power supply, usually a battery, is recommended to
ooperate with fuel cell to satisfy the highly dynamic navigation scenarios [4]. To ensure the operational efficiency,
conomy, and long lifetime of onboard facilities, an EMS is a tool that has been widely studied. Existing EMS
esearch for hybrid fuel cell/battery ships has mainly focused on three areas: optimal facility sizing [5–8], early-
tage energy generation planning, and real-time power allocation [9–12]. Due to the direct impacts of the energy
eneration plans on the decisions of weight, size, and lifetime of the onboard energy facilities, the first two targets
re usually coupled and thus forming a joint problem. Solving these problems requires a good pre-knowledge of
he historical load profile, but it contributes to reduced occupied space, economic costs, and fuel consumption.

Most of the previous work neglects the configuration and degradation status of the fuel cells and gives energy
ispatching plans based on the assumption that the vessel has a particular and unchangeable cruising route and
imetable without effectiveness validation when the situation changes. Considering that adjustments in ship sailing
atterns and harbor conditions would have directly impacts on the propulsion loads and cold-ironing supplements,
nd that different FC configurations and degradation levels affect the FC characteristics, customized energy
ispatching plans are essential in improving the vessel operational reliability and efficiency.

To address these issues, a hybrid FC/battery passenger vessel with one-day routine is studied. The main target
f this paper is to propose a day-ahead EMS to enable more fuel-efficiency operation with considerations of ship’s
oyage plan, and FC modular status. The contributions of the paper are summarized as follows:

1. Customize the day-ahead power generation plans based on next-day sailing plans: routine, time schedule,
ports cold-ironing information, sailing speed, etc.

2. Customize the day-ahead power generation plans based on FC degradation status.
3. Customize the day-ahead power generation plans for three different FC configurations: independent, equal,

and sequential.
4. Reduce the degradation rate of the FC by developing rotational mode.

. Problem description and PEM modeling

.1. Vessel information

The studied vessel is a tour ferry, transferring travelers for one-day tour journal. An example of the daily ship
outine and load profile is presented as Fig. 1. Detailed information are related to [11]. The onboard loads contain
wo parts: propulsion load and service load. The general structure of the electrical power system is as Fig. 2. As
een, fuel cells are the major power supplier, and the battery provides auxiliary support. The ferry is supported by
uel cell and batteries while on sail and has the possibility to get access to cold ironing while arriving at the harbor.

Fig. 1. (a) vessel routine example; (b) onboard loads for one day.
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Fig. 2. Ship power train based on a modular FC/ battery hybrid system.

.2. Fuel cell

In this part, the pressure drop in gas channels of the PEM fuel cell stacks along with the compressor power
onsumption to compensate for the pressure drop are investigated. Furthermore, the effect of degradation on the
erformance of the utilized PEM fuel cell is also evaluated.

According to the literature, the pressure drop in the anode side is much lower than the cathode side [13,14].
urthermore, in the most cases, pressurized hydrogen stored in a tank is used in the anode side. Therefore,
ompressing H2 before entering the anode is not always necessary. Hence, in this study the pressure drop in the
athode side is considered and calculated using the following equation:

∆P =

∫ L

0

fρ
2d

V 2dx +

i∑
1

k
ρ

2
V 2 (1)

where the first term on the right side represents the major pressure losses, while the second term represents the
minor losses. In this equation f, ρ, L, k, d, i, and V represent friction coefficient, air density, channel length, minor
loss coefficient, channel hydraulic diameter, number of swerve corners in gas channels, and the gas flow speed.

To consider the effect of degradation on the performance of the fuel cell stack, the degradation rates given by
Chen et al. [15] for different operating condition modes were considered. In this case, the voltage of the fuel cell
which is affected by the degradation can be calculated as follows:

V = V0 − (V ′

1 × n1 + U ′

1 × t1 + V ′

2 × n2 + U ′

2 × t2) (2)

where V0 stands for voltage at the fuel cell initial state, while V ′

1, U ′

1, V ′

2, and U ′

2 denote voltage degradation rates
for start–stop cycles, idling period, load change cycle, and high-power load period, respectively. In Eq. (2), n1, t1,
n2, and t2 also represent the number of cycles for start–stop, the period of idling, number of load change cycles,
and the period of high-power load, respectively.

