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Power System Design Optimization for a Ferry
Using Hybrid-Shaft Generators

Thant Zin Oo, Yan Ren, Adams Wai-Kin Kong, Yi Wang, and Xiong Liu

Abstract—Ferry contributing a significant amount of green-
house gas is one of the critical vessels to be electrified. Designing a
power system for a ferry with hybrid-shaft generators is different
from designing a power system for other vessels because of
its fixed route. More clearly, ferries repeatedly travel between
their port of origin and port of destination, and before the next
voyage, the battery must be recharged to the initial state so
that the optimal energy management scheme can be repeatedly
applied. Furthermore, the flexibility of hybrid-shaft generators,
which allow more fuel saving, increases design complexity. In
this paper, a mixed-integer non-linear programming problem is
first formulated, and a power management algorithm with an
initialization step for fulfilling the battery recharging requirement
and a refinement step for minimizing the fuel consumption is
proposed. The simulation results obtained from data of an actual
ferry show that the proposed power management algorithm can
fully recharge the battery and consumes less fuel than a rule-
based power management scheme. Simulations also reveal that
fuel consumption depends on available shore power, highlighting
the necessity to develop charging infrastructure for practical
electrification. Because of its speed, the algorithm can support
hardware sizing, e.g., battery sizing.

Index Terms—Marine vehicles, Power systems, Energy Storage,
Optimization methods, Marine Vehicle propulsion, Generators

I. INTRODUCTION

According to the World Trade Organization and the Interna-
tional Maritime Organization, the maritime trade accounts for
roughly 70% by value and 80% by volume of the global trade
[1], [2] and emits 3% of global greenhouse gas [1]. As the
world is now moving towards sustainable transport, the mar-
itime shipping industry is also moving towards decarboniza-
tion [1], [3]. However, it affects a wide range of stakeholders
from policymakers, shipping companies, and shipyards down
to local entrepreneurs and consumers. Maritime shipping is
critical for the global trade, which improves the standard of
living for many people by lowering the costs of goods. The
plan to decarbonize the shipping industry presents us with an
economic and technical challenge that can be solved through
design and engineering.

The maritime industry has been looking at electrification
to increase efficiency and reduce the life-cycle cost of vessels
[1]. Meanwhile, several technology developments bring a pos-
sible path towards a solution for decarbonizing the maritime
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industry. First, recent advances in battery technology in the
automotive industry have been pushing the batteries prices
down making the energy storage systems (ESSs) economically
viable. And if this trend continues, the battery price is expected
to fall below 100 US$/kWh in 2024 [4], and the lifecycle
of battery has been significantly improved (90% of capacity
remaining after 4500 full charging/discharging cycles) [5].
Second, the recent advances in Artificial Intelligence (AI) have
enabled many industries to streamline their design processes
and solve constrained optimization problems such as decar-
bonization effectively.

Although the battery price is falling, current energy density
(≈ 300 Wh/kg) of batteries cannot be scaled up to high-
power maritime applications (≈ 12, 000 Wh/kg for a 18,000-
container vessel for a long-haul cargo route) [6], [7]. The
seven largest maritime ferry networks in the world combined
carry 109.53 million passengers annually accounting for a
significant portion of greenhouse emission of the maritime
industry (≈ 0.12 kg per passenger-kilometer per ferry) [8].
These existing routes operate over 140 vessels, which are
expected to be replaced in the near future, and approximately
US$ 1.29 billion in investment is projected towards new
vessels and facilities [8], [9]. As such, ferry is chosen as a
case study for this research project.

Ferry, which has a fixed route, repeatedly traveling between
the port of origin and the port of destination, is different
from many other vessels, e.g., yacht. As with a ferry with
a diesel power system, to electrify the ferry, its battery must
be recharged to the initial state before the next voyage such
that the optimal power management scheme can be repeatedly
applied. Existing industry simulation tools, such as GT-suite
[10], performing time-transient simulations for the chosen
combination of power system components, require hours in
each simulation and cannot guarantee a fully recharged energy
storage at the end of each voyage. In the early stage of
power system design for a vessel, the design engineers have
to explore many combinations of power system components,
which is very time-consuming especially for the Hybrid-
Shaft Generators (HSGs) due to its two-way power flow
and mechanical engineering constraints. The industry needs a
simulation tool that can rapidly simulate a chosen combination
of power system components and outputs the best operation
strategy of the combination. Hence, this research aims to create
a tool for marine power system design incorporating power
system component modeling and optimization algorithms. The
goal is to develop a rapid simulation tool to (1) guarantee a
fully recharged ESS after each voyage, and (2) minimize fuel
consumption for the ferry with HSGs. Because of the rapid
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simulation, the tool can handle hardware sizing, e.g., battery
sizing. The proposed tool is expected to reduce greenhouse
gas emissions while maintaining economic and operational
efficiency.

A. Related Works
Technologies and practices used in land-based applications

have been adopted in maritime applications [11], [12]. Com-
ponents such as energy storage systems (ESS) and variable
frequency drives have seen more widespread adoption in recent
years. Similarly, new practices such as unit commitment,
power system dispatch, and demand-side management have
also been adopted by the industry [13]–[15].

