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Abstract: Microgrid is one of the promising green transition technologies that will provide enor-
mous benefit to the seaport, as a solution to the major concerns in this sector, namely energy crisis,
economical and environmental pollution. However, finest design of the microgrid is a challenging
task considering different objectives, constraints and uncertainties involved. To ensure the optimal
operation of the system, determining the right configuration framework and size for each compo-
nent in the seaport microgrid at the minimum cost is a vital decision at the design stage. This paper
aims to design a hybrid system of seaport microgrid with optimally sized component .The selected
case study is the Port of Aalborg, Denmark. The proposed grid-connected structure consists of re-
newable energy sources (photovoltaic system and wind turbines), an energy storage system and
cold ironing as seaport’ loads. The architecture is then optimized by utilizing HOMER to meet the
maximum load demand by considering a few parameters such as solar global horizontal irradiance,
temperature and wind resources. Then, the best configuration framework is analyzed in terms of
economic feasibility, energy reliability and environmental impact.

Keywords: Cold ironing, energy management system, optimal sizing, renewable energy sources, sea-
port microgrids, maritime

1. Introduction

Conventionally, energy sources that generate electricity to supply the maritime loads
is fossil fuels based. In fact, many users worldwide, across all industries, still rely on this
traditional method of obtaining energy. The main sources of power come from the utility
grid and diesel generators, constantly emitting greenhouse gas emissions. Ironically, the
energy sector is encountering the depletion of primary energy seeing that load demand is
always ahead of the power generation.

With growing awareness of the jeopardy from resource depletion issues and envi-
ronmental pollution, many ports around the world are taking an action leading toward a
zero carbon footprint goal. Reference [1] in their research, indicated that Jurong Port in
Singapore built a large solar power plant capable of supplying 60% of port’s load. In 2019,
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Denmark showed a remarkable result by generating half of its electricity from wind and
solar power [2]. The advantage of climate’s constant breezes and bluster in this country
makes the wind turbine practical to use and well established. Danish maritime industry
has set a target of 70% reduction in COz emission by implementing wind energy and
energy management systems in the ports [3].

Ports worldwide have different sizes, operations, geological and geographical fea-
tures, and variety of energy sources that will affect the final load demand as well as energy
production. The urge to use alternative clean energy resources makes microgrids the best
solution for future green seaports. Besides, recent advances in energy storage solutions
facilitate the flexible operation and efficient control of seaport microgrids. Energy storage
systems (ESS) can be used to store the excess energy from RESs and supply the load dur-
ing peak hours or under emergency operating conditions (i.e. system fault and energy
shortage).

Despite the fact that microgrids are widely used in different land applications, there
are limitations of its real implementation in the seaport sector. This situation makes it a
good opportunity to introduce microgrids into the seaports but at the same time, it is also
difficult to access the references in terms of their requirements, optimal design, stability,
and maintenance needs. Especially during the design phase, it is a complicated task to
find the optimal design of the seaport microgrid to determine the proper sizing for each
component in the microgrid and a compatible configuration. Therefore, this research work
presents a simulation-based method using the HOMER optimizer to analyze the seaport
microgrids configuration and its sizing in terms of cost minimization, energy production,
and environmental impact.

Seaport microgrid in this paper refer to the integration microgrid power system into
one of the seaport application that is known as cold ironing. The evolvement of trading
activities worldwide increasing the reliance on the maritime transportation. This situation
resulting into the growing concern on the worse carbon footprint from ships when docked
at ports [4]. When a ship is at berth, the auxiliary engine keep on to supply onboard power
supply. It consume a huge amount of heavy diesel oil depend on the berthing hours and
ship’s power requirement that emitting hazardous gases and degraded air quality. Here,
come the electrification alternative to reduce the air emission during berthing by using
cold ironing.

Cold ironing is an emission-free technology that prevents vessels from continuously
burning fossil fuels by supplying onboard electric power directly from the onshore grid
[5]. The auxiliary engine is turned off completely (cold process), but the ship can continue
to operate normally since switchboard draw the power from the shore side (ironing).
There are three types of cold ironing topologies: 1) centralized cold ironing and 2) distri-
bution cold ironing and 3) DC distribution cold ironing [6]. According to D.Colarossi and
P. Principi [7] , the amount of ship power plant varies with type of the ship, with typical
distributed power of 400 V. While on the shore side, generally it is connected with Me-
dium Voltage (MV) of 6.6 kV /11 kV. In order to step down or step up the desired voltage
level, transformer play as a vital role in this system. Nevertheless, there are some obstacles
in term of frequency where most of the port using 60 Hz meanwhile Europe and Asian’s
port using 50 Hz [5]. When the frequency on the shore side and the frequency on the ship
do not meet, a frequency converter is required. Figure 1 illustrate the typical cold ironing
connection from shore side to the shipside.

