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Abstract

The rising energy prices at seaports and fishing industries pose a major challenge
because the pace of work and high demand for fish products has increased dra-
matically. This comes at a time of growing international pressure and global moti-
vations to address climate change and reduce carbon emissions in many different

sectors of the economy.

In the literature review, a few research studies were found to highlight the op-
timal use of power energy in ports, while some studies proposed certain measures
that contribute to some extent to reducing energy consumption and carbon emis-
sions. However, there is an absence of a study that discusses the possibility of de-
veloping a holistic energy analysis and management that can be scaled from a site
to a community level to achieve economically and environmentally viable benefits

to the community.

The research study that is described in this thesis aims to develop a compre-
hensive integrated system for the optimal use of energy in seaports through the de-
velopment of a smart grid system that is based on the renewable energy at Milford
Haven Port, which was developed and used as an applied case stud. It is hoped that
this study will contribute to reducing energy prices and that the port will achieve

economic benefits by sharing its surplus power with the national grid.

A five-stage research methodology has been developed, starting with the pro-
cess of collecting and analysing data on fishery buildings, known as and energy
audit. It then develops energy simulation models at the port using energy simula-
tion software. The next stage aims to propose a smart grid model at multi-levels,
namely a building, port and a community of 200 houses around a fishery port. The
next stage consists of the development of two smart decision-making systems: the

first aimed at sharing surplus power with the neighbours of the port through a Peer



to Peer (P2P) energy sharing approach; and the second aims to achieve financial in-
comes for the port by selling surplus power to the national grid when energy prices
rise, a price-based control strategy is used in this system

The model was developed and tested within 24 hours on randomly selected
days during the four seasons of the year. The simulation was characterised by the
fact that it was carried out instantaneously to get an accurate result, which resem-
bles a real-life system. In addition, the optimal number of energy storage systems
was determined at multi-levels, which achieve the self-sufficiency of the electric
power that is needed to meet the energy demand during the day.

Finally, a proposed road map has been developed to achieve nearly zero carbon

fishery ports that can be applied to different ports in different locations.
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CHAPTER1

Introduction

1.1 Background

In recent years, there has been a significant change in the earth’s climate as result of
global warming and anincrease in the level of carbon dioxide in the atmosphere [1].
The Intergovernmental Panel on Climate Change (IPCC) reported that there has
been a remarkable change in the atmosphere and ocean currents since 1950 [2].
One of the main reasons for climate change is the excessive use of primary energy
sources as result of the Industrial Revolution, which has caused a large amount of
carbon to be emitted into the atmosphere. Using primary fuel resources such as
fossil fuels has caused an increase in Ghg emissions into the atmosphere, which
is predicted to lead to global warming, climate change and ozone layer depletion.

Figure 1.1 illustrates the rise of global carbon emissions from 1970 to 2016.

The main source of carbon emissions is burning fossil fuels. Fossil fuels are
formed from ancient plants and animals that lived on the Earth millions of years
ago. Currently, fossil fuels are used to produce energy in cars, generators, trains,
planes. The fuel combustion process in engines produces exhaust gases that con-
sist of air pollutants such as Sulphur Dioxide (SO,), particulate matter (soot), Nitro-

gen Oxide (NOx) and a large amount of Carbon Dioxide(CO,) [4].

Energy use is the cornerstone of climate change. Therefore, the basic need to
use energy for different purposes in different sectors around the world needs to
be taken into consideration. The global demand for primary energy sources has
increased due to demographic growth. Meanwhile, the increase in the number of
electricity users and the Industrial Revolution in developing countries have con-

tributed significantly to economic growth around the world since the last century .
1
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Figure 1.1: Global carbon emissions since 1970 to 2016 [3]

It is expected that the world’s need for energy will increase during the next decade
because of population growth and increased industrial activities. The industrial
sector is predicted to increase its energy consumption by 40 percent by 2040 [5].

Figure 1.2 illustrates the total global primary energy supply from 1990 to 2018.
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Figure 1.2: The Total Global Primary Energy Supply between 1992-2018 [6]

However, there is need to transition toward clean, affordable and resilient en-
ergy sources that will mitigate carbon emissions and limit the effects of global
warming. Consequently, governments and countries should act and deal with cli-
mate change to limit its impact on the earth and its people. The first steps for

international action in dealing with climate change began with the launch of in-
2



1.2. KEY DRIVERS FOR ADDRESSING CLIMATE AGENDA

tergovernmental panel on climate change in 1988 [7] . This was followed by the
United Nation’s Framework Convention of Climate Change (UNFCCC) in 1994 [8].
In 1997, the Tokyo Protocol was adopted by more than 192 participating coun-
tries, which aims to activate and operate the UNFCCC. This led to a commitment
from the major industrial and economic countries to reduce carbon emissions. The
Tokyo Protocol entered into force in 2005 [9].

Subsequently, 184 countries agreed a plan to combat climate change in Paris
in 2015. The majority of decision-makers promised to start making practical steps
to eliminate global average temperature changes and reduce emissions, and to
increase the utility of renewable energy sources [10]. As a result of the global
agreement to tackling climate change, some countries have started to set the rules,
legislation and policies of renewable energy to reduce CO, emissions and increase
the use of renewable energy sources. Annunziata et al. [10], Moya et al. [11] high-
lighted the main three prospective that governments can use to limit CO, emis-
sions, which are the integration of energy efficiency and renewable energy require-
ments, translate investment in energy savings into economic value, and a commit-
ment towards the “zero-energy buildings” target. In 2016, Moya mentioned that
governments need to continuously focus on energy efficiency programs as a suc-
cessful experience for developing countries to decrease Ghg emissions and save
energy [12]. In 1997, the European Union (EU) was one of the first coalitions in
the world set targets to reduce CO, emissions and increase the use of renewable
energy resources [4]. The main objectives of the European Union to tackle climate
change are to decrease greenhouse gas emissions, ensure the security of supply

and improve EU competitiveness [13].

