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Abstract— The integration of solar generation and Energy Storage Systems (ESSs) into ship power systems has gained increasing
attention. This trend is primarily driven by stringent Marine Pollution Protocol regulations and the increasing integration of Renewable
Energy Sources (RESs). Integrating RESs and BESSs into ship power systems helps reduce pollutant emissions from fossil fuel generators.
However, inadequate sizing of hybrid ship power systems may result in high investment costs and elevated greenhouse gas emissions. This
article introduces a Mixed-Integer Linear Programming model for identifying the optimal configuration of RESs and BESSs. The model
incorporates two objective functions, aiming to minimize both costs and pollutant emissions. In the proposed model, the possibility of using
Sfour different technologies -lead-acid, nickel-cadmium, lithium-ion, and sodium-sulfur- has been considered for BESSs. For optimal energy
management of a hybrid ship power system under photovoltaic radiation uncertainty along the route, Information Gap Decision Theory
has been utilized. Considering the two contradictory objective functions in the proposed model, the e-constraint method has been used to
determine Pareto optimal responses, and the fuzzy inference method has been used to determine the final optimal response. The proposed
model has been evaluated through four distinct case studies. The analysis of the results shows that using the optimal sizing of RESs and
BESSs can lead to a simultaneous reduction in costs and emissions.

Keywords—Hybrid ship power system planning, information gap decision theory, epsilon constraint.
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1. INTRODUCTION

The growing awareness of the consequences of global warming,
which stem from air pollution and the depletion of fossil fuels,
has generated significant interest and opened up opportunities
within the transportation sector, especially in the maritime industry.
Reports from the International Maritime Organization (IMO)
indicate that marine transportation was responsible for 2.2% of
global CO2 emissions in 2012, with projections suggesting a
potential increase of 50% to 250% by 2050 if no action is taken.
As a result, the IMO has mandated the shipbuilding industry to
enhance the effectiveness of onboard energy systems to mitigate
CO3 emissions [1-3]. Within this context, the integrated power
system technology has emerged as an appealing alternative to
conventional ships, as it employs all-electric ship configurations
that integrate electric propulsion with a ship service electric
grid, providing a unified electrical platform. photovoltaic (PV)
technology and ESS garnered significant interest within the
scientific community a few years ago and were the subject of
experimental research. However, the considerable investment cost
associated with PV and ESS hindered its widespread adoption
in the maritime domain. Recently, with rising oil prices and
decreasing PV and ESS investment costs, many ships have opted
to incorporate these technologies. The objective of this trend is to
reduce greenhouse gas emissions, improve energy efficiency, and
attain cost savings in operations.

To reduce the fuel costs and pollution emissions in ships,
different kinds of renewable resources and ESS can be used
in power systems. In the articles, numerous approaches have
been suggested to ascertain the optimal sizing of renewable
resources and ESS. A review and analysis of Hybrid ESS
in renewable energy, discussing their significance, current state,
trends, and comparisons with other energy storage systems have
been made in [4]. For a shipboard power system, reference [5]
analyzes the techno-economic performance, covering technical,
emissions, and economic aspects, of three distinct hybrid systems
including PV/fuel cell/wind/battery/diesel generators and feature
two different battery technologies: lithium-ion and lead-acid. In