Most importantly, a lot of studies have been done on
marine power management using a variety of optimization and
control techniques for all-electric ships with an integrated ESS.
Kanellos et al. [13], [14] applied dynamic programming for
demand side management and power generation schedule. In
[15], Kanellos et al. used fuzzy control for power management.
Sciberras et al. [16] proposed a stochastic approach for the
power management system of a ferry with four medium-
sized engines for an all-electric vessel. In [17], Scribberas
et al. considered a hybrid-electric vessel and proposed a
power management system based on particle swarm optimiza-
tion, which belongs to evolutionary computing and seeks for
near-global optimum. Shang et al. [18], [19] used the non-
dominated sorting genetic algorithm II (NSGA-II) in the power
management system to schedule power generation and reduce
the greenhouse gas (GHG) emissions. Fang et al. [20], [21]
proposed a two-step multi-objective optimization method to
solve the joint power generation and voyage scheduling. In
[22], Skjong et al. used Mixed-Integer Linear Programming
(MILP) to find the optimal loading for engines.

All the above-mentioned works did not consider the ESS
recharging requirement from the ferry. This requirement is
named energy balance in this paper. Note that power balance
and energy balance are different types of requirements. Power
balance considers power supply and power demand at a partic-
ular time point, but energy balance (i.e., recharging the battery
back to initial state) depends on the whole voyage, which
constitutes a sequence of tasks and decisions, where earlier
decisions would affect the later ones. Further, all the above-
mentioned works except for [17] are for all-electric vessels,
i.e., the mechanical power from engines is converted into
electricity which is consequently converted back to mechanical
power for propulsion as shown in Fig. 1b. Although all-electric
architecture greatly simplifies the power management problem,
the overall system efficiency is lowered partially because of the
two energy conversions. Hybrid-electric architecture, which
utilizes Hybrid Shaft Generators (HSGs) [23], [24] provides
higher efficiency. In an HSG, the engine output shaft is
connected to a three-way gearbox as shown in Fig.1a. Hence,

1) each propulsion load can be supplied by the engine or
the electric bus or both, and

2) each main engine can supply power both to the propulsion
load and electrical load.

This flexibility leads to more operational choices for effective
power management but increases complexity of the problem.

Only a few works focused on the power system component
selection, also known as, hardware sizing. Yan et al. [25] used
particle swarm optimization to size and place ESS on navy
ships with the goal of ship survivability. Mashayeka et al.
[26] studied the sizing of energy storage for an electric ship
where they formulated a dynamic optimization problem to find
the optimal loading strategy for the ship generators. Boveri et
al. [27] studied optimal sizing of an ESS for a vessel where
they considered the lifecycle cost for different battery sizes.
However, these works only considered linear loss function in
battery charging and discharging which simplifies the problem.
The proposed tool uses a non-linear loss function in battery
charging and discharging to reflect the real-world application
and focuses on battery sizing for selected engines and their
corresponding components. The goal of this study is to enable
a designer to estimate the OPEX cost of each architecture.
However, CAPEX estimation is out of the scope of this paper
and requires a component/hardware library and an associated
dataset which is usually proprietary.

B. Contributions

The contributions of this paper are as follows:

• First, to reflect the real-world mechanical and electrical
engineering constraints, non-linear loss functions are used
to model engines, electric machines, and ESS (battery).
Then, a mixed-integer non-linear programming (MINLP)
problem is formulated for the power management module
with energy balance and power balance constraints.

• Next, the formulated MINLP problem is NP-hard, and
hence, decomposed into two tractable sub-problems: (i)
battery discharging and charging to guarantee energy
balance, and (ii) generator and shore power allocation
to minimize the fuel consumption.

• A novel power management algorithm is proposed to
ensure the battery energy balance in the initialization
step and minimize the fuel consumption in the refinement
step, which is composed of: (i) an Earth-mover’s distance-
inspired method for battery management, and (ii) an
interior-point method for generator power dispatch.

• Extensive simulations were performed on three architec-
tures (hybrid-electric, all-electric, and diesel-mechanical
architectures) with the same ferry study case. Simulation
results show that compared with a rule-based power man-
agement method, the proposed method generates lower
fuel consumption results, guarantees the battery energy
balance, and shows its potential in battery sizing. Further-
more, the simulation results also reveal the importance of
charging infrastructure for electric ships.

The rest of the paper is organized as follows: Section II
describes the system model and Section III presents the
the problem formulation. Section IV describes the proposed
algorithm, and Section V discusses the case study and the
simulation results. Section VI concludes this paper.
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(c) Diesel-mechanical architecture

Fig. 1: Three DC bus power system architectures considered with 2 main engines, 2 auxiliary engines, and an energy storage
system. The notations in the figure are defined in Table I.

II. SYSTEM MODEL

A. Vessel Architecture
Consider a DC-bus architecture for the vessel micro-grid,

as shown in Fig. 1a. The two main engines are configured as
hybrid-shaft generators (HSG). Each propeller is mechanically
connected to a main engine and an electrical generator/motor
via a three-way reduction gearbox. Hence, the propeller can
draw power from the engine, the electrical bus, or both sources
simultaneously. Thus, each HSG (the entire assembly of the
propeller, the main engine, and the generator/motor) can either
be a power supply or a power demand. On the other hand, the
two auxiliary engines (AEs) are configured as diesel generators
(DG), which supply electrical power to the bus. For the Energy
Storage System (ESS), a single battery pack is connected to the
bus via a DC to DC converter. Note that the battery is a power
supply while it is discharging and a power demand while it
is charging. Furthermore, the vessel has a shore connection as
an external power supply when it is available at the harbor.

Power demand can be divided into propulsion loads and
hotel loads (including station-keeping thrusters, motors, and
winches). In all the power system architectures, the hotel loads
are supplied from the electrical bus. Their difference lies in
how each power system architecture supplies the propulsion
loads by mechanical power or electrical power or both. In the
classical diesel-mechanical architecture as shown in Fig. 1c,
each main engine (ME) solely supplies mechanical power to
a propeller. For all-electric architecture, both main engines
(MEs) are configured as DGs to generate electrical power for
supplying propulsion and hotel loads. In the hybrid-electric
architecture, each propeller can be supplied with mechanical
power from the ME or the electrical power from the electrical
bus or both, as shown in Fig. 1a.