1.2 Key drivers for addressing climate agenda

1.2.1 Global motivation toward decarbonisation

Due to increased awareness about global warming and the importance of follow-
ing a decarbonisation plan at the global level, many countries have started to move
towards decarbonisation. In 1990, the US Pollution Prevention Law focused on re-

ducing the amount of pollution using cost-effective changes in a life-cycle process.
3



1.2. KEY DRIVERS FOR ADDRESSING CLIMATE AGENDA

This law was applied at government level, including the industrial sector. This law
focuses on different criteria to eliminate pollution, such as changing the use of
technologies, processes and implementing training to increase energy efficiency

and minimise pollution through different applications [14].

In2011, the Europe Commission published its low carbon roadmap for EU mem-
ber state, which stated that by 2050 the EU should cut its greenhouse gas emissions
by 80-95 percent. To achieve this target, the EU members must increase the level

of development and deployment of clean technology [15].

The United Kingdom was one of the first countries to start to implement a long
term plan to reduce carbon emissions and increase the use of renewable energy
resources. In 1989, the UK aimed to replace fossil fuel by nuclear energy to pro-
duce electricity under the Non-Fossil Fuel Obligation (NFFO) [16]. This was fol-
lowed by the global motivation programme, known as the Climate Change Pro-
gramme, which aimed to reduce CO, emission by 15-18 percent below the 1990

level by 2010 and also reduce overall ghg emission [17].

In 2002, the UK government enacted the new Renewable Obligation (RO). This
obligation makes it mandatory for the supplier to secure a specific share of elec-
tricity from renewable energy or they have to pay a penalty. Another of these poli-
cies has been enacted in 2003 2003/87/EC, known as the Emission Trading Scheme
[ETS], which is one of the main tools to reduce ghg emissions in the EU [18]. This
scheme limits emissions from more than 11000 heavy energy—using emission in
more than 31 countries. The scheme works as a cap and trade mechanism. The
cap sets the total amount of ghg that can be emitted by the installation, while the
companies receive or trade the emission allowances that can be traded [19]. In
2008, a new act from the government has been introduced related to the danger-
ous of climate change. This act requires to cut GHG emissions by about 34 percent
in 2020 and 80 percent by 2050. The government sets a budget in several periods
to achieve the target of decreasing carbon emissions to 2050 [20]. Another impor-
tant policy that has been applied in Europe since 1980 is the Feed-In-Tariff [FIT],
which began to be applied in Denmark, Germany and Italy in 1990 [21].

The concept of [FIT] is “policy pricing, guaranteeing renewable energy genera-

tors a fixed price for the electricity they produce”, which will attract considerable
4
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capacity [22]. The FIT’s advantage is the guaranteed price, which will allow house-
holders with solar panels to buy power through RE markets.The EU also set a new
directive 2001/77/EC to promote electricity production from renewable energy re-
sources [23]. In addition, to increase the deployment and development of RES,
the EU in 2009 issued the renewable energy directive 28/2009/EC to promote the
use of renewable energy resources with 20 percent of total power production by
2020 [24].

In 2011, a new law was enacted by the EU Commission that required all mem-
bers to apply the industrial emission directive. This law aims to increase the level
of protection of human health and the environment by decreasing the level of in-
dustrial emissions in the EU. This law is based on five criteria, as follows: integrated
approach, best available techniques, flexibility, environment inspection and public
participation [25]. In 2012, the UK set up a new approach that was known as the
“Green Deal”, which aimed to help homeowners to improve their energy savings
and find the best option to pay for them. This was followed in 2014 by a gov-
ernment announcement of a plan to deploy smart meters in homes from 2014 to
2019, which aimed to install more then 53 million smart meters for gas and elec-

tricity [26].

1.2.2 Introduction of distributed renewable energy sources

The use of renewable energy sources has increased dramatically in different sec-
tors around the world. However, there is a global trend to transition energy use
from fossil fuel to renewable energy sources [27], which is hoped to reduce global
emissions from burning fossil fuels. In 2016, around 14 percent of the total energy
primary supply came from renewable energy supply. However, approximately 70
percent of renewable primary energy supply comes from biomass energy, which
was followed by 20 percent from hydro-power [28]. In contrast, the proportion of
primary energy supply from geothermal, solar and wind rose gradually from 3.23
percent to 11.66 percent between 1990 and 2016, respectively [29].

The global renewable energy capacity rose by 8.3 percent in 2017. By the end
of 2017, the total renewable energy generation capacity was about 2179 Gigawatt.

Furthermore, the total amount of renewable energy served off-grid renewable
5
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power to more than 146 million users [30]. Figure 1.3 demonstrates the global
growth of renewable energy generation from 2001 to 2018, by energy source [31].
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Figure 1.3: Global renewable energy capacity from 2001 to 2018 [31]

1.2.3 Energy decentralisation

Originally, Direct Current [DC] power was supplied locally from small power gen-
erator units; however, this system suffered from limited units of power voltage.
Later, Alternative Current [AC] based power grids were introduced that enabled
electricity to be carried over long distances from large power stations (e.g. Drax in
the UK), which is known as a centralised energy system [32].

The last decade has witnessed a significant transition of energy policy due to
issues such as the limited supply of fossil fuels and global warming, together with
an increase in the population growth rate. Consequently, some countries have
started to deploy small power generation units to increase the security of supply
and to meet power demand, which is known as a decentralised energy system or
Distributed Generation. The role of distributed generation is to provide flexibility
and reliability to the grid because it uses small sized plants and efficient genera-
tion [33]. In addition, distribution energy generation is able to exploit local energy
generation resources and install energy storage at local sites [34]. The main en-
ergy policies that have been enacted to deploy decentralised energy systems are

to deregulate the energy market and tackle climate change. This will help to deploy
6
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decentralised energy systems, as well as increase the competitiveness between en-
tities [35]. Paliwal et al. [36] found that the transition from centralised power gen-
eration to decentralised power generation is accelerating. Furthermore, RES inte-
gration with a decentralised energy system decreases reliance on depleting fossil

fuel, increases security of power supply and reduces carbon emissions.