[6], a stochastic programming approach has been presented for
determining the optimal sizing of a hybrid ship power system,
which incorporates an ESS, PV panels, and a diesel generator.
This method considers the uncertainty associated with the hourly
global solar irradiation and its impact on the PV system’s output
power. In [7], the optimization of the PV system and BESS sizes
has been conducted using the weighted sum method. The objective
of this optimization is to simultaneously reduce the annual cost
and pollution emissions. A microgrid with a solar PV system and
multiple storage components has been analyzed in [8], aiming to
optimally size the PV plant, battery, fuel cell, electrolyzer, and
hydrogen tank to meet load demand while minimizing life cycle
cost. To address PV and load uncertainties, a chance-constrained
Mixed-Integer Linear Programming (MILP) model is formulated
for optimal sizing. A study in [9] has introduced a mixed-integer
quadratic programming model for determining the optimal capacity
of an ESS for a marine ferry ship. This approach involves
simultaneous optimization of ESS sizing and power system
scheduling. The optimal management of ESS in conjunction with
distributed generators can yield several benefits [10, 11]. These
include peak load shaving, reducing the need for costly power
system upgrades, and mitigating negative environmental impacts.
By efficiently utilizing ESS alongside distributed generation, power
systems can achieve more efficient operation, cost savings, and
improved sustainability. The effectiveness of ESS in enhancing
the reliability and power quality of power systems has been
highlighted [12-14]. Furthermore, ESS has been shown to facilitate
the integration and increased penetration of distributed generation
resources. In [15], some algorithms have been introduced for
achieving the optimal sizing and management of ESSs integrated
into existing shipboard power systems. The primary objective of
this approach is to minimize fuel oil consumption, greenhouse
gas emissions, and management costs associated with the power
generation system. In [16], a methodology has been developed to
calculate the optimal sizes of the ESS, PV, and diesel generators
in a ship power system. The objective of this methodology is to
minimize C'O2 emissions, fuel costs, and investment costs. In [17],
a simulation model has been introduced that depicts the operation
of a wind /PV/diesel hybrid power system with battery bank
storage. The primary objective of this model is to minimize the cost
of energy supplied by the system while simultaneously enhancing
its reliability and efficiency. Reference [18] offers an extensive
and comprehensive review that thoroughly investigates energy
management techniques and their integration with ESS sizing.
The focus is on predictive-based energy management strategies,
including Reinforcement Learning, Artificial Neural Network, and
Model Predictive Control. A MILP has been utilized in [19] to
optimize the size of a hybrid renewable power system, considering
PV cells, BESS, and FC to minimize energy costs and maximize
profits from chemical products generated by seawater electrolysis,
integrating advanced direct load control and rooftop PV generation.
A novel probabilistic MILP formulation has been presented in [20]
to optimize the capacity and type of renewable sources and ESS
for minimizing energy costs associated with an FC System. The
formulation considers FC performance requirements to achieve
cost-effective operation while meeting the system’s performance
needs. In [21], a method has been proposed for determining
the optimal sizing of a ship’s power system. The focus is on
optimizing the size of the diesel generator, the PV generation
sources, and the ESS to minimize three key factors: investment
cost, fuel cost, and C'O2 emissions.

The solar power generation in a sailing ship is influenced
by various factors such as the time zone, local time, date,
latitude, and longitude along the ship’s navigation route. These
variables affect the availability and intensity of sunlight, which
directly impacts the amount of power generated by the ship’s
PV system. In [6], a method has been developed to correct
the output of PV modules by considering the seasonal and
geographical variations of solar irradiation and temperatures along
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a route. A universal mathematical model has been formulated
in [22] to describe PV power generation on ships, taking into
account sea conditions and integrated ship motion, and analyzes
the fluctuation characteristics of PV output power, providing
insights for optimizing PV system design and operation in
marine environments. The exploration of optimization models with
multiple objectives has been a significant area of research, with
numerous papers contributing to the development and refinement
of approaches to solve these complex problems. Reference [23]
presents a study on designing a reliable and optimal hybrid
renewable energy system. The study utilizes the epsilon-constraint
method and a coyote optimization algorithm to determine optimal
component sizing. Objectives include minimizing loss of load
probability, CO2 emissions, and the system’s annualized cost. In
[24], a multi-objective bi-level optimization approach has been
proposed for component sizing and energy management, utilizing
a particle swarm optimization algorithm and an adaptive equivalent
consumption minimization strategy. A multi-objective optimization
method has been proposed in [25] to optimize hybrid ESS sizing
and EMS design simultaneously using support vector machine and
frequency control techniques. Reference [26] introduces a novel
method for determining the optimal size of an ESS by minimizing
fuel cost, investment/replacement cost, and C'O2 emissions. The
approach considers the ESS lifespan and employs a clustering
algorithm to handle high-dimensional uncertain data. A double-loop
optimization approach for ESS sizing and power allocation has
been proposed in [27], integrating a battery degradation model
with PSO-GWO optimization.

To the best of the authors’ knowledge, no research paper has
analyzed different BESS technologies to improve the performance
of a ship hybrid power system, so this paper presents a
comprehensive MILP model to determine the optimal sizing of
a hybrid PV/diesel generator/ESS in a standalone ship power
system considering different BESS technologies. The proposed
model accounts for a wide range of technical and operational
characteristics of BESS technologies and allows for selecting
the optimal combination of technologies. In this article, the
epsilon-constraint method has been used to determine the Pareto
front while the fuzzy inference method has been employed to
determine the optimal solution for solving the multi-objective
optimization problem. Also, the Information Gap Decision Theory
(IGDT) strategy has been used to make a robust decision against
the uncertainty of solar radiation.

The rest of this paper is organized as follows: The proposed
model is comprehensively formulated in section 2. The model is
implemented on a ship power system in section 3 and the results
are analyzed. Future studies are outlined in Section 4. Finally, the
conclusion is given in section 5.

