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Abstract

The increasing demand for decarbonization of marine transportation motivates the utilization of low-carbon resources. Among
different options, fuel cells are drawing attention. The selection of fuel cell (FC) and the design of energy management strategy
would have a great impact on the vessel's operational efficiency, and thereby needs to be considered carefully. The objective of
this paper is to develop energy management system (EMS) to reduce the fuel consumption of a hybrid fuel cell/battery ship. To
this end, a day-ahead EMS scheme is proposed that takes full use of information including ship cruising routines and the degradation
status of the fuel cell modules. The developed EMS is optimization-based and conducted off-line to provide guideline for the next-
day power generation plan. In addition, three power allocating strategies across the multiple fuel cell modules are considered and
compared (equal, independent, and sequential). A sequential rotation procedure is proposed to reduce the degradation rates of the
fuel cell modules. Simulation results show that the proposed EMS can effectively improve the fuel economy of the hybrid ship
while enhancing sufficient energy backup throughout the full voyage. In addition, comparisons between different FC configurations
implies that the independent distribution has the highest fuel efficiency, and with the proposed rotation procedure, the sequential
distribution can effectively improve the fuel efficiency by up to 23.2%.

Keywords: PEM fuel cells; Modularity; Marine applications; Liquid Hydrogen; Energy management system; Optimization

1. Introduction

As a critical part of the global economy, shipping is by far the most environmentally friendly mode, accounting for
only 11% of the global CO, 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 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.
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Due to the slow dynamic response of fuel cells, an auxiliary power supply, usually a battery, is recommended to
cooperate with fuel cell to satisfy the highly dynamic navigation scenarios [4]. To ensure the operational efficiency,
economy, and long lifetime of onboard facilities, an EMS is a tool that has been widely studied. Existing EMS research
for hybrid fuel cell/battery ships has mainly focused on three areas: optimal facility sizing [5-8], early-stage energy
generation planning, and real-time power allocation [9-12]. Due to the direct impacts of the energy generation plans
on the decisions of weight, size, and lifetime of the onboard energy facilities, the first two targets are usually coupled
and thus forming a joint problem. Solving these problems requires a good pre-knowledge of the 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
dispatching plans based on the assumption that the vessel has a particular and unchangeable cruising route and
timetable without effectiveness validation when the situation changes. Considering that adjustments in ship sailing
patterns and harbor conditions would have directly impacts on the propulsion loads and cold-ironing supplements, and
that different FC configurations and degradation levels affect the FC characteristics, customized energy dispatching
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 of
this paper is to propose a day-ahead EMS to enable more fuel-efficiency operation with considerations of ship’s voyage
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.

2. Problem description and PEM modelling

2.1. Vessel information

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



Author name / Energy Reports 00 (2017) 000—000 3

HEE B

DC/
DC

|
o] 2] [oc] [oc]
. 11 12 13.000. J'n.

] _DCbus
C/

ol

Propulsion  Service loads

Fig. 2. Ship power train based on a modular FC/ battery hybrid system.
2.2. Fuel cell

In this part, the pressure drop in gas channels of the PEM fuel cell stacks along with the compressor power
consumption to compensate for the pressure drop are investigated. Furthermore, the effect of degradation on the
performance 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].
Furthermore, in the most cases, pressurized hydrogen stored in a tank is used in the anode side. Therefore, compressing
H2 before entering the anode is not always necessary. Hence, in this study the pressure drop in the cathode side is
considered and calculated using the following equation:

4P = [ L2v2ax + ¥ K2V (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, p, 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—(V1'Xn1+U{Xt1+V2’Xn2+UéXt2) (2)

where V;, stands for voltage at the fuel cell initial state, while V{, U, V;, and U, denote voltage degradation rates for
start-stop cycles, idling period, load change cycle, and high-power load period, respectively. In equation 2, ny, t;, n,,
and t, 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.
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Fig. 3. Fuel cell module efficiency curves under different operational time

To save the computational efforts, FC performance is described in a lookup table based on the up-mentioned
mathematic modelling. 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.
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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
EMS is illustrated in Fig.4. The EMS is developed based on optimization algorithm. By gathering the information of
day-ahead cruising plans, cold-ironing accessibility, and FC degradation status, the off-line optimization decides the
on/off status of FCs and optimizes the power sharing. In addition, the power generation plans are developed for the
three different FC configurations individually.
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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 imay 200 kW Quantities Ny 5
Minimum output power P min 15 kW -

Battery Capacity Oy 25 kWh Voltage V,. 125V
SOC range 0.3,0.95 Initial SOC 0.6
Maximum discharging power 20 kW Quantities Ny, 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. Thus,
the cost function is as follows.