1.2.4 Energy market

The global transition from a regulated to deregulated power market started in the
last three decades. However, this transition needs a new system to organise the en-
ergy market. Consequently the power exchange and power pool were established
to enable energy providers, energy traders and large consumers to participate in
energy market to buy or sell energy [37]. In 1989, the UK was the first country in
the European Union to privatise its electricity industry, although the action plan
to start privatisation electricity industry began in 1990 [38]. Wholesale electricity
competition was introduced in 1998 and the whole retail market was deregulated
by National Power, which means that all consumers have the freedom to choose
their power supply. At that time, the number of electricity customers was about
22 million end-users [39]. The wholesale market is designed to be much like a com-
modity market. Generators sell electricity to suppliers through bilateral contracts,
Over The Counter (OTC) trades and spot markets. In 2010, 91.5 percent of power
traded in the UK was OTC traded and about 9 percent was exchange traded. Cur-
rently, there are three exchange providers in the UK’s electricity markets: the APX
GROUP, Nasdag OMX N2EX and the intercontinental exchange. Figure 1.4 demon-
strates the process of Energy market (ICE)) [40].

In 2010, half of the electricity consumed in the UK was produced by the largest
three companies. Seven companies had a market share increase of 5 percent.
Meanwhile, 68 percent of the retail supply is dominated by the major energy sup-
pliers. Electricity trades every 30 minutes blocks (settlement periods) in the whole-
sale market and it will continue to 60 minutes before settlement period, which is
called gate closure. After the closure gate (National Grid Electricity Transmission
and the system operator) are responsible for supply and demand on second-by-

second basis. National Grid Electricity Transmission [NGET] assesses the situation
7
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Figure 1.4: Energy market layout [40]

of the system and takes balancing actions, mostly using the balancing mechanism
to correct any imbalance [41]. In 1990, the retail electricity supply market opened

to competition [42].

Today, six large vertical integrated energy suppliers dominate the retail markets
in the United Kingdom, which are Centrica plc, E.On UK, EDF Energy, RWE N Power,
Scottish and Southern Power [SSE] and Scottish Power [43]. The National Electric-
ity Transmission System [NETS] is the responsible for transmitting electricity from
the generator to the consumers. NETS includes around 25 000 km of high-voltage
overhead lines (275) kilo-volts and above in England and Wales, and 132 kilo-volts
and above in Scotland and offshore). Regulatory regional monopoly transmission
owned and maintained Transmission Onshore Assets [TOs). NGET is considered to
be a part of the national grid and in 1995 it was listed on the London Stock Ex-
change with a multi-ownership base. NGET has the responsibility for ensuring that
electricity supply and demand stay in balance and the system in stable with limited
technical and operating work [41, 44]. The regulator, Ofgem, was concerned about
the security of supply by 2009 and the Labour government reported the decarbon-
isation of generation and development through the Committee of Climate Change

in 2010 [39], as follows:
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e Security of supply,
* Low carbon emission from electricity,

o Affordable.

In 2012, the European Union introduced its plan for the future of the European
electricity market, including developing, implementation, target model coupling
by 2014, and a draft energy bill with policy overview. In the same year, the inter-
connector between Ireland and Wales started [17].

The Labor government published an energy act in 2013, which focused on de-
carbonisation of generation and reforms of the electricity market [17]. In 2014,
Ofgem proposed market investigation by the competition and market authority
[45]. Electricity market reform is a government policy to invest in secure, low-
carbon electricity, improve the security of the United Kingdom’s electricity sup-
ply, and improve affordability for consumers [39]. It will also help to bring forward
investment in low-carbon technologies in an affordable, secure and sustainable

manner [46].

1.2.5 Industry 4.0

The last few years have witnessed radical transformation of the global industrial
landscape, due to fast growth of the new generation of technology with smart
features that can increase production, minimise the cost and optimise the work
environment via different approaches [47]. The Industry 4.0 is a high technology
initiative strategy that has been discussed in both research and technical fields af-
ter an article published in 2020 by the German government [48]. Industry 4.0 can
emerge between the physical and digital worlds through the Cyber Physical System
(CPS), which will enhance productivity and efficiency among industries. The new
approach will combine among different kinds of new technologies, such as CPSs,
the Internet of Things (loT), Internet of Services (loS), Robotics, Big Data, Cloud
Manufacturing and Augmented Reality [AR] [49]. In addition, integration among
these technologies will make factories smarter [50]. The concept of a smart fac-
tory refers to different developments in the new generation of the industrial sector

based on integration, digitalisation, flexible structures and smart solutions [51].
9
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The combination of software, hardware and machines leads to an improvement
in productivity, and reduces waste, cost and unnecessary resources [52]. The loT
will play a vital role in energy management in the industry sector via smart meters,
which collect data of energy use in different sectors of industry in real time. This will

improve energy efficiency and reduce waste via EMS in smart industry [53, 54, 55].

1.3 The case of seaports

Seaports are important contributors to economic growth worldwide [56]. Seaports
have always played an important role in facilitating import and export movements
between countries, and they have directly contributed to the formation of inter-
national trade and global supply chains [57].

As result of the congestion of commercial activities from ships and the opera-
tions of lifting and unloading containers, as well as the local presence of fish indus-
tries, modern seaports and their surrounding cities have become carbon intensive
and have substantial pollution levels [58].

The most polluted cities in the world are all coastal cities, which is exacerbated
by the fact that 70 percent of emissions from ships worldwide occur within 400
km from coastal areas [59]. Based on a health board study: (a) the emissions from
seaports and ships affects about 19,000 people with lung cancer, while (b) approx-
imately 60,000 die annually from different conditions caused by pollutants [60].