2. MATHEMATICAL MODEL OF HYBRID SHIP POWER
SYSTEM

In this study, an analysis is conducted on the cost and emissions
of a hybrid PV/diesel/ESS ship power system, as depicted in
Fig. 1. The system configuration includes a PV array, two diesel
generators for primary power generation, and a BESS to store
surplus energy and enhance system reliability. The objective of
this analysis is to assess the economic and environmental aspects
of the hybrid power system. It considers factors such as the initial
cost of the components, fuel consumption of the diesel generators,
and the reduction in emissions achieved through the integration
of the PV and ESS components. By evaluating the cost and
emissions of this hybrid system, valuable insights can be gained
regarding its feasibility, economic viability, and environmental
benefits compared to conventional power systems used in ships
[21].

2.1. Uncertainty modeling

Numerous models have been developed to address the
uncertainties that currently exist. Multiple techniques have been
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Fig. 1. Hybrid ship power system [21].

employed in power system analyses to represent uncertainty,
encompassing probabilistic, hybrid, IGDT, and robust optimization
methods. The research conducted in this study uses the IGDT
technique to explore the impact of uncertainty on both the research
hypothesis and the model. The IGDT method is a decision-making
approach designed to maximize the robustness of a system when
confronted with significant uncertainties.

To engage in risk-averse decision-making, it is necessary to
acquire a set of decision variables that effectively enhance the
objective function in response to deviations from the predicted
value of the uncertain parameter. The decision-maker seeks
assurance that the objective function’s value will remain within the
prescribed uncertainty radius. To assess the impact of uncertainty
using the IGDT method, it is crucial to obtain the solution in
a base case based on the predicted values of input parameters.
Subsequently, the second level of optimization can adopt diverse
decision-making strategies.

2.2. Objective function

In the proposed model and according to Eq. (1), the simultaneous
minimization of two objective functions of investment and operating
costs of the ship’s power system and emission of pollutants from
the diesel generators is considered. Eq. (2) shows the cost objective
function, which includes diesel generator cost, PV investment cost,
and battery investment cost, respectively.

Obj = min Cost )

Cost = CostPC + Cost"V + Cost?%% 2)

The energy production cost of diesel generators, which
incorporates the fuel cost and the start-up cost, is represented by

Eq. 3).

G T S
Cost” =333 (efit +c5t) 3
g=1t=1 s=1

The fuel cost of the generator is expressed in Eq. (4) as a
quadratic function of the power output of that generator [9, 28, 29]:

CIYl = agPyy o +bg Py s+ cg )

The relationships related to the start-up cost of diesel generators
are given in Egs. (5) and (6).

Ogis = O5itis + Ogls )

g,t,s
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To calculate the start-up cost, one of the two hot and cold
start-up modes is considered based on the duration that a thermal
unit has remained in the off state before being turned on. Equation
Eq. (5) demonstrates that during the start-up process, either the
hot or cold start-up mode can occur. According to Eq. (6), if
the generator shutdown time is longer than a specific time, the
generator should be started in a cold state. The determination of
the generator start-up cost is achieved in Eq. (7) by specifying
whether it is a cold or hot start-up.

The cost of BESS, which includes power and energy rating
capital costs, installation costs, and operation and maintenance
costs is stated in Eq. (8) [20].

Cost™%% = by PPSS (CRF.CPPS% + COPS%) +

EFSS CRF. (CE;ESS + CIF59)

To convert the capital cost of the hybrid PV/diesel/ESS ship
power system into an annual cost, the capital recovery factor
(CRF), defined by Eq. (9), is utilized:

®)

a(l+a)"*
CRF = ——F—— 9
(1+a)™ -1 ©

The installation and operating cost of the PV system is given in
Eq. (10).

COStPV = CRFPZTLS (C(‘apztal + Cri‘;lacement) (10)

The emission of pollutants from diesel generators as the 2nd
objective function is stated in Eq. (11). Emission of pollutants is
usually expressed as a quadratic function of the production power
of thermal units [9, 30].

Emision = Z ZangQ,t,s + By Py t,s + 79 an
t

g9

It should be noted that reference [31] is used to linearize the
quadratic function of Egs. (4) and (11).

2.3. Constraints

The equality of produced and consumed electric power is
expressed in Eq. (12).

ZPgtSJ’_PPV used+ZPChzts:
g 2! (12)
P + 3" Pdchf,, Vit s

The installed PV system power generation equations are given
in Egs. (13) and (14).

Pt},:)sv Pzns GPV. PV (13)

PPV used < PPV

Pzns < Adeck PPV rate (14)

Eq. (13) determines the total solar production power according
to the installation area of solar panels on the ship’s deck and

hourly solar radiance (TW/m?). According to Eq. (14), the amount
of solar power utilized per hour is constrained to be lower
than the maximum capacity of the ship’s solar production. The
limitations related to the generation power of the diesel generator
are expressed in Egs. (15) to (20).