One of the challenges for port operation is the uncertainty in load burden, where the
traffic density of ships berthing can suddenly increase. Another scenario considered is the
possibility of a few large ships with large loads docking at the same time where the load
demand might be larger than the available supply. Energy security to ensure reliable port
operation will be in low efficiency if cold ironing solely depend on the grid supply. These
challenges is a motivation in this paper for the seaport microgrid idea.
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Figure 1. Typical cold ironing system from shore side to seaside.

The emerging concept of the microgrid into the cold ironing is beneficial for maritime
industry. Collaboration between these two electrification give an advantage to the several
aspect in term of the energy resiliency, emission control and economic. Cold ironing can
cause to the power disturbance if the continuous high demand from the ships during
berthing over the supply that cold ironing can provide. In the case of power break down,
many of the port operations will be affected leading to losses of billion dollars. In this case,
local distributed energy from seaport microgrid capable to offer the energy in the time of
stress [8]. It increase the energy security and resiliency to the cold ironing facility. In ad-
dition, seaport microgrid also can enhance more electrification to the port by adding cold
ironing facilities in which grid unable to support. In term of the emission control, cold
ironing itself eliminates a portion of emission compare to the conventionally using auxil-
iary engines while docking [9]. Seaport microgrid enhance more pollution free by zero
carbon generation from renewable energy. Besides, seaport microgrid is the economically
efficient to reduce port’s cost operation, decrease peak hour demand and has the potential
to sell back energy if there an excess from generation side. The contribution of this paper
is three-fold:

e First, this paper attempts to integrate between two of the most noteworthy
maritime electrification technologies (cold ironing and microgrid) to enhance
sustainable maritime energy replacing conventional operation paradigm.
Despite the fact that microgrid is widely use in land based applications, this
technology remain scarce for seaport sector.

e Second, this paper presenting optimal design of the seaport microgrid with
least-cost option. Comparison between three models is provided.

e Third, response to the three major concern of seaport sector highlighted in
the abstract, the optimal framework of seaport microgrid provide an analysis
in term of economic feasibility, energy reliability and impact on the emission.
This analysis is to highlight how microgrid integration into seaport applica-
tion capable to cater the above mentioned maritime issue.

The remainder of this paper is structured as follows. In Section 2 reviewed on the
optimization and sizing approaches. The methodology used for the design of the seaport
microgrid, design parameters, and utilization of optimizer technique is explained in Sec-
tion 3. Afterwards, the outcome from the proposed design is discussed and analyzed in
Section 4. Finally, in Section 5, all significant findings of the paper are summarized.

2. Sizing

The optimal design and operation of microgrid has recently been the subject of ex-
tensive research. This is supported by an increasing trend of publication and research
findings on this area. Ports are critical to the global economy, accounting for big percent-
age of global merchandise trade by value. As a result, ports are preoccupied with provid-
ing labor for processing and handling goods, as well as other port-related services. To-
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day's aggressive development in seaport trading necessitates the best power system op-
tion in this sector that capable to operate efficiently and optimally. Here comes the = hy-
brid generation of microgrid system, in which the generation component implements a
mix of available clean energy sources with or without grid connection. However, the pro-
cess to plan and development for this power system at seaport sector involves with a few
preliminary actions like long-term planning, research background on the modelling, data
collection and forecasting, initial simulation, observation, management and evaluation.

Sizing is an EMS action in determining microgrid’s resource coordination, good sys-
tem configuration and measuring the right capacity of the component to fulfill the load
demand. In the meantime, optimization is required to ensure that the system operates at
better efficiency, maximizing economic benefit, while minimizing energy consumptions,
pollutants, and other related objectives. Sizing and optimization are inextricably linked
and complement each other. This is an essential approach for resolving oversizing and
under sizing issues to enhance supply reliability. The study of microgrid systems in har-
bor areas carried out by A. Roy et al. [10] emphasizes the importance of knowing the load
demands as well as several evaluation criteria (economic, pollution, reliability, and geo-
graphical) in order to determine the sizing of the microgrid.