Carbon emissions from ships have increased gradually over time, and are cur-
rently estimated at circa 2.7 percent of total CO, emissions [61] [62]. The United
Nations estimates the annual CO, emissions from maritime transport to about 1000
million tonnes [63]. The intensive use of energy from primary sources has led to an
increase in the level of carbon emissions. Consequently, there is a pressing need to
transition towards clean, affordable and resilient energy systems to help mitigate
carbon emissions and limit the effects of global warming [64].

Key milestones in this climate mitigation journey include the 2005 Kyoto proto-
col [65, 66] and the 2015 COP21 agreement in Paris, where 184 countries agreed
to implement practical steps to limit and lower the global average temperature

by reducing emissions, as well as increasing reliance on renewable energy [67].
10
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As a result of this global agreement, several countries began to establish regula-
tions, legislation and policies to promote the uptake Renewable Energy Sources
(RES) [68]. The mitigation methods include: (a) integration of energy efficiency
and renewable energy, (b) investments in energy savings, and (c) moving towards

zero-energy buildings [10, 11].

The EU has set ambitious objectives to address the climate agenda by: (a) de-
creasing greenhouse gas emissions, (b) ensuring the security of supply chains, and
(c) improving the EU’s competitiveness [69].The fishing industry is one of the main
activities of seaports. Food and agriculture organisation studies have also reported
that the global human consumption of fish increased dramatically from 1950 to
2012. The proportion of fish processed world-wide increased from 20 million tons
to more than 136 million tons, which adds pressure for fish processing industries
to use energy from different sources to meet the demand of fishing and for fish

processing operations [70, 71].

Several parameters can influence energy usage by the fishing industries, such
as: (i) seasonal variations can increase the fishing industry’s demand for energy; (ii)
the weather can have a significant effect on the total processed fish during a year;
and (iii) the number of fisheries and boats can also effect total energy use. Energy
use for fish processing industries can have two main operating modes: (i) direct
use, such as lighting system, heating and washing machines;and (ii) indirect use,
through converting the power to another form of energy, such as cooling cycle and
freezing equipment. However, increased energy demand from the fishing industry

increases the cost and CO, emissions.

Consequently, the fishing industry should move towards more secure, clean
and sustainable energy solutions. In this thesis, it argue that the new smart energy
systems and techniques that have recently emerged are able to meet the require-
ments of the fish processing industries and fishery ports through increased use of
renewable energy and smart energy management. Seaports are facing increased
pressures to reduce their carbon footprint, while increasing their energy efficiency
and global competitiveness [72, 73]. Moreover,energy consumption in seaports
must be continuously monitored to manage the increasing energy costs, which is

reflected in the increased fuel demand [74].
11
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1.4 Problem Statement

Fishery buildings at ports use energy-intensive equipment, such as refrigerators,
air conditioners and ice making machines. This leads to high energy costs and,
indirectly, to an increase of the carbon emissions. Because most fishery build-
ings are old, there is an urgent requirement to make them more sustainable and
achieve economic competitiveness in the energy market. In 2011, fishery buildings
consumed about 40 billion litres of fuel and produced 179 million tons of carbon
emissions [75]. The traditional design of energy systems at fishery buildings leads
to increased energy consumption and carbon emissions. because it lack to new
updated of energy efficiency standards that effectively contribute to less energy
consumption and produce minimum emissions. Furthermore, the percentage of
carbon emissions resulting from fishery buildings is estimated to be 4 percent of
the global greenhouse gas emission (GHGS) [10]. Meanwhile, the total human con-
sumption of seafood has increased from 20 million tons in 1950 to more than 136
million tons in 2014 [12].This rapid growth in seafood consumption has increased
carbon emissions as result of intensive energy use by this industry. So, It is crucial
to find a smart, sustainable and affordable energy that will help to reduce energy

cost and limit carbon emission at fishery buildings.

1.5 Research Questions and Objectives

This study aims to reduce the costs and carbon footprint of fishery buildings by
developing and testing a new ‘smart grid’ electricity network. Consequently, this

thesis has three main research questions that aim to address this gap, as follows:

* Can areliable simulation capability be developed that provides real-time ac-

counts of energy demand and use for fishery buildings?

e Can the concept of a smart grid be adopted and applied to energy systems

in fishery buildings at multi-levels?

e Cantheenergysharingandtrading approach be simulated to promote decision-

making that reflects the efficiency in fishery buildings?
12
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This thesis aims to reduce carbon emissions from energy networks in fishery
buildings by implementing smart energy system technologies.

The first research question is translated to the following objectives:

e Develop an energy model and simulation capability to provide real-time ac-

counts of energy flows in seaports.

¢ Investigate the potential of local power supplies to meet total power demand

in the fish processing industry using a co-simulation platform.

The second research question is translated to the following objective:

e Examine various scenarios for decarbonising seaports by leveraging renew-

able energy sources, including solar energy and energy storage.

The third research question is translated to the following objective:

¢ Investigate the role of seaports to address the energy demand of their local

communities through energy sharing.

The following research hypothesis is posited: “The concept of Industry 4.0 has
the potential to deliver net zero carbon fishery ports by leveraging smart and clean
energy generation, use, and storage, while promoting the formation of energy
communities within the local ecosystem.” This thesis will apply three different case
studies, as follows: fish processing industry, fishery port site and warehouse refrig-

eration.

1.6 Contributions

The main contribution of this study is its focus on minimising the cost and emissions
related to energy use by the fishery industries using smart energy systems. The

contributions that have been derived from this study include:

1. Athorough and authoritative review of the state-of-the-art research, includ-
ing past and ongoing initiatives, with the objective to reduce the carbon
footprint of seaports. The literature review reveals that existing research
leverages recent advances in digital technologies, while focusing on one or
several of the following themes: carbon reduction, use of renewable en-

ergy resources, cost performance optimisation, deployment of smart control
13
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technologies, regulatory landscape for greening seaports, and implementing
green port practices guidelines. As such, this thesis provides a critical review
of existing technologies and concepts that promote and contribute to the

decarbonisation of seaports, including smart grids and virtual power plants.