Consider a vessel with J power demand loads, consisting of
propulsion and hotel loads, and K power supplies, consisting

of main engines, auxiliary engines, energy storage systems
(ESS) and shore supply. In this study, it is assumed that load
profiles of all N operational tasks are given, for example, at
rest, acceleration, voyage, station-keeping, anchored, at port,
etc. The n-th operational task refers to the n-th time interval
(or time slot) where the power demand remains constant
for the time interval. This sequence of operational tasks (or
time slots) comprises an entire ferry cycle from the embarka-
tion of cargo and passengers on one trip to embarkation
on another trip. Note that the main engine speed remains
constant during each operational task for hybrid-electric and
diesel-mechanical, and the length of time intervals may vary
depending on the operational tasks.

B. Power Balance

In a vehicular micro-grid, as in any other electrical system,
the total power supply must always equal the total power
demand at any time, i.e.,∑

j

pDj,n =
∑
k

pSk,n, ∀n ∈ N , (1)

where pDj,n denotes the power demand of the j-th load, and
pSk,n denotes the power supply of the k-th source at the n-th
time slot.

Power demand includes all the loads and the losses on the
demand side. Let pLj,n be the power demand of the j-th load
and hj(p

L
j,n) be its corresponding power loss. Thus, the total

power demand at the bus is∑
j

pDj,n =
∑
j

(
pLj,n + hj(p

L
j,n)

)
, ∀n ∈ N , (2)

where hj(·) is the load specific non-linear loss function,
which depends on the type of load, e.g., electrical machine
or hotel. Note that the load does not include the propeller
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TABLE I: Table of Notations

Symbol Domain Unit Description

n ∈ Z Time instance or task index
i ∈ Z Supply branch index on electrical bus
j ∈ Z Demand branch index on electrical bus
∆tn ∈ R+ s Time duration (time slot length) of the n-th task
pLj,n ∈ R+ W Electrical power demand by the j-th load

pDj,n ∈ R+ W Electrical power demand on the bus (load + loss)
xi,n ∈ {0, 1} Switch on/off for i-th HSG or DG
pi,n ∈ R+ W Mechanical power generated (+ive) by the i-th HSG or DG
pLi,n ∈ R+ W Mechanical power demand by the i-th HSG/propeller

pEi,n ∈ R W Electrical power supplied (+ive) to/ drawn (-ive) from the bus by HSG/DG

pSi,n ∈ R W Electrical power supply (positive)/demand (negative) on bus by HSG/DG
Fi,n ∈ R+ kg/h Fuel consumption by the i-th HSG/DG
pb,n ∈ R W Battery discharging (+ive) / charging (-ive) power
pSb,n ∈ R W Electrical power supply (positive)/demand (negative) on bus by battery

Qrated ∈ R+ Wh Battery capacity
Qn ∈ R+ Wh Amount of energy stored in battery
Q̃n ∈ [0, 1] Battery State of Charge (SOC), i.e., normalized stored energy
qn ∈ R Wh Battery discharging (+ive) / charging (-ive) energy
pSs,n ∈ R+ W Electrical power supply on bus by shore
Pn ∈ R W Electrical power surplus (+ive)/ deficit (-ive) at the bus
gi(·) Generator specific loss function for power loss in generation
gb(·) Battery specific loss function for discharging / charging
hj(·) Load specific loss function for power loss in load

loads connecting to the Hybrid Shaft Generators (HSGs) or
the battery (ESS) charging loads. HSG and battery can either
be power suppliers or power consumers. In this paper, they
are included in the power supply side.

In contrast, the power supply includes generators, battery,
shore power, and the losses of the supply side. Hence, the total
power supply at the bus can be broken down as follows:∑

k

pSk,n = pSb,n + pSs,n +
∑
i

xi,n · pSi,n ∀n ∈ N . (3)

in which xi,n ∈ {0, 1} indicates whether the i-th generator is
switched on or off,

∑
i xi,n ·pSi,n represents the power supplied

by the generators, pSb,n represents the battery power at the bus,
and pSs,n represents the shore power at the bus.

Substituting, (3) in (1), the power balance constraint equa-
tion is obtained, i.e.,

pSb,n + pSs,n +
∑
i

xi,n · pSi,n −
∑
j

pDj,n = 0, ∀n ∈ N . (4)

C. Generators

The generator power supplied to the bus pSi,n consists of:

pSi,n = pEi,n − gi(p
E
i,n), ∀n ∈ N (5)

where pEi,n represents the electric power supplied to the bus by
the generators and gi(·) is the source-specific non-linear loss
function, which depends on generator type. Since the load
and power of HSG are incorporated into a single branch, pSi,n
indicates either the power supplied to the bus or power drawn
from the bus.

The relationship between the electric power pEi,n and the me-
chanical power supplied by the generators can be represented
as follows [23], [24]:

pEi,n =

{
(1− ηi)pi,n − pLi,n, for HSG.
pi,n, for DG.