Generally, optimization-based EMS formulated by identify the objectives and con-
straints. However, energy demands in seaports are highly dynamic and stochastic, caused
by a variety of unpredictable factors such as daily routine, activities handing, and climate
change (weather, temperature, and wave). This scenario will cause to the uncertainty in
sudden high load and give the impact to the stability of the system [11]. Considering this
situation, ensuring enough an availability of power supply is significant to prevent dis-
turbance in maritime power system. P.Xie et al. [12] in their optimization research identify
three common objectives and seven constraints at seaport sector, which are simplified in
Table 1. From the selected objectives and constraints, an algorithm is developed and sim-
ulated to see the optimization result.

Table 1. Frequent objectives and constraints used in port optimization problem
Objectives Constraints

Fuel consumption minimization

Environmental footprint reduction
Economic investment minimization

Power and energy balance
Restraints for power quality

Restraints of power plants

Restraints of ESS
Environmental constraints

Ship voyage constraints

Constraints for the auxiliary system

For this purposed, both of the computational resources and gathered data related to
the system is significant in modelling phase. However, there are limitation of real time
data especially in port sector. To overcome this challenge, computational simulation is
useful method to formulate and evaluate the microgrid power system before implement
into the real application. HOMER optimizer is one of the most widely used technique in
microgrid optimization and sizing. The system allow a flexible design of power system
with equipped weather databased for RESs component. It has an option to design both on
grid or standalone microgrid with a mix of components and convenient for financial, en-
ergy and emission evaluation. The HOMER optimizer will then search for the optimal size
and right quantity for each sub system. Table 2 shows the literature study on the microgrid
system using HOMER optimizer in different sector. It simplified their work objectives,
design configuration, sector application, sensitivity cases considered, and site location.
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Table 2. Summary of the Microgrid case study using HOMER optimizer
References Sector Objectives Configuration Sensitivity Case study
location
[13] Residential | -Multiobjective (Standalone MG) -fuel price Kea,
2018 Cottages | (Minimization cost and PV/diesel/ac -PV generation Greece
emission) load/lead acid
-Nonderivative battery/li-ion
optimization battery/converter
[14] General -Optimize size of the MG (Grid connected) N/A Bahir Dar
2020 component wind/PV/bat- City, Ethio-
tery/load/converter phia
[15] City, - Optimal sizing (Standalone MG) N/A Nain, Iran
2016 general - Better management of RES Wind/solar/micro
and storage to fulfill the turbine/battery/fuel
loads demand and reduce cell
the fossil fuel dependency
[16] ATM -To study feasibility of so- (Standalone MG) N/A Vatar, Kol-
2016 machine lar- wind-diesel hybrid PV/wind/diesel/ gen- hapur
power system with maxim- erator/converter/bat-
ize the use of non-conven- tery/ac load
tional generation system
while minimizing the total
system cost
[17] Forest - Analyze real time dynamic (Standalone MG) - Renewable re- Kondapalli,
2011 data PV/wind/hydro/ gen- | sources India
erator/converter/bat- | -Hourly data set
tery/ac load/fuel cell | of load
-Lifetime PV ar-
ray
[18] Rural area | - Develop an in-situ con- (grid connected) - Grid failure fre- South Af-
2020 (residential) | forming mlcrogrld,’to ex- PV/battery quency rica
plore effect of certain prob- -Grid mean re-
lems (such as power price, pair time
grid failure frequency, and
grid mean repair time) and
its effect to cost (total oper-
ating cost, total capital cost,
net present cost), electricity
production, and unmet load
[19] Agricultural | - To investigates the feasi- (Standalone MG) Variations in PV Ein Al-
2020 Load bility of the hybrid system grid/battery/PV/die- | cost, diesel fuel baida, Pal-
. . sel generator/ac price, and maxi- estine
(residential load/water pumping | mum annual ca-
and water )
. load/converter pacity shortages
pumping) (MACS)
[20] Remote -To study two sizing meth- (Standalone MG) N/A Isla Santay
2017 area ods for a stand-alone hybrid Hydroki- (Guayaquil)
generation using basic netic/PV/diesel gen-
equations and Simulink De- erator/battery/ac
sign Optimization (SDO) load

and HOMER optimizer
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[21] Seaport - Energy planning (grid connected) N/A Copenha-
2018 PV/wind/battery/AC gen, Den-

load/converter mark
[22] Domestic | -Minimizing the cost system Bio- N/A Yanbu,
2021 load mass/PV/wind/bat- Saudi Ara-

tery/dual con- bia
verter/electrical
load/dumb load

Despite the gradual increase number of research works concerning microgrid power
system, there is limited exploitation of the overall sizing for the microgrid, particularly at
seaport sector. This inadequate exploration motivated this research work to enrich current
innovation power system to the seaport. Therefore, this paper develops a simulation-
based method to determine the best configuration and overall sizing for hybrid generation
in seaport microgrid by utilizing HOMER optimizer. Subtopic 3.0 below explained the
flow of the methodology involved from designing microgrid structure, parameter used
and optimizer simulation.