Ug,t PP < Pyis < Ugt . PY™ Vg,t 15)
|P Sts Pg,t—178| < R™ Vg,t (16)
Ugts — Ugi—1,s < 850, Vgt (17)
Ug,t,s - Ug,t 1,s —
5gS[tj,s 69 t,s Vg,t, S (18)
t
S 65l SUgns VgVt >mut, (19)

h=t—mutgy+1

t
S 0t S1=Ugys Yg,Vt>mdt,  (20)

h=t—mdtg+1

Eq. (15) establishes the minimum and maximum output power
limits for each generator. Ramp up/down limitation of output
power is stated in Eq. (16). As described in Egs. (17) and (18), the
start-up and shutdown status of each generator is determined based
on the production power of the generator in two consecutive hours.
The minimum on/off time of the generators is also considered in
the Eqgs. (19) and (20) [31].

2.4. ESS operation

In [20], BESS technologies are categorized based on electrodes
and electrolytes, with lead acid (Pb-Acid), nickel-cadmium (NiCd),
lithium-ion (Li-ion), and sodium sulfur (NaS), due to their high
power and energy density, fast response time, and efficiency.
The BESS degradation is influenced by factors such as Depth of
Discharge (DoD) per cycle and the number of charging/discharging
cycles. Each BESS technology has a relationship between DoD and
expected lifetime cycles. Fig. 2-a illustrates the approximation of
the relationship between DoD and cycles using a piecewise linear
approximation technique. The lifecycle degradation parameter for
BESS technology at different DoD segments is defined in Eq. (21).
This parameter quantifies the degradation or loss of performance
that occurs over the lifespan of the BESS as a result of cycling
and operating at specific DoD [20]:

Niq
max
Ni

Hid = (21

In the case of the considered battery, the parameter p;q will
have a value of 1 if the battery is selected to operate at the
maximum DoD. This indicates the maximum degradation or loss
of performance when the battery is operated at its maximum DoD.
However, if the battery is performed at a lower DoD level, the
parameter p; 4 will have a value greater than 1.

The number of charging/discharging cycles of the battery during
the planning period is determined in Egs. (22) and (23).

wi,t,s = [Zi,t,s - Zi,t—l,s] Zit,s (22)
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So-zzwi,t,s < % Z Ni pmax [; qw;,d (23)
t s

deD

According to the charging/discharging state of the BESS in two
consecutive hours, the time of starting the battery charging mode
is determined in Eq. (23). A crucial factor to consider when using
batteries is the impact of DoD on their lifecycle. As the DoD in
each cycle increases, the life cycle of the battery decreases. In Eq.
(24), the total number of BESS cycles over the project lifetime
is calculated. It is crucial to ensure that the calculated number of
cycles does not surpass the predetermined lifecycle associated with
the selected maximum DoD. Consequently, the installed BESS
does not need to be replaced during the project’s lifetime.

Due to the linearity of the proposed model, the linear piecewise
approximation method has been used as shown in Fig. 2-b [20].
To linearize the BESS lifecycle, it is assumed that the curve
representing the relationship between battery DoD and its lifecycle
is divided into D segments.

The technical limitations related to the charging/discharging
power and SoC of the BESS are given in Egs. (24) to (29).

0< Pchly, < PP (1—2i45) Vit 24)
0 < Pdchyy o < PPz Vit (25)
i PP < EP <XPPP Wi (26)

w 8000 . : :
8
£ 6000 1
2 v
8 '8 4000 ]
EY)
B 2000 1
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-
] 0 L L L I ! L f L
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DoD (%)
(2
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D D, D D
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®

Fig. 2. BESS life cycle versus DoD. (a) NiCd battery. (b) Linearization of
the BESS number of cycles versus DoD [20].

SOC; ;s = (1 - &',d%‘,d) Ef+

deD (27)
n°". PchB, , — % V=1
SOCi,t,S - SOCi’t_}g’SJ’_ (28)
. PehB, - Tihte vi> 1

<1 -> 5i,dwi,d> E <80C;s < Ef 9)

deD

Each battery technology has a specific rated power that affects
the charging and discharging of the BESS. Constraints Eqgs. (24)
and (25) limit the charging and discharging power of the battery
to their rated power. If the binary variable Z is zero, the battery
is charging, and if it is one, the battery is discharging. Therefore,
according to these two relations, the battery cannot be charged and
discharged simultaneously. There are practical limits to the ratio
of the rated value of battery energy to its rated power. This limit
is stated in Eq. (26), taking into account the ratio of conversion
of energy to power. The SoC of the battery in the first hour and
subsequent hours is expressed in Eqgs. (27) and (28), respectively.
The assumption is made that the battery begins operating at time
t=1 with a complete discharge. According to Eq. (29), the battery
SOC should not be less than a minimum value, and it should not
exceed its capacity.