(6)

For the HSG, the electric power equals the power generated
by the generator at the source pi,n minus the load demand
of the i-th propeller pLi,n at the n-th task with considering
the mechanical power loss ηi in the reduction gearbox. For
diesel generator (DG), the electric power directly equals the
power generated by the DGs pi,n. Both HSG and DG power
is limited in a range based on actual components available on
the market:

pi,n ∈ [pmin
i,n , pmax

i,n ]. (7)

Furthermore, the power supplied and drawn by HSG is limited
mechanically by the available electric machine, i.e.,

pEi,n ∈ [−pthreshold
HSG , pthreshold

HSG ]. (8)

Note that when power is supplied to the bus, pSi,n ≥ 0, and
pEi,n ≥ 0, whereas when power is drawn from the bus, pSi,n <
0, and pEi,n < 0.

The fuel consumption (FC) by the i-th generator for the
n-th task outputting pi,n can be calculated as:

Fi,n = xi,n · fi(pi,n), ∀n ∈ N (9)

where fi(·) is a generator-specific dynamic fuel consumption
function.



5

D. Shore Connection

The shore power supplied to the bus is defined as:

pSs,n = ps,n ∈ [0, pmax
s,n ] (10)

where ps,n represents the shore power at the source and pmax
s,n

is the maximum shore power supply.

E. Energy Storage System or Battery

The battery power imparted to the bus can either be a supply
(discharging) or a demand (charging) on the bus:

pSb,n = pb,n ∈ [−pcharge
b , pdischarge

b ], ∀n ∈ N (11)

where pb,n represents the discharging/charging power at the
battery and the range of the battery power is limited by
the maximum discharging power, pdischarge

b , and the maximum
charging power, −pcharge

b , of the battery.
The corresponding change in energy due to charging or

discharging can be calculated as:

qn = ∆tn · pSb,n + gb(∆tn · pSb,n), ∀n ∈ N (12)

qn ∈ [−qcharge, qdischarge] (13)

in which qn is the battery discharging/charging energy on
the bus, gb(·) is the battery-specific non-linear loss function,
and ∆tn is the time duration of the n-th task. Note that,
by sign convention, pSb,n ≥ 0, pb,n ≥ 0, when the battery
is discharging, and, pSb,n < 0, pb,n < 0, when the battery is
charging.

Then, the energy stored inside the battery is updated as:

Qn+1 = Qn + qn (14)

Qm = Q0 +
∑m−1

n=0 qn (15)

where Q0 represents the initial state of battery energy, and
Qm represents the m-th state of battery energy. To extend the
battery life, the amount of energy stored in the battery at each
task/time-instance is limited to a range:

Qn ∈ [Qmin, Qmax], ∀n ∈ N (16)

where Qmin and Qmax correspond to the lower and upper
limit of the energy stored inside the battery. The state of charge
(SOC) of the battery is the normalized stored energy in battery,
i.e.,

Q̃n = Qn/Q
cap, ∀n ∈ N . (17)

where Qcap denotes the battery capacity, and Q̃n denotes
SOC of battery with lower and upper bounds given as Q̃n ∈
[0.1, 0.9] as an industry rule of thumb.

F. Energy Balance at the Battery

To achieve electrification in the maritime industry, the
battery discharging and charging cycle must be carefully
considered. Ferry generally has a fixed route and scheduled
port calls. Hence, the sequence of tasks (a voyage or cycle) is
repeated periodically. Hence, the battery state of charge (SOC)
should be the same at the beginning and end of each cycle.
Hence, a constraint called energy balance is added which states

the final SOC must equal the initial SOC, i.e., QN = Q0. In
other words,

N∑
n=1

qn = 0. (18)

This constraint ensures that the discharged energy is fully
recharged back at the end of N tasks.

III. PROBLEM FORMULATION

Many works in the maritime industry have formulated their
problems as multiple-objective optimization problems [13]–
[21]. The objective functions include key performance indica-
tors (KPIs) such as Energy Efficiency Operational Indicator
(EEOI), greenhouse gas (GHG) emissions, and operational
cost, which are functions of fuel consumption. Moreover, most
KPIs depend on external factors; for instance, the operational
cost depends on the fuel oil price, which is dynamically
changing with global supply and demand. By optimizing
the fundamental engineering indicator fuel consumption, the
above KPIs are also optimized implicitly. Furthermore, the
optimization problem is simplified, leading to an increase in
computational efficiency. The design goal is to minimize the
fuel consumption subject to the power balance constraint, the
energy balance constraint, and the power limit constraints of
the generators and battery. Hence, the problem can be modeled
as:

minimize:
x,p,ps,q

F =
∑

n Fn =
∑

n

∑
i xi,n · fi(pi,n) (P0)

subject to : pSb,n + pSs,n +
∑

i xi,n · pSi,n −
∑

j p
D
j,n = 0, ∀n∑N

n=1 qn = 0.

xi,n ∈ {0, 1}, pi,n ∈ [pmin
i,n , pmax

i,n ],

ps,n ∈ [0, pmax
s,n ], Qn + qn ∈ [Qmin, Qmax]

(P0) is a mixed-integer non-linear programming (MINLP)
problem, which is combinatorial, non-convex and NP-hard
[28]. Hence, for tractability, (P0) is decomposed into two sub-
problems: the battery discharging and charging problem (P1),
and the generator and shore power allocation problem (P2).

A. Battery Discharging and Charging Problem

If generator power, (xi,n · pi,n), ∀(i, n) and shore power,
ps,n,∀n, are known, the battery charging/discharging energy
amount can be found through the minimization below.

minimize:
q

∣∣∣pSb,n + pSs,n +
∑

i xi,n · pSi,n −
∑

j p
D
j,n

∣∣∣ (P1)

subject to :
∑N

n=1 qn = 0.