3. Optimization framework

3.1. Structure of the proposed seaport microgrid

The proposed design of the seaport microgrid is developed by considering RESs and
ship demand during berthing. The Port of Aalborg has been selected as a case study,
which is located approximately at latitude 57° 3.0' N and longitude 10° 3.2' E, where
sources of energy mainly come from the utility grid, diesel generators, WTs, and PV sys-
tems. The Port of Aalborg handles a wide variety of goods and services such as container,
cargo, railway, road, cruise, ships and custom warehouse. However, in the modeling pro-
cess, only the required power of ships during berthing is considered as the load as it im-
poses a high-energy demand on the port.

This paper aims to find the optimal seaport microgrid configuration and the optimal
size of each component with the goal of cost minimization. Besides, identifying the lowest
Net Present Cost (NPC) for the candidate architecture is a vital step in the seaport mi-
crogrid planning process to enjoy the benefit from the system. For instance, payback pe-
riod is worth for the investment by the stakeholder and the energy consumption would
then be free during project lifetime. From the environmental perspective, RESs component
in microgrid provide the solution to the resources depletion issue and offer green port
landscape because it is environmental friendly. Figure 2 illustrates the overview of the
seaport microgrid configuration. The schematic design shows the proposed system in this
paper connected with the main grid and consist of PV, wind and diesel generator as a
sources component, lithium- ion as a storage solution, converter between AC/DC busbar
and ships as an electrical load.
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Figure 2. Overview and schematic diagram of the proposed system.

3.2. Load profile

In the Port of Aalborg, ships are among big energy consumers. Conventionally, when
a ship is at berth, the auxiliary engines are turned on to support some basic functions and
auxiliary loads in the ship that need electrical power. Diesel generator burning from the
ship has negative impact to the environment. Nowadays, with the green maritime goals
of the shipping industry to reduce ship emission, cold ironing that also known as the on-
shore power supply (OPS) comes to the scene offering a promising solution [23]. This
technology allows the ship to shut down its engines while berthed and plugs into a power
source at the shore side [7]. In this way, the ship has the power supply to satisfy the
onboard energy demand such as emergency equipment, cooling, heating, lighting, and
refrigeration without having to burn diesel fuels.

The load profile of ships during berthing varies according to three factors including
time of berthing, the number of ship berthing per time, and the required power by the
particular ship. There are different times of berthing for each ship and various numbers
of ship berthing at the port from time to time. N. Ahamad et al. [24] summarize the aver-
age time of berthing and typical power requirement for different types of vessels as listed

in Table 3.
Table 3. Average berthing time and average power requirement for various types of vessels
Type of ships Average time berthing Average Power
(hrs)
Chemical and other 24-28 5 MW- 6 MW
tankers
Bulk carrier 52 N/A
Container 21 1 MW-4 MW
General cargo 25 300 kW-6 MW
Ferries and RoRo 24 700 kW
Cruise 28 7MW
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The load profile used in the simulation in this study is shown in Figure 3. Peak hours
are observed to be between 6 a.m. to 7 p.m. and the load slowly reduces afterward. Ac-
cording to this load profile, the average energy consumption is 23977 kWh/day which
indicates that the average power per hour is 999.07 kW with a peak value of 2734.2 kW.
Even though the power consumed by ships at the port depends on a few factors men-
tioned above during different periods and seasons of the year, it can be generally assumed
that the peak load occurs during the afternoon as there are fewer ships berthing between
8.00 p.m. until 5.00 a.m. In order to prevent from underrating the peak load, the data
recording was set to random variabilities of 10% the day to day and 16% time step in the