2.5. Information gap decision theory

Risk-averse strategies are impacted negatively by the uncertainty
associated with specific parameters, which leads to an unfavorable
effect on the problem’s objective function. Put simply, when
the uncertain parameter is realized, it can potentially increase
the objective function from its baseline value. This is why the
risk-averse strategy aims to determine the maximum range of
uncertainty parameters that would result in the worst-case scenario
for the objective function. This implies that the decision variables
are optimized to attain the highest feasible uncertainty range
for the uncertain parameter, while ensuring a specific increase
in the objective function. All equations are based on a state
without uncertainty and are equivalent to their predicted values.
In line with the risk-averse (RA) strategy, reducing the output
power of PV cells from their predicted values alters the objective
function. In essence, the goal is to determine the maximum
possible enlargement of the uncertainty range, while ensuring
that the objective function does not exceed a predetermined
limit. The parameter [ represents the extent to which the
objective function can be increased concerning its baseline value,
considering undesirable uncertainties. The IGDT-based risk-averse
strategy should be used as follows [32, 33]:

max « subjectto (1) — (30) (30)
OF, < OF{™°.(1+ B) 3D
G =(1—a).GY (32)

The objective function, which aims to determine the maximum
uncertainty radius, is expressed in Eq. (30). According to Eq. (31),
the ship owner is willing to allocate a certain percentage, denoted
as f3, in addition to the target budget. This additional allocation is
intended to ensure robust decision-making in light of uncertainties
associated with the prediction of solar power. So, the value of S is
determined by the decision-maker and represents their desired level
of robustness for uncertainties in the prediction of solar power. It
allows the decision-maker to account for and mitigate the potential
risks and uncertainties associated with solar power predictions
when making decisions. Indeed, it is worth noting that to calculate
the baseline objective function (OF®2°¢), the problem needs to be
solved initially using the predicted values without considering the
uncertainty in the solar power prediction. According to the radius
of uncertainty, the range of solar power compared to the predicted
value is specified in Eq. (32).
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2.6. Linearization of the proposed model

By defining solar irradiation GV as an integer variable in
the risk-averse strategy, Eq. (13) has become nonlinear due to
the multiplication of two real variables. Therefore, the proposed
method in [34] has been used to linearize the Eq. (13) as follows:

No
GP" + 3 (®1,5,0.AG) < GV, <GP+

o=1 (33)
AG+ Y (10.0.AG)
o=1
éP'U _ Gp'u
A __ = 4
@ O+1 34
Tt,s,0o+1 < Tt,s,0 (35)

0<AG.P™ —peroo <AGP™.(1-2000) (36

0< perso < AGP™ 2450 (37)

pv __
Pt,s_

_ o (38)
(GPY + 0.5AG) .P™ + > petso| n°°

o=1

According to the value GTV, the value of the binary variable
Tt,s,0 1s determined in each section. This constraint is expressed in
Eq. (33). The discretization step of real integer G*V is specified
in Eq. (34). According to Eq. (35) to (37), the correction power
PCt,s,0 is determined. Finally, the linearized equation is stated in
Eq. (38).

2.7. Epsilon-constraint method

In multi-objective problems, where there are multiple conflicting
objectives, the aim is not to find a single solution but rather a set of
optimal solutions or the Pareto front. The Pareto front represents a
set of solutions where improving one objective comes at the cost of
worsening another. These solutions are considered non-dominated,
meaning that no other solution in the set can improve on at least
one objective without sacrificing another. The Pareto front provides
decision-makers with a range of options that trade-off different
objectives and allows them to make informed decisions based on
their preferences and priorities. The epsilon constraint method is
one of the common algorithms for solving the multi-objective
optimization problem. One of the advantages of the epsilon
constraint method is that, unlike the weighting method, the number
of generated solutions can be easily controlled by adjusting the
number of domain divisions of each objective function [35]. In the
epsilon constraint method, the second objective function is defined
as the inequality constraint of the optimization problem, and by
gradually decreasing the epsilon value; the results are obtained as
Pareto optimal solutions. Therefore, Eq. (39) determines the range
of the second objective function as a constraint in the optimization
problem.

O Fmax _ OFmin
OF, < OF3™ — 2 2 39
2 = 2 € ( N_1 (39)
Then, according to Eq. (40), by applying the fuzzy method,
fuzzy values between [0, 1] are assigned to each objective function

for each Pareto solution.