To save the computational efforts, FC performance is described in a lookup table based on the up-mentioned
mathematic modeling. Fitted curves are also shown in Fig. 3. Results under different degradation status are presented
including undegraded (BoL), after 10k hours of operation, after 20k hours of operation, and after 30k hours of
operation. As Fig. 3 indicates, the degradation causes reduced efficiency, and the fitted curves present high accuracy.

Fig. 3. Fuel cell module efficiency curves under different operational time.
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3. Energy management system designing

The electrical parameters of each onboard energy equipment is shown in Table 1. A general view of the proposed
MS is illustrated in Fig. 4. The EMS is developed based on optimization algorithm. By gathering the information
f day-ahead cruising plans, cold-ironing accessibility, and FC degradation status, the off-line optimization decides
he on/off status of FCs and optimizes the power sharing. In addition, the power generation plans are developed for
he three different FC configurations individually.

Fig. 4. Overall structure of the proposed EMS.

Table 1. Electrical parameters of each onboard energy equipment.

Equipment Parameters Values Parameters Values

Fuel cells Maximum output power P f c(max) 200 kW Quantities N f c 5
Minimum output power P f c(min) 15 kW –

Battery Capacity Qb 25 kWh Voltage Voc 125 V
SOC range 0.3, 0.95 Initial SOC 0.6
Maximum discharging power 20 kW Quantities Nbat 20
Maximum charging power 15 kW –

3.1. Optimization problem formulation

The objective of the offline optimization is to minimize the overall fuel consumption during one-day cruise.
hus, the cost function is as follows.

min J =

24∑
t=1

N f c∑
i=1

k f c,i,t ∗ P f c,i,t/η f c,i,t (3)

where N f c is the quantities of the FC and is set as 5. k f c,i,t is the on/off status of i th fuel cell at time t. P f c,i,t is the
output power of it, and η f c,i,t is the efficiency. The cost function is subject to the following constraints depending
on the cruising conditions: on sail or at port. To ensure that the ship has enough reserving energy, it is set that the
SOC of the battery at the 24th hour should be greater than 0.6. Thus, the constraints are expressed as follows:

on sail

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N f c∑
i=1

k f c,i,t P f c,i,t + Pbat,t = Pload,t

k f c,i,t ∈ {0, 1}

P f c,i,t ∈ [P f c(min), P f c(max)]
Pbat,t ∈ [Pbat(min), Pbat(max)]
SOCbat,t ∈ [SOCbat(min), SOCbat(max)]

(4)
Pcold−ironing,t = 0
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at port

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N f c∑
i=1

k f c,i,t P f c,i,t + Pbat,t + Pcold−ironing,t = Pload,t

k f c,i,t ∈ {0, 1}

P f c,i,t ∈ [P f c(min), P f c(max)]
Pbat,t ∈ [Pbat(min), Pbat(max)]
SOCbat,t ∈ [SOCbat(min), SOCbat(max)]
SOCbat,24 ≥ 0.6

(5)

where the first equality constraint ensures the power balance. The second binary constraint represents the on/off
status of FC. The inequality constraints govern the output power limits of FC, output power limits of battery, and
SOC limits respectively. In addition, there are additional constraints for FCs in different configurations. For equal
distribution, the power demand is equally allocated to each module, thus the on/off status and reference power of
each FC is equal. As shown below,{

k f c,i,t = k f c, j,t ∀i, j ∈ N f c

P f c,i,t = P f c, j,t ∀i, j ∈ N f c

(6)

For independent distribution, the power demand for each FC module is optimized by the EMS. Thus there is no
extra constraints. For sequential distribution, the power demand is allocated to one module only if the former one
reached to its maximum output power. Thus the additional constrains can be expressed as,

k f c,i+1,t = not
(
P f c,i,t k f c,i,t − P f c(max)

)
(7)

3.2. FC degradation monitor and sequence rotation

As it has been discussed in Section 2, the degradation rate of FC is highly affected by its operational time and
the uneven usage of FCs is the main reason for their different degradation rates. The difference in FC degradation
levels would be more severe in sequential distribution since the first FC is the most frequently used. To guarantee a
similar degradation rate for all FCs, a sequence rotation procedure is developed by monitoring the degradation status
of each FC and rearranging the sequence of them. In this way, all FCs would have similar speeds of degradation
rate.