simulation.
Daily Profile
3000 ~
2000 -
£
1000
Q & 6 & a4 L &

Figure 3. Hourly load profile in one day.
3.3. Meteorological data

3.3.1. Solar radiation and temperature

All the meteorological data used in this simulation like solar GHI data, wind re-
sources and temperature resources is from NASA Prediction of Worldwide Energy Re-
sources (POWER) database. The extracted data are related to the site location specified by
the port coordination so that the approximation of the WT and PV output power produced
in the simulation will be more accurate. The bar chart in Figure 4 shows that the highest
daily radiation readings occur in May, June, and August. It is because Denmark is in the
midst of its summer season at the time. Most of the days are sunny with a longer daylight
period. Meanwhile, in the other seasons, sun irradiation is low because it is cloudy and
rainy most of the days. The irradiance range from 0.35 kWh/m?/day to 6.06 kWh/m?/day
with an annual average of 3.02 kWh/m?/day. The orange line indicates that the maximum
clearness index is 0.55 and the minimum clearness index is 0.338.
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Figure 4. Solar GHI resources in one year.
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Bar chart in Figure 5 displays the readings of the monthly average air temperature
for this location. Range of temperature figure is between 0.94°C and 16.66°C with an an-
nual average of 8.36°C. The warmest months are June, July, August, and September, with
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an average temperature of 14.11°C, 16.66°C, 16.66°C, and 13.44°C, respectively. The tem-
perature begins to fall sharply at the end of autumn and reaches its lowest point in Feb-
ruary (0.94 °C).
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Figure 5. Average monthly temperature data of the target site in one year.

A. Haidar et al. [25] in their research work highlighted that the generated power from
PV modules is directly related with a few parameters such as solar irradiance, tempera-
ture, the capacity of PV array, and its derating factor. This can be explained by equation
(1) that is used to determine the optimal capacity of the solar PV at time ¢.

Bpo(®) = B (0) X fyo X (1) X [1 4T, (Cr = Cr)] (1)
Where Pj}(t) is PV array rated capacity (kW), f,, is derating factor, I is irradiance
incident on PV plate (kW/m?), I, isirradiance at the standard test condition (kW/m2), T,
is temperature coefficient, Cy is cell temperature, and Cr. is cell temperature at the
standard test condition.

3.3.2. Wind resources

The power generation of WTs relies heavily on weather conditions such as wind
speed and wind direction [26]. A common linear mathematical model for wind energy
generation estimation used to find the dynamical power curve of WTs output power is
defined in equation (2) as follows [27]:
0, 0<v=>vy
P vy Vip SV,
P, vrvin Uy SV 2 Uy
0, V= Vpyt

P,(v) = (2)

Where P, (v) is the power output of wind energy at wind speed v, B is the WT rated
power, v,is the rated wind speed, v;, is cut-in wind speed, and v,,, is cut-out wind
speed.

Figure 6 illustrates the monthly average wind speed at the height of 50 m above the
surface of the earth over one year period. The annual average wind speed is 8.17 (m/s),
with the highest being 9.62 (m/s) in January and the lowest being 6.81 (m/s) in July. Due
to the wind speed variation with height, it is plotted on a logarithmic scale. As can be seen
in this figure, the wind speed increases with height because there are less obstacles and
turbulence along the increasing height and wind.
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Figure 6. Wind speed profile of the target site in one year.

3.4. HOMER optimizer

3.4.1. Schematic design and component parameters of the proposed seaport microgrid

Hybrid Optimization of Multiple Energy Resources (HOMER) is a simulation-based
software used to optimize any integrated system by finding the right size of the equip-
ment and the best possible system configuration while minimizing the Net Present Cost
(NPC). It stimulates the designed electric power system hour by hour for a year in the
specific region considering the available energy resources present at the location. For each
time step, HOMER searches for many different configurations that satisfy the technical
constraints at the lowest life cycle cost to meet the electrical load. Users can simulate their
proposed power system and HOMER delivers the optimal candidate design.

Furthermore, it has the ability to perform sensitivity analysis to examine the impact
of uncontrollable variables to see how they may affect the designed system costs. These
variables include the price of fuel, which is always volatile, the price of components, life-
time data, efficiency, and other parameters that is unsure how they will change in the
future. Sensitivity analysis is critical for understanding the design's robustness. It enables
users to be aware of how changing the input parameters affects the system architecture
and cost.

HOMER is a designer-friendly software and can perform system design optimization
based on the system configuration and various settings provided by the designer. Based
on the proposed system in Subsection 3.1, the required components are added to HOMER
software. The schematic diagram of the system is shown in Figure 2. All the technical
parameters and economic features employed are either from HOMER database or real
data from commercial datasheets. Replacement cost is assumed to be 5%-10% less than
the capital cost.

3.4.2 Optimization and algorithm

HOMER has two optimization algorithms, which are; 1) Derivative-free algorithm
and 2) Search algorithm. During the design process, the user may encounter a problem
with determining the appropriate sizing or capacity for components that are compatible
with the system. For the derivative-free algorithm, HOMER will automatically choose the
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appropriate sizing aiming for the least system cost. On the other hand, the search algo-
rithm will simulate every possible system configuration by the quantity defined in the
search space. The input value of the ‘search space’ varies depending on the peak load
measurement. The selected size has a portion that is at the upper or lower end of the search
space. It then specifies the best realizable system configuration capable of meeting the
electric demand and finalized it into a few categories. Table 4 shows the type of the opti-
mization option used by each of the component in this simulation.