_ OFP™ — OF;(X)
Hj (X) - OE;nax _ OFJmin

(40)

Finally, by specifying the weighting coefficients for each
objective function by the designer, the desired optimal solution is
determined using the Minimax optimization method according to
Eq. (41).

min (max; [Wj — p;(X)]) D

3. SIMULATION RESULTS

The studied ship power system has two diesel generators and
the technical parameters of the generators are presented in Table
1 [36]. The available area of the ship’s deck for installing PV
cells is approximately 100m?. This area serves as the available
space for placing the photovoltaic panels to capture solar energy.
The hourly solar irradiation on a warmest day is presented in
Fig. 3 [9]. Also, Fig. 4 illustrates the solar radiation correction
coefficient for different seasons. Each m? of PV cell can produce
a maximum power of 1.1 kW. The required information about PV
cells is given in the Table 2.

In this article, BESS technology is classified into four
groups: Pb-Acid, NiCd, Li-ion, and NaS, which the technology
specifications of Each battery, and the points corresponding to the
battery life cycle reduction curve are illustrated in Tables 3 and
4 respectively [20, 37, 38]. Fig. 5 depicts the hourly load profile
along the route [21].

The Investment planning is made for 15 years. In the analysis,
an assumption is made that the interest rate is 4%. The interest rate
is a crucial parameter used to calculate various financial aspects
of the hybrid ship power system. The linearization steps for the
quadratic cost and pollution functions as well as the linearization
of the product of two real variables in IGDT-based strategy have
been considered equal to 10. Increasing the linearization steps
gives a more accurate response, but also increases the simulation
time.

Table 1. Technical parameters for diesel generators.

Generator pmin (MW) P™ (MW) mut(h) mdt(h)
G1 0.03 0.20 2 2
G2 0.05 0.20 2 2
Generator  a($/MWh?2) b($/MW h) c($/h) Cccesu
G1 0.0048 16.19 1000 9000
G2 0.0020 16.50 680 1120
Generator o (kg/MWh?) B(kg/MWh) ~(kg/h) CHSU
G1 0.003 -0.244 10.34 4500
G2 0.005 -0.406 30.03 560
1200
o~
1000 7 & <
S , \\
£ s00 .‘ 2
E/ II ‘\
g 600 P R
= 1 A}
s i \
= i )
S 400 # ¥
I \
200 H kY
l‘ x\
13 5 7 9 113 15 17 19 21 23(h)

Fig. 3. Solar radiation on the warmest day [20].

To confirm the efficiency of the proposed model, four different
case studies have been investigated as follows:
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Table 2. PV data.
Parameter Value Parameter Value
Lifetime 15 yrs. Efficiency 95%

Investment cost 1800 $/kW
Length of PV panel 1.66 m

Replacement cost 1800 $/kW
Width of PV panel 0.99 m

Case 1: considering the diesel generator only.
Case 2: deterministic strategy considering the diesel generator,
PV, and ESS.
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Fig. 5. Ship load profile along the route.
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Fig. 6. The output power of generators in case 1.

Case 3: IGDT-based strategy considering the diesel generator,
PV, and ESS.

Case 4: Multi-objective optimization considering cost and CO2
emissions.

The MILP problem, taking into account the assumptions
mentioned above, is implemented in GAMS software and solved
utilizing the CPLEX solver on a PC equipped with an Intel Core
processor running at 4 GHz and having 32 GB of RAM.

Case 1: In this case, where PV cells and batteries are not
utilized, 25,882,843$ has been spent on supplying the electrical
energy needed by the ship power system. Also, the amount of
309,650 tons of pollution has been emission by generators yearly.
The active power produced by generators is shown in Fig. 6. Due
to the high start-up cost of the generators, both generators are
on all day long. Also, the main part of the load is provided by
generator 1, which has a lower cost, and during many hours of the
day, generator 2 works with lowest power.

Table 3. BESS technologies characteristics.

Parameter Pb-Acid NiCd NaS Li-ion
Power investment 200 400 300 300
cost ($/kW)
Energy  invest- 200 474 350 695
ment cost ($/kW)
O and M cost 50 20 80 -
($/kW/year)
Installation cost 20 12 8 3.6
($/kW)
1(%) 70 85 95 98
Xmins Xmax 1, 8 1, 8 1,6 1, 8
T'p(years) 12 20 20 20
Nmaz 550 500 2500 3000
Table 4. BESS lifecycle reduction data.
DoD (%) Pb-Acid NiCd NaS Li-ion

10 6.9 15.8 17.2 -

20 5.2 11.6 8.8 -

30 3.7 6.8 5.8 -

40 2.4 4.0 4.3 -

50 1.9 2.4 3.4 2.7

60 1.6 1.8 2.8 2.3

70 1.4 1.6 2.6 1.9

80 1.2 1.4 2.2 1.5

90 1.1 1.2 1.8 1.2

100 1.0 1.0 1.0 1.0

Case 2: In the second case, there is the possibility of installing
solar cells and energy storage batteries. This option allows for the
generation of electrical energy through solar power and the ability
to store excess energy for later use. It should also be noted that
in this case, no uncertainty is considered for solar radiation; but
the change of solar radiation in different seasons is considered as
shown in Fig. 4.