Qn + qn ∈ [Qmin, Qmax]

where | · | is the L1-norm. Note that there is infinite number
of linear combinations for battery energy allocation problem
(P1) due to (18).
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B. Generator and Shore Power Allocation Problem

If battery charging/discharging energy, qn,∀n, is known and
fulfills the constraint (18), the generator and shore power for
each time step n can be found as follows:

minimize:
x,p,ps

F =
∑

n Fn =
∑

n

∑
i xi,n · fi(pi,n) (P2)

subject to : pSb,n + pSs,n +
∑

i xi,n · pSi,n −
∑

j p
D
j,n = 0, ∀n

pi,n ∈ [pmin
i,n , pmax

i,n ], ps,n ∈ [0, pmax
s,n ]

(P2) is still combinatorial and non-convex. Since the fuel
consumption in the n-th task is independent from other tasks,
(P2) can be further decomposed into N smaller sub-problems.
Let x∗, p∗, p∗

s be the solution of (P2), then

{x∗,p∗,p∗
s} = argmin F (x,p,ps) (19)

= argmin
∑

n Fn(xn,pn,ps,n)

{x∗
n,p

∗
n,p

∗
s,n} = argmin Fn(xn,pn,ps,n). (20)

In maritime application, a vessel usually has only a few
generators. Moreover, the generators are installed in symmetric
pairs (i.e., the same model for port and starboard sides). Hence,
if a vessel has 4 generator installed as shown in Fig. 1, xn

has 2(4−1) + 1 = 9 possible combinations for the n-th task,
i.e.,

xn ∈


0 1 0 1 1 0 1 1 1
0 0 0 1 0 0 1 0 1
0 0 1 0 1 1 1 1 1
0 0 0 0 0 1 0 1 1

 , ∀n ∈ N . (21)

More combinations can further be ruled out by checking the
lower and upper bounds, i.e.,∑

i

xi,n ·pmin
i,n ≤

∑
j

pDj,n−pSb,n−pSs,n ≤
∑
i

xi,n ·pmax
i,n (22)

Thus, the fuel consumption can be exhaustively computed
for all feasible combinations of xn. Solving (P3) yields the
optimal generator p∗

n and shore power p∗
n,s for the n-th task

and a combination xn.

minimize:
pn,ps,n

Fn =
∑

i fi(pi,n) (P3)

subject to : pSb,n + pSs,n +
∑

i p
S
i,n −

∑
j p

D
j,n = 0, ∀n

pi,n ∈ [pmin
i,n , pmax

i,n ], ps,n ∈ [0, pmax
s,n ]

The convexity of (P3) depends on the fuel consumption
function, fi(·), and the non-linear loss functions, gi(·) [28].
For this study, (P3) is non-convex and non-linear and interior-
point method is used to solve it [29]. Algorithm 1 describes
how (P2) is solved via solving N smaller sub-problems.

IV. POWER MANAGEMENT ALGORITHM

The proposed power management algorithm is composed
of two main steps: initialization and refinement. Each step
consists of two components battery update and engine update.
The initialization step aims at finding an initial solution which
satisfies both power balance (4) and energy balance (18) based
on the load profile. In contrast, the refinement step focuses
on the minimization of fuel consumption through moving and
balancing the battery energy.

Algorithm 1: Engine Update

Input: ∀n, pDj,n, pSb,n, pSs,n = pS,max
s,n

1: Find all possible combinations xn ∈ X using (21)
2: Find feasible combinations using (22), i.e., X f ⊆ X
3: for xn ∈ X f do
4: Solve (P3) using interior-point method.
5: Find x∗

n = argmin Fn(xn,p
∗
n,p

∗
s,n) from X f .

Output: ∀(n, i), x∗
i,n, p

∗
i,n, p

S,∗
s,n

Algorithm 2: Initialization Procedure

Input: ∀n, i, pSi,n = pS,max
i,n , pSs,n = pS,max

s,n , pSb,n = 0

1: Initialize deficit and surplus power Pn

2: Choose time step with the highest deficiency tn.
Discharge battery to fill deficiency

3: Update battery power: p̂Sb,n = pSb,n +∆pb,n > 0

4: Choose another time step with the lowest battery
charging power and recharge battery to meet energy
balance (18).

5: Update battery power: p̂Sb,m = pSb,m +∆pb,m < 0.
6: Update battery voltage and SOC
7: Update power deficit and surplus Pn

8: if Power deficit exists for any n then
9: Go back to Line 2.

10: Minimize fuel consumption with fixed battery power
pSb,n: Algorithm 1.

Output: ∀n, i, pS,∗i,n , pS,∗s,n, pS,∗b,n

A. Initialization Procedure

Knowing that the solution for (P1) is not unique, a feasible
solution for (P1) is first sought. The generator power and shore
power are set to their respective boundary values, i.e., xi,n =
1, pi,n = pmin

i,n ,∀n and ps,n = pmax
s,n . Note that the maximum

shore power, pmax
s,n = 0 during voyage and at harbor without

shore connection. Similarly, the maximum generator power
output, pmax

i,n = 0, at harbor reflects emission control without
introducing a separate additional emission constraint.

First, power deficit or surplus of the generator and shore
power are calculated. At time index n, based on the load
demand on the bus

∑
j p

D
j,n, the deficit and surplus power

Pn of the generators can be defined as:

Pn = pSb,n + pS,max
s,n +

∑
i

xi,n · pS,min
i,n −

∑
j

pDj,n (23)

If Pn > 0, power supply is larger than power demand (load
plus loss) and there is power surplus; otherwise it is power
deficit, except for Pn = 0. The major challenge is to always
keep power balance, i.e., Pn = 0. Although the concept seems
simple and trivial, the challenge lies in accurately modeling the
non-linear loss functions: hj(·), gi(·), and gb(·). Furthermore,
the energy balance constraint (18) to recharge the battery adds
additional complexity.