Table 4. Optimization option used to determine the size for each component in the proposed design

Component HOMER optimizer Search space
Diesel generator v -
Wind turbine - 5,10,15,20,25
PV - 250,500,1000,1500,2000,2500,3000,3500
Battery v -
Converter - 0~2880

Other algorithms that are used in HOMER are Net Present Cost (NPC), Levelized
Cost of Energy (COE), operating cost and renewable fraction. The NPC or known as life-
cycle cost of a component is the present value of all the costs of establishing and operating
every component in a system over the project lifetime, minus the present value of all the
revenues that it earned over the project lifetime as shown in (3).

Cypec = Cp — Cg 3)
Where Cp is present value of all costs over the project lifetime and Ciis present value of
all revenues earned over the project lifetime.

Costs calculated in the algorithm embrace capital costs, replacement costs, O&M
costs, fuel costs, emissions penalties, and the costs of buying power from the grid. Mean-
while, salvage value and grid sales revenue are included in the revenue. Overall, NPC is
the HOMER's main economic output which is used to rank all system configurations in
the optimization results and is the basis from which the total annualized cost and the lev-

elized cost of energy (COE) are calculated as follows;
COE = Cann,tot—ChoilerHserved (4)

Eserved
Where Cgpp o is total annualized cost of the system [$/yr], Cpoirer is boiler marginal cost

[$/kWh)], Hgerpeq istotal thermalload served [kWh/yr], and Eggppeq is total electrical load
served [kWh/yr]. Meanwhile, in order to calculate the operating cost for the system, equa-
tion (5) is utilized.

Coperating = Cann,tot - Cann,capital (5)

Where Cypptor is the total annualized cost [$/yr] and Conncapitar is the total annual-
ized capital cost [$/yr]. To have an efficient system, it is highly recommended to include
the RESs in the architecture. The renewable fraction used in HOMER refers to the percent-
age of the energy supplied to the loads that come from RESs. It can be calculated using
the following equation;

_ Enonren—Hnonren
ﬁ’en =1- (6)
Eserved—Hserved

Where E,,nren is nonrenewable electrical production [kWh/yr], Hyonren is nonrenewa-
ble thermal production [kWh/yr], Eg.rpeq is total electrical load served [kWh/yr], and
Hserpeq s total thermal load served [kWh/yr].

3.4.3 Mathematical formulation of the Objective Function and Constraint

The objective function of the optimization problem is to minimize the operation
cost. It is define by:


https://doi.org/10.20944/preprints202110.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2021 d0i:10.20944/preprints202110.0301.v1

12 of 19

Objective function:
min (Ctotal) = ZPgrid Cgrid + Rgeanen + Pwtcwt + vacpv + Pbathat + PconCcon (7)

Where cost of the each element considering the cost of capital, operation and main-
tainance, replacement and fuel as in equation below:
Celement = ZCcapital + CO&M + Creplacement + Cfuel (8)

The objective function is subject to the power balance between generation and demand
and also percentage of renewable energy.

Constraints:
Pgrid+Pgen+Pwt+va+Pbat+PconZPload (9)
Py: + By, = 85.2% (10)

3.5. Energy Management System (EMS) in the design phase

The complexity of multiple power resources coordination, varying electrical loads,
fluctuation in economical variables, and assessing the environmental impact require the
use of an EMS in both design and planning phases. EMS focuses on the use and prepara-
tion of energy sources over a specific time frame and is often combined with future fore-
casting and projection systems [12]. It is strongly related with both of the energy efficiency
as well as cost saving. However, different functionalities and requirements can be defined
for the EMS depending on the situation and the microgrid application.

In this design, three key concerns that are taken into account are minimization of fuel
consumption, environmental impact, and economic investment. The big question is what
kind of system configuration and sizing specification should be considered. In order to
satisfy this, RESs and storage elements are included in the design process. PVs and WTs
in the schematic diagram represent the RESs meanwhile battery represents the storage
component. The use of RESs will help to sustain the energy supply and its environmen-
tally friendly characteristic will protect the environment from harmful emissions. Since
the sources are from nature (sun and wind), RESs also provide the microgrids with a cost-
effective power generation solution. Furthermore, any excess energy generated by RESs
can be sell back to the grid bringing further economic benefits.