2. A reliable simulation capability that provides real-time accounts of energy
demand and use, as well as short to medium-term energy projections to un-
derstand the complex ecosystem around seaports, including energy systems
in use, fish processing activities, local stakeholders, including communities
by utilising tools such as DesignBuilder [76], EnergyPlus [77] and Building
Control Virtual Test Bed (BCVTB) [78].

3. A simulation model of integration of local solar farm energy in a local en-
ergy cluster using a multi-building energy coordination model developed in

EnergyPlus and simulate in BCVTB.

4. A smart grid model to explore various scenarios for decarbonising seaports
by leveraging renewable energy sources, including solar energy and energy

storage, through a smart monitoring control strategy.

5. A smart energy community model around seaports by integrating the smart
grid with local community energy storage via developing a simulation-based

optimisation strategy.

6. Real-time decision-making strategies that lead seaports and communities

around seaports towards decarbonisation through energy sharing and trad-

ing.

1.7 Thesis Outline

This thesis is structured as follows:

Chapter One discusses the main drivers of applying a smart energy system

for the industrial sector and it presents the main problem statement, hypothesis
and objectives for the research study.

Chapter Two reviews the previous studies and related works of the applica-

tion of smart energy systems in fishery ports and fish processing industries. It will
14
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highlight the current status of global energy use in the industrial sectors and it will
outline future energy use by industrial sector. This will be followed by a description
of the fourth generation of smart energy systems, including the history of energy
transition toward decentralisation, distributed generation (DG), renewable energy

resources and energy storage systems.

Chapter Three describes the methodology that is used in this thesis, which

involves case studies drawn from the EU INTERREG piSCES project (smart energy

cluster for the fish processing industry).

Chapter Four discusses energy modeling and simulation at fishery ports. This

chapter is based on the first research question, which aims to develop simulation
capability at fishery processing industries. The first part will give a brief description
of the modeling and simulation of energy systems, focusing on energy modelling
for industrial applications. It will then present the follow-up methodology that has
been used to answer the question. The next part will describe the simulation soft-
ware that will be used to simulate fishery port sites. This chapter will then present

a simulation of a container implementation for three different pilot sites.

Chapter Five will highlight the implementation of a smart micro grid at build-

ing level. A micro-grid system for the fish processing industries with a validation
use-case at Milford Haven Port in South Wales, UK has been implemented. The sys-
tem has been modelled using EnergyPlus and MATLAB with an infinite grid, renew-
able energy resource,battery and charge/discharge controllers to optimise energy
consumption and production, and reduce carbon emissions. Also, this chapter will
conduct an energy analysis and modelling for the fishing industries by exploring
energy transition, from a building level to an energy community level. It aims to
find the optimum balance between the battery storage system and the number of

PVs that are required to meet the community’s power demands.

Chapter Six investigates the energy usage of a case study fishery port and
it evaluates a method to maximise the use of renewable energy sources in these
energy clusters via a smart-grid approach, while applying price-based control and
peer-to-peer (P2P) power sharing considering optimised trading of energy. It will

then develop a roadmap to achieve a nearly zero carbon emission fishery port.

Chapter Seven will re-examine the main research questions and review the
15
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extent to which they are achieved, as well as discuss the contributions made by this
research the field of knowledge. It will also present the most important challenges
and obstacles that occurred during the research phase. The most important future
trends in reducing carbon emissions in seaports will also be presented, including

their impact on the global level.

16



CHAPTER2

Literature Review

This chapter provides a review of the previous studies and related works for the ap-
plication of smart energy systems in seaports and fish processing industries. It will
highlight the current status of global energy use in the industrial sectors and it will
outline future energy use by industrial sector. This will be followed by a description
of the fourth generation of smart energy systems, including the history of energy
transition toward decentralisation, distributed generation, renewable energy re-
sources and energy storage system. The next section will focus on smart energy
management systems including Smart Grid, Micro-Grid, Virtual power plants and
Net Zero Energy systems. The following section will review the optimisation tech-
niques of energy in fishery ports and fish processing industries. The next section
will focus on energy auditing, modeling and simulation, scheduling appliances and
artificial intelligent techniques. The final section will summarise the review and

related works, and it will present the gap identification for this research.

2.1 Introduction

Seaports are important contributors to economic growth worldwide [56]. Since
before the beginning of the Industrial Revolution, seaports have played an impor-
tant role in facilitating import and export movements between countries. This
has directly contributed to the formation of international trade and global sup-
ply chains [57]. However, because of the congestion of commercial activities from
ships, and the operations of lifting and unloading containers, as well as the local
presence of fish industries, seaports and their surrounding cities have become car-
bon intensive and have experienced substantial pollution levels [58].

The most polluted cities in the world are all coastal cities, which is exacerbated
17
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by the fact that 70 percent of emissions from ships worldwide occur within 400 km
from coastal areas [59]. Based on a recent health board study (a) the emissions
from seaports and ships lead to about 19,000 annual cases of lung cancer, while
(b) approximately 60,000 die every year from conditions caused by pollutants [60].
Carbon emissions from ships have increased gradually over time, and are currently
estimated at circa 2.7 percent of total CO, emissions [61][62]. The United Nations
estimates the annual CO, emissions from maritime transport to be about 1000 mil-
lion tonnes [63]. The intensive use of energy from primary sources has led to an
increase in the level of carbon emissions. Consequently, there is a pressing need to
transition towards clean, affordable and resilient energy systems to help mitigate
carbon emissions and limit the effects of global warming [64].