4. Case study

In this paper, the effectiveness of the proposed EMS is tested under four FC configurations (equal, independent,
sequential, and rotational sequential), three different cruises (Cruise 1, Cruise 2, and Cruise 3), and five degradation
levels (as in Table 2). The performance of the EMS is evaluated in terms of power sharing performance, SOC
status, and fuel consumption. Rule-based method in Ref. [16] is adopted to benchmark the fuel saving capability.
The proposed EMS is built in GAMS and solved by BONMINH.

Table 2. Case description: different FC degradation status. (BoL: Beginning-of-Life, 10k: after 10k
hours usage, 20k: after 10k hours usage, 30k: after 10k hours usage).

FC1 FC2 FC3 FC4 FC5

Case 1 BoL BoL BoL BoL BoL
Case 2 10k BoL BoL BoL BoL
Case 3 20k 10k BoL BoL BoL
Case 4 30k 20k 10k BoL BoL
Case 5 30k 20k 10k 10k BoL

4.1. Optimization results under Cruise 1, Cruise 2, and Cruise 3

In Cruise 1, The ferry leaves port A at 6:00 am and arrives at port B at 9:00 am. After 3 h docking, the ferry

eaves port B at 13:00 pm and arrives at port C at 17:00 pm. Afterwards, it departures for port A at 20:00 pm and
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arrives at 00:00. During its berth in each port, the vessel gets access to the cold ironing. The load profile is the
same as presented in Fig. 1. The power sharing and SOC performance of the system is shown in Fig. 5. And the
fuel consumption results are shown in Table 3.

Table 3. Fuel consumption performance in Cruise 1 (Most and least efficient configurations are
highlighted in green and red).

Fig. 5. System performance in Cruise 1.

In Cruise 2, the ship follows the same routine, except that it will not get access to the cold ironing in port C
due to maintenance from 17.00–20:00. The corresponding fuel consumption results are shown in Table 4.

In cruise 3, the ship travels only between port A and port C, as can be found in Fig. 6. It leaves port A at 9:00
am. After 5 h full speed sailing, it arrives at port C at 13:00 pm and stays for 6 h. It departures at 20:00 pm and
arrives back at port A at 00:00. The corresponding fuel consumption results are shown in Table 5.

4.2. Remarks
According to the case study results, following remarks can be drawn:
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Table 4. Fuel consumption performance in Cruise 2 (Most and least efficient configurations are
highlighted in green and red).

Table 5. Fuel consumption performance in Cruise 3 (Most and least efficient configurations are
highlighted in green and red).

Fig. 6. (a) vessel routine: Cruise 3; (b) onboard loads for one day.

• FC supports the major load when the ship is at sea and the batteries provide auxiliaries. When the ship arrives
at the ports, the shore-side cold ironing power supports the service load and charge the batteries.

• The more the fuel cell degrades, the more fuel it consumes.
• The battery SOC remains healthy (30%–95%) during the cruising, and at a high level (>60%) at the end of

the voyage, thus providing promising energy reservation.
• Among the three FC distributions, the independent distribution consumes the least amount of fuel by

distributing power to the less degraded modules. The sequential distribution consumes the most fuel. However,
sequential distribution with rotation can improve the fuel economy by up to 23.2%.

• Traditional rule-based method gives only the total power reference for the five FC modules without considering
the power distribution way among them, while the proposed optimization-based EMS can optimize the power
sharing between multiple FC modules according to their power configurations. Up to 7.13% improvement in
fuel savings can be achieved at the same FC distribution by adopting the proposed EMS. And that value raises
to 28% when compared to the independent distribution.
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5. Conclusion

This paper presents an optimization-based energy management system for hybrid FC/battery passenger ships.
he proposed EMS has high robustness and remains effective under multiple cases. The effectiveness of the
roposed EMS is validated through comparisons with the traditional rule-based method. Comprehensive case studies
alid that the proposed EMS can enable more efficient operations by customizing the next-day power generation
lans according to the future shipping cruise, shore-side information, FC degradation status, and FCs electrical
istributions. Among all FC distribution, the independent distribution achieves the best fuel efficiencies in all cases,
nd the sequential distribution with the proposed rotation procedure largely improves the fuel efficiency.

However, considering that the onboard load can be highly variable and fluctuating due to changeable sea and
ailing conditions, a real-time power management system (PMS) is essential to execute the decision from day-ahead
MS while satisfying instantaneous load demand. In future work, we will develop a two-stage EMS that addresses
oth issues to ensure high efficiency of the ship under real-time operations.
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