Utilization of the battery as an ESS is beneficial for both having an energy backup
during critical periods (energy shortage and peak hours) and storing the excess energy
when energy generation is abundant. RESs like PV and WT have some limitations for
power production. PVs are only able to generate power during the day, depending on
both solar radiation and temperature. PV power output is also reduced on cloudy and
rainy days. The same situation exists for the WTs, where wind speed varies depending on
the site location and seasonal wind patterns. ESS is a vital component to store excess en-
ergy from both solar and wind sources when they have high power generation and supply
the loads during periods of low energy availability, such as peak hours and power short-
age intervals. Figure 7 illustrates how EMS plays part in the seaport microgrid system.
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Figure 7. Energy Management System (EMS) in seaport microgrid.

4. Optimal sizing of seaport microgrid

In this section, three different models, namely Modell, Model2, and Model3 are in-
vestigated for the optimal hybrid seaport microgrid where; Modell is the optimal result
from the proposed system, Model2 is the best system recommended by HOMER mean-
while Model3 is a conventional system without battery and RESs. Table 5 shows the de-
tailed comparison between optimization result for Modell, Model2 and Model3. All sys-
tems are resultant from the simulation during 25 years lifetime of the project.

Optimization results from the proposed design indicates that the best architecture for
the target hybrid seaport microgrid is the grid/pv/wind/converter configuration (Model2)
with the optimally-sized components featuring the lowest NPC. The best system is se-
lected based on the lowest value of NPC, which is $4,718,247 for Model2, $5,920,870 for
Modell, and $26,981,960 for Model3. The significant change that can be seen from Model2
compared to the proposed system is in relation to its components where it has no diesel
generator and battery.

Conventionally, without microgrid technology, the seaport sector relied only on the
supply of electricity from the main utility grid and diesel generator to run their daily op-
eration. According to Table 5, this architecture (Model3) has the lowest initial capital,
which is $1.4M, as the system does not need to invest in any other component like RESs
installation, ESSs, and power converters. Unfortunately, the system has highest NPC
value with $26M. The conventional system is highly dependent on the raw material of the
power resources like coal and diesel that produce very high greenhouse gas emissions in
the environment. In term of emission analysis, this system produce 5531162kg/yr of COz,
23980 kg/yr of SOz and 11727kg/yr of NOx. Meanwhile, the hybrid microgrid system with
optimal sizing in Model2 offers a big amount of emission reduction with a total reduction
of 82.51% in CO2, 74.98% in SO2, and 74.98% in NOx compared to the conventional model.
Besides producing hazardous pollutants, the conventional system also faces the problem
of fossil resource depletion [28][29]. That explains, the reason why microgrid technology
utilization important for seaport sector. The advantage of hybrid RESs and ESSs from mi-
crogrid will increase energy efficiency, provide sustainable energy while offering a long-
term cost-effective solution for port electrification and decarbonization atmosphere.
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Table 5. Optimization result
Parameter Proposed system Optimal Conventional
(model 1) System system
(model 2) (model 3)
Configuration Grid/Generator/ | Grid/PV/Wind/Co | Grid/Generator
PV/Wind/Conve nverter
rter/Battery
Difference - -no battery -no RESs
-no diesel -no battery
generator
® SM500(kW) 250 250 -
B
g
3
xS SM500- 500 500 -
MPPT(KW)
Norv22 25 25 -
Gen (kW) 3100 - 2800
100LI 1 - -
Grid(kW) 999999 999999 999999
ABB-PSC(kW) 90 90 -
NPC ($) 5920870 4718247 26981960
- COE (%) 0.0309 0.0246 0.2385
§ Operating cost -42392 -14748 1978877
($/yr)
Initial capital ($) 6.47M 4.91M 1.4M
s RES frac (%) 85.2 85.2 -
-&; Total fuel (L/yr) 0 0 0
95}
- Capital cost ($) 300000 300000 -
§ Production 315315 315315 -
(kWh/yr)
Capital cost ($) 4500000 4500000 -
3 Production 12435239 12435239 -
2 (kWh/yr)
O&M 125000 125000 -
Autonomy (hr) 0.0801 - -
E Annual 320 - -
= throughput
(kWh/yr)
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Nominal capacity 100 - -
(kWh)
Usable Nominal 80 - -
Capacity (kWh)
9 Rectifier Mean 0.0385 0 -
& Output (kW)
% Inverter Mean 244 24.3 -
= Output (kW)
Energy 2189430 2189312 8751839
= purchased (kWh)
S Energy sold 6085820 6085762 -
(kWh)
Carbon Dioxides 1383720 1383645 5531162
< (kg/yr)
'§ Sulfur Dioxide 5999 5999 23980
E (kg/yr)
Nitrogen 2934 2934 11727
Oxides(kg/yr)