Key milestones in this climate mitigation journey include the 2005 Kyoto proto-
col [65, 66] and the 2015 COP21 Paris agreement [79], where 184 countries agreed
to implement practical steps to limit and lower the global average temperature by
reducing emissions, as well as increasing reliance on renewable energy [67]. As a
result of this global agreement, several countries have begun to establish regula-
tions, legislation and policies to promote the uptake of Renewable Energy Sources
(RES) [68]. In order to alleviate some of the burden of decarbonisation from the
power sector and to reduce potential decarbonisation in end-use sectors, some
mitigation methods can be implemented. Mitigation methods include: (a) inte-
gration of energy efficiency and renewable energy, (b) investments in energy sav-
ings, and (c) moving towards zero-energy buildings These aim to increase renew-
able energy use in buildings and industry, encourage shifts to low carbon tech-
nologies and fuels, and reduce emissions by optimizing building volume, use, and

processes. [10, 11].

2.2 Key findings of related research studies on decar-

bonising seaports

Many seaports are facing increased pressure to reduce their carbon footprint, while
increasing their energy efficiency and global competitiveness [72, 73]. Moreover,

energy consumption in seaports must be continuously monitored to manage in-
18
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creasing energy costs, as reflected by the increase in fuel demand [74]. This re-
view aims to investigate the global efforts to decarbonise seaports, and it aims to

answer the following research questions:

¢ What are the main drivers for seaports to transition towards becoming green

seaports?
e What is the state of the art in delivering the vision of green seaports?

e What are the directions for future research in this seaport decarbonisation

journey?

This review relied on leading search engines like Science Direct, Web of Sci-
ence, Scopus, IEEE and google scholar, to identify related research using a set of
keywords, while covering a period of several decades to factor in key evolutions in
the decarbonization journey of seaports. An initial list of keywords was selected
and then refined to provide a broad perspective to address the posited research
questions. The following keywords were eventually retained as providing a com-

”n u

prehensive coverage of the related academic literature: “green seaport”, “marine
energy sources”, “fish industries”, “smart energy system”, and “smart seaport”. In
the context of this review paper, by “Smart” we refer to the capability of a system
to learn and adapt to changing boundary conditions using digital technologies to
address multi-objective scenarios, i.e., the capacity of a seaport to factor in envi-
ronmental, occupancy, and process conditions to reduce energy demand and its
carbon footprint.The research methodology involved five steps as illustrated in fig-
ure 2.1.

The first step started with the identification of related keywords and then the
selection of authoritative research databases to direct the search for related re-
search. This led to the identification of 428 research papers. Next, the authors
have filtered the results by excluding dissertations, duplicate articles, patents, and
non-English articles. 54 articles were retained as a result of this process. These
themes are discussed in the next section.

These themes are discussed in the next section.

Based on the review analysis, six main themes have emerged from the analysis
of the selected papers, as listed below:

e Carbon reduction 19
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SEAPORTS
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Figure 2.1: The phases of the review process

Renewable energy adoption

Cost optimisation

Adoption of smart control technologies
Regulatory landscape for greening seaports

Best practice guidelines for smart green seaports

2.2.1 Carbon reduction

The literature search found 35 studies that focused on a reduction of carbon emis-
sions in seaports. These studies can be divided into three categories; the first cate-
gory focuses on the application and implementation of systems that directly assist
inreducing carbon emissions in seaports, the second category focuses on the inves-
tigation and analysis of the extent to which some systems can be applied to reduce
carbon emissions in seaports, and the third category proposes practices that may

help reduce carbon emissions in seaports. Table 2.1 summarized previous studies

based on three categories for carbon reduction factor.
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Table 2.1: Carbon reduction studies in Seaports

Category Methodology
Case study Modeling and simulation Framework
Stoll et al. [80] Aarsaether and Karl [82] Wang et al. [84]
Category 1
Wang et al. [81] Yun et al. [83] Molavi et al. [85]
Case study Analysis Approach Proposed Method
Manolis et al. [73] Fahdi et al. [91]

Alzahrani et al. [86, 87] Gutierrez-Romer et al. [92] Haibo et al. [96]

Category 2 Lam et al. [88] Piris et al. [93] Lazaroiu et al. [97]
Heng et al. [89] Tovar and Wall [94] Erdas et al. [98]
Zhu et al. [90] Ramos et al. [95]

Green Practices

Tsai et al. [99]
Category 3  Twrdy et al. [100]
Villalba and Gemechu [101]

In terms of the first category, Stoll et al. [80] developed an architecture for
an active house for residential customers at the Stockholm Royal Seaport. This
house can interact with the smart grid at the seaport, and reduce carbon emis-
sions and manage the energy consumption in buildings. The study by Aarsaether
[82] presented an initiative used in Norway to reduce carbon emissions by devel-
oping battery-based propulsion systems with electric power distribution for the
shore-based power supplies of ships in seaports. Yun et al. [83] developed a car-
bon emission quantification simulation model to eliminate the impact of mitiga-
tion strategies on carbon emissions from seaport operations and shipping inside
container terminals. The experimental results showed that reducing ship speed in
waterway channels from 24 to 8 knots can reduce the carbon emissions of these
ships by up to 48.4 percent and by about 32.9 percent for the whole container.

Another important study by Wang et al. [84] proposed a two-stage framework
for an optimal design of a hybrid renewable energy system for seaports. This frame-
work can achieve significant reductions in carbon emissions and can be used as a
reference for green seaport container construction. The study by Molavi et al. [85]
explored the impact of applying a smart grid to a seaport using a two-stage stochas-

tic mixed integer programming model. The results showed that applying a smart
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grid at a seaport can have a significant impact by reducing energy consumption
and carbon emissions. Meanwhile, the study by Wang et al. [81] applied a green
seaport scheduling model for seaport construction to optimise economic and en-
vironmental efficiency. The results showed that such a seaport can reduce the use
of coal by about 6527 tonnes, which will consequently reduce CO, emissions by

about 40,875 tonnes.