In this case, by installing solar cells in the available area of
the ship, the maximum possibility of producing 97.3 kW of solar
power has been provided. Also, three models of Pb-acid, NaS, and
Li-ion batteries are used with an investment cost of 31,5109, the
specifications of which are given in Table 5.

Table 5. Specifications of the installed battery in case 2.

Parameter Pb-Acid NaS Li-ion
Rated power (kW) 53 207.0 123.7
Rated energy (kWh) 22.6 77377  346.3
Maximum DoD (%) 40 80 70
Number of cycles 80 320 320
Initial SoC (kWh) 13.6 154.7 103.9

The SoC of NaS and Li-ion batteries during 24 hours in the
spring season are shown in Fig. 7. The output power of each
generator is also shown in Fig. 8. First, generator 1 starts working
with maximum power and then turns off at 3 o’clock. From 3
o’clock, generator 2 is turned on as an alternative and starts
producing energy with maximum power. The details of investment
costs and the amount of pollutants are also specified in Table
6. In total, with the installation of solar cells and batteries, the
cost has been determined at 18,291,373$, which has decreased
by 23% compared to case 1. Also, with the emission of 207,919
tons of pollutants, the emission of pollutants has also reduced by
33% compared to case 1. This significant reduction in costs and
emissions proves the necessity of simultaneously using renewable
resources and batteries in a ship’s power system.
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Case 3: In this case, the uncertainty in the solar radiation and
as a result the uncertainty in the production power of solar cells is
also taken into account, but there is no accurate information about
the amount of prediction error. Regardless of the uncertainty, the
installation decision of batteries and solar cells may not be correct
and may lead to an increase in costs.

In IGDT based decision-making method, the decision-maker is
willing to increase the investment budget to overcome the wrong
decision in case of deviation from the predicted value and make a
robust decision. According to the amount of cost of 18,291,397%
in case 2, the decision-maker is willing to increase the investment
budget to the amount of 18,500,000$ (only 1.1% increase in the
budget).
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Fig. 7. Battery SoC in case 2.

Table 6. Cost and emission in case 2.

Diesel generator PV investment Battery invest- Emission

cost ($) cost ($) ment cost ($) (ton)

18,187,050 31,510 72,815 207,919
Total 18,291,373

cost ($)
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Fig. 8. The output power of diesel generators in the case 2.

Table 7. Specifications of the installed battery in case 3.

Parameter Pb-Acid NaS  Li-ion
Rated power (kW) 3.5 206.3 143.8
Rated energy (kWh) 28.2 522 402.8
Maximum DoD (%) 40 80 70
Number of cycles 80 320 320
Initial SoC (kWh) 16.9 1044 120.8

In this case, by incorporating solar cells and energy storage
batteries, it is possible to achieve a maximum radius of uncertainty
of 0.19, while only increasing the investment budget by 1.1%.
This indicates that with a relatively small increase in the budget,
the ship’s power system can be made more robust and resilient to
uncertainties in solar power predictions. Taking into account the
uncertainty in solar power, it has been determined that 78 kW of
solar cells will be installed on the ship’s deck. This installation
represents a decrease of 20% compared to Case 2, where the

Table 8. Cost and emission in case 3.

Diesel generator PV investment Battery invest- Emission
cost ($) cost ($) ment cost ($) (ton)
18,405,840 25,236 68,681 217,502
Total 18,499,758
cost ($)
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Fig. 9. Battery SoC in case 3 (spring season).
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Fig. 10. Diesel generators output power in case 3.
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Fig. 12. NaS battery SoC in case 4.

uncertainty was not considered. The reduction in the installed
capacity accounts for the potential variations and uncertainties in
solar power generation, ensuring that the system remains efficient
and effective even under uncertain conditions. Also, three types of
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Fig. 13. Charging/discharging power of the battery in case 4.

Table 9. Specifications of the installed battery in case 4.

Parameter NaS
Rated power (kW) 459.2
Rated energy (kWh)  2755.3
Maximum DoD (%) 80
Number of cycles 320
Initial SoC (kWh) 551

Pb-acid, Li-ion, and NaS batteries are used in IGDT based strategy
and their specifications are given in Table 7. The SoC of the
installed batteries during 24 hours in the spring season is shown in
Fig. 9. The diesel generator’s production power scheduling is also
shown in Fig. 10.