According to the simulation results, the best architecture for the seaport microgrid in
this project which is Model2 consists of a 250 kW-PV, 25 100 kW-WTs, and a 90 kW-con-
verter with a connection to the main grid. This microgrid requires 40665 kWh/day and has
a peak power demand of 2734 kW. The amount of excess electricity is 93388 kWh/yr. Fig-
ure 8 shows the graph of energy production from both utility grid and RESs that serve the
electrical load. According to this figure, a big share of the produced power is related to
RESs where 12435239 kWh/year is produced by the WTs, 315315 kWh/year from PV, and
only 2189312 kWh energy is purchased from the main grid. This indicates a RES fraction
of 85.3% while 14.7% of the power is from the main grid. The total energy production from
PV, WT, and the main grid is equal to 14939866kWh, from which 59% is used to supply
the required power of the electrical loads (ships) and the rest, 41% of excess energy, is sold
back to the main grid. The amount of sold energy is 6085762 kWh, a much higher than the
energy purchased from the grid. In terms of emission, 1383645 kg/yr of COz, 5999 kg/yr of
SO», and 2934 kg/yr of NOx are produced. The opportunity to gain extra money from sell-
ing back the energy to the main grid and reduction of emission compared to the conven-
tional model is due to the deployment of RESs in the microgrid. Elimination of diesel gen-
eration and ESS in this model compared to the proposed system is because power gener-
ation from RESs is more than enough to supply the current load. Energy from diesel gen-
erator and battery is not necessary in this case. Likewise, the additional component of
battery will increase the capital cost.
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Figure 8. Energy generation and load consumption of Model2.

Figure 9 shows both the PV and WTs power generation in Model2 for a one-year
duration. From the 85.3% of renewable energy fraction, 2.11% is from solar PV SM500
while the rest 83.2% comes from Norv22 WT. The amount of energy produced by RESs
and its reliability depend on the site location and the available natural resources. In this
case study, Denmark as a seasonal country will experience high irradiation during the
warm months (May, Jun, and July) due to the sunny climate and long hours of daylight.
In those particular months, the output from the PV system will be higher compared to the
power produced in other months with a high chance of having cloudy and rainy days.
This limitation explains the reason for the small contribution of the PV system.

In the meantime, Denmark is a rich country in terms of wind resources as this country
has relatively average wind speeds of 4.9-5.6 m/s measured at a height of 10 meters. Den-
mark has vast offshore and onshore wind resources, as well as large swaths of sea territory
with shallow water depths of 5-15 meters, ideal for sitting WTs. Higher wind speeds, in
the range of 7.08-9.62 m/s at 50 m height, are also available at these locations. There have
been no big issues from wind variability.
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Figure 9. PV and Wind generation of model 2.
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5. Conclusions

This paper's contribution is to provide the best architecture configuration for a sea-
port microgrid with an appropriate sizing capacity in its components while considering
cost minimization. A thorough discussion of a conventional seaport design (grid/genera-
tor) and two other optimization hybrid design based on microgrid technology was pro-
vided with comparing them in terms of cost, energy production, and emissions. The main
conclusions that have been drawn from this research include:

e A grid/PV/wind/converter configuration of a 250kW-PV, 25 100kW-WTs, and a
90kW converter with the lowest NPC of $4718247 is the best seaport microgrid
model to serve the given ship's load at the target port.

e In comparison to the originally proposed system, the best model from simulation
considers removing the battery and diesel generator components because the en-
ergy from the battery and generator is not required. PV and wind power genera-
tion generate massive amounts of energy, more than enough to supply the entire
load; 59% of that is used to power the electrical load, with the remaining 41% of
excessive energy is sold back to the grid. Additional of the ESS also will increase
the overall capital cost.

e In terms of emissions aspect, the optimal design offers a significant reduction in
C0O2, SO2, and NOx emissions, with a total reduction of 82.51% in CO2, 74.98% in
502, and 74.98% in NOx.

e According to the findings of this study, emission reduction and cost-effectiveness
offered by microgrid technology prove that hybrid microgrids with RESs provide
a promising solution for electrification of the future seaports following green mar-
itime goals and the sustainable energy system paradigm. It is also a cost-effective
way to help the environment's long-term viability.

During the modeling process, by considering EMS, it is critical to determine the
proper system sizing and the right component configuration. In the proposed optimal
configuration, more than 80% of electricity is generated from RESs, while only 14.7% of
energy is purchased from the main grid. This system also manages to sell a considerable
amount of energy back to the main grid. It solves the shortage energy problem and en-
sures that the seaport can operate smoothly.
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