The second category of research on carbon reduction focuses on the analysis
and investigation of systems that will help reduce carbon emissions at seaports.
Fahdi et al. [91] compared the performance of Rubber Tired Gantries (RTGs) and
Electric Rubber Tired Gantries (E-RTGs). The results showed that using E-RTGs
when applying green seaport policies can have a significant impact by reducing
carbon emissions by about 67.79 percent and saving about 86.6 percent of energy
usage. Gutierrez-Romero et al. [92] investigated the impact of applying an On-
shore Power Supply (OPS) for ships at berths. The results showed that applying
these technologies can save up to 10,000 tonnes of CO,. The study by Piris et al.
[93] investigated the use of an Automatic Mooring System (AMS), which can result

in a reduction of carbon emissions at seaport by about 76.78 percent.

The study by Lam et al. [88] investigated the feasibility of implementing an En-
ergy Management System for seaports. This study used discrete event simulations
for its investigations. The results show that an EnMS can reduce carbon emissions
and provide greater benefits for seaport authorities. Meanwhile, Alzahrani et al.
[87, 86] proposed a smart microgrid for fishery seaports that was validated using a
case study of a local seaport. The result shows that the seaport authority and sur-
rounding communities can meet the local power demands using local Photovoltaic
(PV) power generation, which will reduce CO, emissions considerably. Heng et al.
[89] proposed a twin seaport coordination optimisation model within the frame-
work of vessel terminal coordination. The results showed that both time and fuel
consumption can be minimised, which will impact the total amount of carbon emis-
sions. Haibo et al. [96] investigated energy consumption and carbon emissions at
seaports using consumption and emission inventories. This study proposed control
measures for reducing both energy consumption and carbon emissions. Lazaroiu

and Roscia [97] highlighted the concept of a zero emission seaport. This study
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proposed two scenarios for applying renewable energy resources at a seaport in
Naples to reduce dependency on fossil fuels and reduce carbon emissions. Mean-
while, Zhu et al. [90] discussed the use of renewable energy resources to meet
power demands in a seaport of Ningbo, Belgium. The results of this study proved
that using clean energy in seaports can achieve energy savings and carbon reduc-
tions at seaports. Wang et al. [102] analysed the carbon emissions in 30 seaports
in China. The authors proposed methods for calculating the carbon emissions from
Seaport Container Distribution (PCD). The study by Erdas et al. [98] introduced a
strategy for the environmental management of seaports to reduce environmental
impacts. Furthermore, Tovar and Wall [94] estimated the environmental efficiency
of 28 Spanish seaport authorities using an output directional distance frontier with
poor output and high carbon emissions. This study proved that if the seaport au-
thorities provided sufficient environmental efficiency, then the carbon emissions

could be reduced by 63 percent .

Arena et al. [103] studied the feasibility of applying energy systems in seaports
that can produce electricity from sea waves and use electric vehicles for mobility.
The study by Johnson and Styhre [104] investigated the possibility of increasing
energy efficiency in shipping at seaports by reducing the time spent in seaport.
The results showed that an estimated 28 percent reduction in energy consump-
tion can occur in seaports when the time is reduced. Meanwhile,Yang [105] inves-
tigated CO, emissions from two seaports using carbon footprint analysis and grey
relational analysis. The results showed that a green container should be designed
to harmonise container terminal operations with environmental impacts. Ramos
et al. [95] investigated the capability of implementing a tidal energy farm to meet
the power demands of the seaport of Ribadeo. The results showed that about
25 turbines are able to meet local power demands and reduce carbon emissions.
The study by Hua and Wu [61] used historical data on the energy consumption of
Taiwanese fishing vessels to analyse energy efficiency to find ways to reduce daily
emissions. The authors suggested that fisheries should be encouraged via subsi-
dies to use clean energy for their vessels and use informed energy practices for
their appliances. Meanwhile, Acciaro et al. [72] urged seaport authorities to apply

smart Energy Management System (EMS) to limit environmental impacts by en-
23



2.2. KEY FINDINGS OF RELATED RESEARCH STUDIES ON DECARBONISING
SEAPORTS

hancing the energy efficiency of their systems. The author argued that increasing
the energy efficiency of seaport authorities would reduce both carbon emissions
and energy costs. This argument was supported through a comparison between
two seaport authorities that applied smart energy management strategies. The
study by Parise et al. [106] used statistical techno-economic analysis to investigate
the impact of applying renewable energy and energy storage for boats to improve
the energy network that can exchange power with the grid. The authors argued
that applying a smart microgrid can have a significant impact on the energy used by
the seaport authority. Furthermore, Manolis et al. [73] discussed the importance
of a distributed demand response strategy using a Multi-Agent System (MAS) to
improve voltage in the energy distribution networks at seaports. Misra et al. [62]
estimated the carbon emissions from the seaport of Chennai using guidelines from
the Intergovernmental Panel on Climate Change (IPCC) and the World Seaport Cli-
mate Initiative (WPCI). The total was found to be about 280,558 tonnes of CO,/year.
The author suggested applying an AMS system and OPS to mitigate carbon emis-
sions at the seaport site. In addition, Misra et al. [107] proposed that the sea-
port authority should apply renewable energy technology to help mitigate carbon
emissions.The third category proposes some practices that might help reduce car-
bon emissions in seaports. Tsai et al. [99] developed self-management approaches
that have the potential to help manage and control the total carbon emissions from
seaport activities. This study proposed nine strategies and three actions that can
help to control carbon emissions in seaports. Meanwhile, Twrdy and Zanne [100]
investigated the sustainability of seaport logistics and the current status of the sea-
port in Koper. The authors suggested developing the planning of the seaport site
and applying green activities to help reduce carbon emissions at the seaport. A
study by Villalba and Gemechu [101] proposed indicator measures of Greenhouse
Gas emissions (GHG) for seaport activities that will help monitor and control the
carbon emissions in seaports. The author also argued that indicators can help de-
cision makers prevent and control carbon emissions from seaport authorities over

time.
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2.2.2 Renewable energy adoption

The second most important finding in relevant studies was the increased role of
applying renewable energy resources at seaports. The main types of renewable
energy resources that are discussed in the literature are solar energy, wind energy

and marine energy.