Let Pn < 0 represent the deficit power (23). After discharg-
ing battery power, the deficit power should be zero: P̃n = 0
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(feasible and power balanced). Then,

P̃n = p̃Sb,n + pS,max
s,n +

∑
i

xi,n · pS,min
i,n −

∑
j

pDj,n. (24)

Subtracting (23) from (24) yields:

P̃n − Pn = p̃Sb,n − pSb,n = ∆pSb,n (25)

∆pSb,n = −Pn, ∀n,

where ∆pSb,n is the change in battery power to balance the
demand and supply. Similarly, the change in battery power
can be derived for power surplus, Pn > 0. Multiplying (25)
with ∆tn on both sides, the change in amount of energy or
energy exchange amount is obtained:

qn = −∆tn Pn, ∀n. (26)

From the energy balance (18), qN is obtained, i.e.,

qn = −
∑

m∈N\{n}

qm. (27)

When the battery discharges qn amount of energy at the n-th
time slot, the battery can recharge at the m-th time slot where
m ∈ {n+1, n+2, . . . , N}. Since the initial SOC is assumed
to be at maximum, i.e., Q0 = Qmax, the battery can only be
re-charged after it is first discharged, i.e, Qm < Qmax, ∀m >
n. For partial recharge scenario of the discharged energy qn,
the number of combinations further increases. Since it is not
efficient to simultaneously compute all feasible discharging
and charging solutions, a two element subset NS = {m,n} is
considered. Then, (27) becomes

q̃n = −q̃m (28)

where the amount of energy discharge and recharged is cal-
culated as:

q̃n = −q̃m = min{|qn|, |qm|}. (29)

Then, the battery can be iteratively recharged for discharged
energy as follows:

qn =
∑
k

q̃k,n = −
∑

m∈N\{n}

∑
k

q̃k,m. (30)

where q̃k,n denotes a discharge at the n-th time slot at the k-
th iteration. The charging solution ensures that energy balance
constraint (18) is satisfied. Note that the amount of energy
discharged and recharged, qn, must be within the battery
discharge/charge limits, i.e., constraint (13), and the SOC of
the battery must be within its limits, i.e., constraint (16).
Detailed procedure is given in Algorithm 2.

At the first iteration, the battery power is set to zero, i.e.,
pSb,n = 0, while the generator and shore power are set to
maximum. Thus, Pn reflects the deficit and surplus power
of generators and shore connection when switching off the
battery. For the surplus conditions, Pn > 0, the generator
and shore power are sufficient enough for the load demand
and losses. It means that the power balance at time index n is
ready to be met. When Pn < 0, the generator and shore power
are not enough to supply the load demand and losses and
there is power deficit. The battery needs to discharge power

Algorithm 3: Refinement Procedure

Input: Output from Alg.2: ∀n, i, pS,∗i,n , pS,∗s,n, pS,∗b,n ,
∆qn = pS,max

b,n , qstep > 0

1: For all n,m ≤ N, n ̸= m, calculate ∆Fn,m

2: Find the maximum fuel consumption reduction, i.e.,
for a given ∆q, find n∗ and m∗ that have the lowest
∆Fn∗,m∗ .

3: if ∆Fn∗,m∗ < 0 then
4: Update battery at time steps n∗ and m∗.
5: Update the SOC/battery energy and battery voltage.
6: Update the generator using Algorithm 1,
7: Update shore power.
8: Go back to Line 1.
9: else

10: Update
∆qn = ∆qn−qstep, qn+∆qn ∈ {−qcharge, qcharge}.

11: if ∆qn ≤ −Qmax then
12: Go back to Line 1.

Output: ∀n, i, pS,∗∗i,n , pS,∗∗s,n , pS,∗∗b,n

pSb,n > 0 to meet the power balance at n. However, to keep
the energy balance, after battery power (energy) discharge at
n, the battery needs to be charged back in another time index
m with the surplus condition, i.e., −pSb,m ·∆tm ≥ pSb,n ·∆tn.
Please note that the power balance at time index n might not
be met at once due to the limit of surplus power at m. Thus
the battery energy allocation process would be repeated until
the power deficit is met.

At the beginning, the deficit power is sorted in a descending
order (from high to low). The time step with a higher defi-
ciency has a higher priority to be filled with battery discharg-
ing. The time step with a higher energy surplus has a higher
priority for the battery to recharge to meet energy balance.
After the assignment of battery discharging and charging
power/energy, the deficit and surplus power would be updated
until no deficiency condition exists, Pn >= 0, ∀n ∈ N . After
the battery has filled all the power deficits, the battery power
pS,∗b,n is fixed and the power from generators and shore with
surplus are reduced such that all Pn = 0 using Algorithm 1.

B. Refinement Procedure

The refinement step, which is inspired by the Earth-mover’s
distance, aims at minimizing the fuel consumption with the
output of the initialization step as input. The results of
the initialization step, including battery, generator, and shore
control logic are both power-balanced and energy-balanced.
For energy balance, it means that

∑
n∈N qn = 0, where qn

represents the energy changed in the battery at n. Then, if a
small amount of energy ∆qn is moved from one time step tn
to another time step tm, the generator and shore power would
be further adjusted. For instance, at time step tn, an amount
of energy ∆qn > 0 is discharged. To maintain the energy
balance, the same amount of energy ∆qm should be charged
back at another time step tm:

∆qn = −∆qm, n,m ∈ N . (31)
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Fig. 2: Extracted load profile for simulation [22].