. N
min ] =Y, l=ff kecie * Preit/Mrcit 3)

where Ny is the quantities of the FC and is set as 5. k., is the on/off status of i fuel cell at time t. Py;,is the output
power of it, and # «;, 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 24" hour should be greater than 0.6. Thus, the constraints are expressed as follows:

Zi":flc kfc,i,tPfc,i,t + Pbat,t = Pload,t
Krcie € {0,1}

on sail Pfc,i,t € [Pfc(min):Pfc(max)] (4)
Pbat,t € [Pbat(min)' Pbat(max)]

SOCbat,t € [SOCbat(min)rSOCbat(max)]

Pcold—ironing,t =0
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N
f —
Zt:f kfc,i,tPfc,i,t + Pbat,t + Pcold—ironing,t - Pload,t
kpc,ie €{0,1}

at port Preii € [Precminy Pre(max)] 5)
Pbat,t € [Pbat(min)» Pbat(max)]
SOCbat,t € [SOCbat(min)'SOCbat(max)]

SOChqe 24 = 0.6

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,

{ka,i,t = ka,j,t Vl,] E NfC (6)
Pfc,i,t = Pfc,j,t Vi,j € Nfc

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,

kfeivre = 1ot (Preickscic — Pregmax) ) (7N
3.2. FC degradation monitor and sequence rotation

As it has been discussed in Sec. 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 reference [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 FCs
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
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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 hours docking, the ferry
leaves 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
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.l. 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)

EMS FC configurations Casel Case 2 Case 3 Case 4 Case 5

Proposed Equal 3.6312¢7 3.6946¢7 3.8344¢7 4.0671e7 4.1306e7
Independent 3.6298¢7 3.6610e7 3.7354e7 3.8612¢7 3.9582e7
Sequential 4.0072¢7 4.2332¢7 4.6709¢7 5.2307¢7 5.2307¢7
Rotational sequential 4.0072¢7 4.0072¢7 4.0072¢7 4.0493¢7 4.1788¢7

Rule-based Equal 3.7354e7 3.8015e7 3.9467¢7 4.1887¢7 4.2547¢7
Sequential 4.0944¢7 4.3104e7 4.7302¢7 5.3353¢7 5.3407¢7
Rotational sequential 4.0944¢7 4.0944¢7 4.0999¢7 4.1713¢7 4.3185¢7

In Cruise 2, the ship follows the same routine, except that it won’t 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.

Table 4. Fuel consumption performance in Cruise 2 (Most and least efficient configurations are highlighted in green and red)

EMS FC configurations Casel Case 2 Case 3 Case 4 Case 5

Proposed Equal 3.9780e7 4.0477¢7 4.2009¢7 4.4547¢7 4.5240e7
Independent 3.9775e7 4.0092¢7 4.0896¢e7 4.2238e7 4.3290e7
Sequential 4.4225¢7 4.6757¢7 5.1564¢7 5.8047¢7 5.8047¢7
Rotational sequential 4.4225¢7 4.4225¢7 4.4225¢7 4.4598¢7 4.6065¢7

Rule-based Equal 4.1778¢e7 4.2519¢7 4.4151e7 4.6874e7 4.7615¢7
Sequential 4.5322¢7 4.7609¢7 5.2093¢7 5.8665¢7 5.9750e7
Rotational sequential 4.5322¢7 4.5322¢7 4.5406¢7 4.6319¢7 4.7924¢7

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 hours full speed sailing, it arrives at port C at 13:00 pm and stays for 6 hours. 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:

o 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.

e  The more the fuel cell degrades, the more fuel it consumes.

e  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.

e 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%.

e 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
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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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Fig. 5. System performance in Cruise 1
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Fig. 6. (a) vessel routine: Cruise 3; (b) onboard loads for one day.

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

EMS FC configurations Casel Case 2 Case 3 Case 4 Case 5

Proposed Equal 3.7231e7 3.7911e7 3.9417e7 4.1928e7 4.2607¢7
Independent 3.7231e7 3.7629¢7 3.8429¢7 4.0038e7 4.1073¢7
Sequential 4.0530e7 4.2132¢7 4.6091e7 5.1553e7 5.1553e7
Rotational sequential 4.0530e7 4.0530e7 4.0530e7 4.1547¢7 4.3159¢7

Rule-based Equal 3.9032¢7 3.9756e7 4.1357e7 4.4045¢7 4.4769¢7
Sequential 4.3071e7 4.4699¢7 4.8238e7 5.4258¢e7 5.4359¢7

Rotational sequential 4.3071e7 4.3071e7 43171e7 4.4739¢7 4.6219¢7
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5. Conclusion

This paper presents an optimization-based energy management system for hybrid FC/battery passenger ships. The
proposed EMS has high robustness and remains effective under multiple cases. The effectiveness of the proposed
EMS is validated through comparisons with the traditional rule-based method. Comprehensive case studies valid that
the proposed EMS can enable more efficient operations by customizing the next-day power generation plans according
to the future shipping cruise, shore-side information, FC degradation status, and FCs electrical distributions. Among
all FC distribution, the independent distribution achieves the best fuel efficiencies in all cases, and 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 sailing
conditions, a real-time power management system (PMS) is essential to execute the decision from day-ahead EMS
while satisfying instantaneous load demand. In future work, we will develop a two-stage EMS that addresses both
issues to ensure high efficiency of the ship under real-time operations.
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