With the equipment installed on the ship and the specified
schedule for the generated power of the diesel generators and
charging/ discharging of the batteries, the details of the costs and
the amount of emissions are given in Table 8. Considering the
uncertainty in solar production power and referring to Table 8, it
is observed that there is a 20% decrease in the investment in solar
cell installation and a 6% decrease in the investment in battery
installation compared to Case 2. This decrease in investment in
renewable sources and batteries has led to a 1.2% increase in
diesel generators’ energy production cost, and as a result, a 4.6%
increase in pollution compared to case 2.

Case 4: In this case, the objective function takes into account
the simultaneous consideration of minimizing both the cost and the
amount of pollution. By incorporating both goals in the objective
function, the optimization process aims to find a solution that
achieves a balance between minimizing costs associated with the
energy system and reducing the environmental impact in terms
of pollution. This approach allows for a comprehensive evaluation
and decision-making process that considers both economic
and environmental aspects simultaneously. By implementing the
proposed model, the Pareto front is shown in Fig. 11. By
implementing the proposed model, the Pareto front is depicted in
Fig. 11. To make an optimal decision, the decision-maker needs
to determine the fuzzy coefficient for each function. The fuzzy
coefficients reflect the decision-maker’s preferences and priorities,
allowing them to assign weights or importance to different
objectives in the multi-objective optimization problem. Here, the
fuzzy coefficient of cost and pollution minimization is taken to 0.8
and 0.7, respectively.

Using the fuzzy method, the optimal answer is specified in Fig.
11. At this particular point on the Pareto front, the amount of
cost is equal to 19,281,840$ while the amount of pollutants is
equal to 151,278 tons. The optimal decision at this point includes
installing 109.9 kW of solar cells. In this case, one type of NaS
battery should be installed; their specifications are given in Table
9. The SOC of the NaS battery in all four seasons is shown in
Fig. 12. According to Fig. 12, the SOC of the NaS battery in
four seasons does not differ much from each other. Based on the
given information, it can be inferred that the charging/discharging

Table 10. Cost and emission in case 4.

Diesel generator PV investment Battery invest- Emission

cost ($) cost ($) ment cost ($) (ton)
19,108,420 35,574 137,845 151,278
Total 19,281,840

cost ($)

schedule of the battery will remain relatively consistent across
different seasons. This implies that the battery’s operation and
energy management strategy are designed to be seasonally robust,
resulting in a similar charging and discharging pattern throughout
the year. In this case, the battery is continuously charged until
12:00 and then fully discharged until 24:00. Scheduling of battery
charging/discharging is shown in Fig. 13. Positive values indicate
charge power and negative values indicate discharge power.

The daily power schedule of the diesel generators in summer
is shown in Fig. 10. The details of the costs and the amount of
pollution at the optimal point are specified in Table 10.

4. FUTURE STUDIES

In this article, a 24-hour radiation curve is used to consider solar
radiation, which of course changes with a coefficient according to
different seasons. However, a ship sailing in the oceans and open
seas will be present in different geographical locations throughout
the year, so it would be ideal if, considering the characteristics
of the ship’s journey throughout the year and its presence in
different geographical locations, the solar radiation was calculated
at each point of the route and the optimization problem was solved
dynamically. Of course, it should be noted that in this case, the
dimensions of the problem would also become larger and the use
of the GAMS software and the Cplex solver would require a long
time. Therefore, it is suggested that in this case, metaheuristic
algorithms such as NSGA-II or MOPSO be used to solve the
problem.

5. CONCLUSION

In this article, a Mixed-Integer Linear Programming model is
proposed for the optimal planning and scheduling of a hybrid ship
power system. Investment options include solar power systems
and four different battery technologies. The model is formulated
based on two objective functions: cost minimization and emission
minimization. Due to the conflicting nature of these objectives,
the e-constraint method and fuzzy decision-making have been
employed to determine the optimal investment plan. To account
for the uncertainty in solar power prediction, the Information Gap
Decision Theory (IGDT) method is also utilized. To evaluate the
proposed model, four different case studies have been analyzed. In
the first case, using only diesel generators to meet the ship’s power
demand results in a total cost of $25,882,843 and 309,650 tons of
emissions. In the second case, by optimally selecting the power
capacity and technology for installing solar PV and batteries,
costs and emissions are reduced by 23% and 33%, respectively,
compared to the first case. In the third case, using the IGDT
method, an increase of only 1.1% in the investment budget makes
the decision robust to a 19% error in solar power prediction. In
this scenario, with reduced investment in solar panels and batteries,
diesel generators play a larger role in supplying the ship’s load,
leading to a 4.6% increase in emissions compared to the second
case. Finally, in the fourth case, considering both cost and emission
minimization, fuzzy coefficients of 0.8 and 0.7 are assigned to
the two objective functions, respectively. As a result, the optimal
investment and scheduling plan is determined, leading to a 5.4%
increase in cost but a 27% reduction in emissions compared to the
second case.
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