If ∆qn > 0, the battery would discharge energy at n and
recharge energy at m. If ∆qn ≤ 0, the battery would charge
at n and discharge at m. Then the battery power at n and m
can be updated as follows:

pSb,n +∆pb,n =
qn +∆qn

∆tn
(32)

pSb,m +∆pb,m =
qm −∆qn

∆tm
(33)

where ∆pb,n and ∆pb,m represent the change in battery power.
With the new battery power, the generator and shore power

can be updated based on the power balance constraint using
Algorithm 1:∑

i

(pSi,n +∆pSi,n) + pSs,n +∆pSs,n =
∑
j

pDj,n − pSb,n,

(34)∑
i

(pSi,m +∆pSi,m) + pSs,m +∆pSs,m =
∑
j

pDj,m − pSb,m,

(35)

where ∆pSi,n and ∆pSi,m represent the change of generator
power at the bus, and ∆pSs,n and ∆pSs,m represent the change
of shore power. Note that when the vessel is docked at the
harbor, the generators are turned off to reduce emissions, i.e.,
pmax
i,n = 0. Therefore, the refined fuel consumption based on

the new generator power is:

Fn +∆Fn =
∑
i

fi (pi,n +∆pi,n) , (36)

Fm +∆Fm =
∑
i

fi (pi,m +∆pi,m) , (37)

where ∆Fn and ∆Fm represent the change of fuel consump-
tion, and ∆pi,n and ∆pi,m represent the change of generator
power with considering the loss. If ∆Fn,m = ∆Fn+∆Fm <
0, then the fuel consumption for time n and m is reduced.
Thus, the fuel consumption is reduced iteratively through mov-
ing and balancing the battery energy. The refinement procedure
is presented in Algorithm 3. Note that the refinement step for
the reduction of fuel consumption is based on greedy search.
Thus the final is a local optima.

V. CASE STUDY

A ferry traveling back and forth between Port A and Port
B is taken as a case study [22]. The average travel time is

TABLE II: Vessel Configuration

Parameter/Component Value/Rating (each)
2× Diesel engine (Main) 1200 kW
2× Diesel engine (Auxiliary) 640 kW
1× Energy storage (Battery) 0-500 kWh
1× Shore power supply (Harbor A) 0-500 kWh

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Task No.
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Fig. 3: Power demand (negative) and supply (positive) for
round-trip load profile with 300 kWh battery with C-rate
(discharge/charge) 2.2C/1.6C, and 500 kW shore power.

approximately 60 minutes for round-trip, excluding the time
of the vessel docked at the harbor. The dataset contains power
generated by each diesel-generator of an all-electric ferry [22]
from 150 round-trips recorded in a period of 7 days. A load
profile is extracted from the dataset by taking the sample
mean for the case study, as shown in Fig 2. The battery
specifications are referenced from [30]. Extensive simulations
are performed and the simulation results of a ferry using the
publicly available data from [22] are reported.

The vessel in this study uses a direct-current (DC) bus for
electrical systems as shown in Fig. 1a. The rated powers of
the major components and the experimental setup are given
in Table II. For fuel consumption calculation, this case study
uses the Specific Fuel Consumption (SFC) curves given in [22,
Fig. 4], which shows that SFCs of the main engines, f1(·) and
f2(·), are convex but SFCs of the auxiliary engines, f3(·) and
f4(·) are non-convex. In our experiments, quadratic power loss
is used, i.e., gi(pi) = aip

2
i + bipi + ci, where ai, bi and ci

are constants (ci = 0, bi = 0.98 · 0.96, ai = b2i /100). Next,
Matlab simulations are run to investigate the effect of battery
size and shore power on fuel consumption (FC). Simulation
time for each configuration takes approximately 6 minutes
(300 ∼ 400 seconds) which is significantly faster than the
standard industry simulation tool such as GT-suite [10]. The
FC results with varying battery size and shore power available
are plotted in Figs. 3–4. The simulation results are compared
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Fig. 4: Simulation results for a hybrid-electric ferry with 300 kWh battery, C-rate (discharge/charge) 2.2C/1.6C, and 500 kW
shore power.

with the benchmark diesel-mechanical architecture shown in
Fig. 1c and the all-electric architecture shown in Fig. 1b.
For a fair comparison among different architectures, the same
major power system components are used in the simulation
as given in Table II. Further, a rule-based power management
given in [22] is also implemented as a baseline to compare
the performance of the power management solution in the
proposed design tool.

A. Power Breakdown

Fig. 3 shows the breakdown of power supply and demand
with a 300 kWh battery and 500 kW shore power. The
power supplies are plotted on the positive side of Y-axis

and the power demands are plotted on the negative side.
Fig. 3 shows that the proposed tool outputs a power allocation
strategy which satisfies the power balance constraint for all
the operational tasks, i.e., the total power supply equals the
total power demand for all the tasks. Note that the dynamic
power loss in the power system components is non-negligible
as shown in Fig. 3.

B. Power Allocation Strategy

Figs. 4a–4d show initial and refined power allocation strate-
gies and state-of-charge (SOC) for the vessel with 300 kWh
battery and 500 kW shore power for a round-trip load pro-
file. Fig. 4a shows the main engine power allocations for
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(a) Fuel consumption vs. battery size. (b) Fuel consumption vs. shore power.

Fig. 5: Fuel consumption of ferry with respect to the battery size and shore power.
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Fig. 6: Fuel consumption vs C-rate for 300 kWh battery and
1000kW shore power supply.

each task. The power allocation strategies for ME1-refined
and ME2-refined are symmetric and optimal under the real-
world constraints. Fig. 4b shows the auxiliary engine power
allocations. Figs. 4a–4d demonstrate that the refinement step
(Alg. 3) redistributes the power loads to the generators and
the battery.

Fig. 4c shows the battery discharging or charging power
with respect to operation time for each task. The corresponding
battery SOC is displayed in Fig. 4d which shows that the
battery is fully recharged back to 90% target at the end of
the voyage (i.e., after harbor task). Because of the losses and
specific fuel consumption are not linear, the refinement step
significantly changes the discharging and charging amount.
(See Fig. 4c–4d). This is reflected in the fuel consumption in
each iteration plotted in Fig. 4e.

The cumulative fuel consumption comparison among dif-
ferent architectures is shown in Fig. 4f, which indicates that
the traditional diesel-mechanical architecture consumes the

most amount of fuel (2684 kg/hr), followed by the all-electric
architecture in the second place (2047 kg/hr), and the hybrid-
electric architecture consumes the least amount of fuel (2005
kg/hr). Since the main engine power generation cannot be
optimized in diesel-mechanical architecture, it consumes the
most fuel. Although all-electric architecture provides flexi-
ble power allocation, the two-step energy conversion, first
from mechanical to electrical and then back to mechanical,
consumes a significant portion of power. The hybrid-electric
architecture provides power allocation flexibility where the
propulsion power demand can be supplied mechanically or
electrically or both mechanically and electrically, leading to
the least amount of fuel consumed. Using hybrid-electric
architecture reduces fuel consumption by 38.11% compared
to the diesel-mechanical architecture and 2.05% compared to
the all-electric architecture. Furthermore, the proposed two-
step power management solution peforms better than the rule-
based baseline solution, i.e., the fuel consumption decreases
by 8.57% from 2193 kg/hr to 2005 kg/hr.

C. Battery Size and Shore Power Supply
Fig. 5 shows the fuel consumption against battery sizes

under different shore power for the extracted average load
profile in Fig. 2. The results show that the fuel consumption
decreases with the increase in battery size until the recharging
capacity is reached, where the fuel consumption remains
constant. Fig. 5 shows that the maximum reducible fuel
consumption is also affected by the shore power supply for
charging, i.e., constrained by the shore power. The diesel-
mechanical architecture supplies the propeller loads directly
from the main engines, and only the hotel loads are optimized
via the auxiliary engines (DGs) and the battery, showing the
worst fuel consumption results. The hybrid-electric and all-
electric architectures show significantly less fuel consumption
than diesel-mechanical architecture since both architectures
can allocate the entirety of the power demand optimally. The
hybrid-electric architecture consumes less fuel than the all-
electric architecture because all-electric needs two energy
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(a) p.d.f. of fuel consumption for 150 round trips (b) c.d.f. of fuel consumption for 150 round trips

Fig. 7: Fuel consumption comparison for 150 round trips, 350 kWh battery, 500 kW shore supply, and 10 minutes harbor time.

conversions for propulsion power: mechanical-to-electrical and
electrical-to-mechanical. These results clearly show the impor-
tance of charging infrastructure for electric vessels as in the
case of the electric car industry.

D. Battery Charging and Discharging Rate

An experiment is run to test the effect of C-rate on the
reduction of fuel consumption. Without loss of generality,
the C-rate is set the same for discharging and charging for
this experiment. For this experiment the shore power is set
to 1000 kW so that the fuel consumption performance is
not constrained by the available shore power. Fig. 6 shows
the fuel consumption vs. different C-rate values. All cases
show reduction of fuel consumption when increasing C-rate.
These results imply that as the battery technology progress,
the reduction in fuel consumption will continue and the vessel
fully powered by batteries can be designed.

E. Architecture Comparison

Extensive simulations are run on each individual round-trip
[22] to compare the fuel consumption. The p.d.f. and c.d.f. of
the fuel consumption results are shown in Fig. 7. The results
show that hybrid-electric performs better for high power de-
mand trips because all-electric needs two energy conversions:
mechanical-to-electrical and electrical-to-mechanical. Hence,
there are more losses when the load demand is high. Perform-
ing the z-test on the average fuel consumption values gains a
p-value of 0.0441, which is statistically significant. Hence, on
average, the fuel consumption of hybrid-electric is lower than
all-electric.

VI. CONCLUSION

This paper proposes a design tool to fill the industry
application requirement. First, the power system components
are modeled using the non-linear loss functions to reflect real-
world mechanical and electrical engineering constraints. Next,
a mixed-integer non-linear programming (MINLP) problem
is formulated with power balance and energy balance con-
straints, which is decomposed into two tractable sub-problems:
the battery discharging and charging sub-problem (P1) to

guarantee energy balance and the generator and shore power
allocation sub-problem (P2) to minimize the fuel consumption.
The proposed solution to the MINLP problem is composed
of two steps: initialization and refinement. Based on the
boundary conditions, the initialization step outputs a feasible
solution that satisfies the power balance and energy balance
constraints, and the refinement step refines the initial output
and converges to the optimum. The simulation results show
that the proposed simulation tool can output an optimal power
allocation strategy that fully recharges the battery to the target
90% SOC. In addition, the simulation results show that the
hybrid-electric architecture leads to lower fuel cost compared
to the diesel-mechanical and the all-electric architecture.
Moreover, the proposed two-step power management solution
outperforms the rule-based baseline solution. Furthermore,
the battery sizing simulation results highlight the need to
develop harbor charging infrastructure for electric vessels. The
proposed tool will be extended to handle real-time power
management with uncertainty, and new application domains
will be explored.
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