2.2.2.1 Solar energy

Within the industrial sector, solar power has become an attractive source of energy
because it is free, clean and abundant with no pollution [108]. In 2016, the propor-
tion of the renewable share in the form of final energy consumption was about 10
percent [109]. Two types of solar energy applications are used: solar thermal and
PV. Solar thermal industrial applications account for 10 percent of the total amount
of global high temperature industrial processes [110]. The most common types of
thermal applications are hot water, steam, drying and dehydration processes, pre-
heating, concentration, pasteurisation, sterilisation, washing, cleaning, chemical
reactions, industrial space heating, food, plastics, buildings, the textile industry and
even business concerns [111]. PV refers to the process of “converting directly radi-
ated light (solar or other) into electricity” [112]. In 2015, approximately 25 percent
of PV solar cells were made of pure monocrystalline silicon. Monocrystalline solar
cells are the most efficient of all PV panels, boasting efficiency rates of upwards
of 15 to 20 percent [113]. Many manufacturers offer 25 year warranties on these
types of PV systems. In general, solar PV cells involve a simple design component
with very competitive maintenance costs [114]. PV panels can work effectively in
different weather situations. It has also been suggested that the installation costs
will gradually decrease, due to the increased demand and production of PV pan-
els [115]. PV systems are incredibly versatile and they can be installed at differ-
ent sized sites for different projects. There are two main groups of PV systems:
stand-alone and grid-connected systems. A stand-alone system is not connected
to the grid and the power production will be used locally to meet power demands.
This system needs a storage system to meet power demand at night. Meanwhile,
grid-connected systems are connected to the national grid [116] to feed the sur-

plus power production to the grid and meet demand when the power from the PV
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system is not adequate. Solar energy in the industrial sector is not only used for
heating, cooling and air conditioning but also to produce energy using PV systems.
A PV system can be used directly by storing energy in rechargeable battery systems,

which can then be used for different applications [117].

Only a few studies highlight the application of solar farms specifically at sea-
ports. The study by Stoll et al. [80] discussed the application of an active house
for sustainability of the Stockholm Royal seaport. This study discussed integrat-
ing solar PV systems with smart appliances and local energy storage to enable
demand response integration to build automation systems. Furthermore, Brenna
et al. [118] investigated the integration of a local PV system to charge electric ve-
hicles for cities, airports and seaports. A study by Lam et al. [88] analysed the ap-
plication of an EnMS for a seaport site to reduce costs and carbon emissions. This
study suggested that solar energy systems could be used to integrate and meet the
power demands of the seaport authority. The study by Alzahrani et al. [87] inves-
tigated the implementation of a smart microgrid for a fishery seaport site using
a rooftop PV system to meet the power demands of the seaport authority. The
same authors [35,66] investigated the integration of a local solar farm to meet the
local power demands and those of the surrounding community using modelling
and simulation analysis programs. In addition, a case study by Verma et al. [119]
discussed the implementation of a 3.3 MWp PV system to help reduce instability in
power distribution at the seaport of Jurong. Zhu et al. [90] investigated the appli-
cation of multiple renewable energy resources, such as solar, wind and geothermal
energy for Ningbo seaport Co. Ltd. Furthermore, Acciaro et al. [72] compared the
application of energy management systems for seaports between two seaports:
the Hamburg seaport and the seaport of Genoa. The seaport of Genoa applied the
seaport Energy Environmental Plan (PEEP), which aims to develop the activities of
energy production and consumption at the seaport. One of the main goals of the
PEEP plan is to install three stations of solar energy, which will help reduce overall

carbon emissions in the seaport by more than 20,000 tonnes/CO, emission.

The study by Misra et al. [62] proposed a microgrid system to meet the power
demands of the port authority and applied different kinds of renewable energy

resources. The study found that applying a 5 MWp solar PV system with differ-
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ent types of energy resources can help meet the power demands of the local port
authority. Another case study by Balbaa et al. [120] developed smart electrical in-
terconnection management between multiple ports in Egypt. This study proposed
that applying a PV system can not only meet local power demands for the port site
but can also feed surplus power to other ports, which will help in greening seaports
and developing eco-friendly port sites. The case study [121] proposed installing a
smart EnMS for a touristic harbour by applying renewable energy resources. This

study applied a PV system to meet the power demands of the harbours at ports.

2.2.2.2 Wind energy

Wind energy is considered to be the most promising renewable energy source be-
cause it is clean, free and abundant. The concept of wind energy is based on the
large scale movement of air mass due to differences in atmospheric pressure along
with the rotation of the Earth [122]. There has been a large growth in installed wind
energy at a global level. In 2018, the total installed wind capacity was 599 GW. It
was projected that the installed wind energy would rise to 664.5 GW [123]. Wind
turbines consist of a tower, a wind turbine, a yaw mechanism, a speed control unit,
a drive train system and an electrical generator [124].

There are many benefits to using wind as an energy source which is simple,
produces zero emissions and offers high efficiency. While wind is a popular energy
source, wind turbines require further development to minimise their noise gener-
ation. Wind turbines are not considered to be aesthetically pleasing and they are
also considered to be very expensive to install compared to other renewable en-
ergy sources [125]. While wind turbines can be installed both on and offshore, the
authorsin [126] suggested that using offshore wind energy could be more effective
and stable compared to onshore wind energy. With the UK looking to increase its
RES (Renewable Energy Systems) power generation by 35 percent by 2020, the UK
sees offshore power as a solution to achieve this target and it aims to generate 22
GW from offshore power supplies [127].

Studies on using wind energy for seaports remain very limited because not all
the seaport locations are suitable for the installation of either onshore or offshore

wind turbines. Wind farms are large in size, and there is often not enough space
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close to port sites to install them. The study by Acciaro et al. [72] noted that the
Hamburg port authority has invested in renewable energy since 1990 and has in-
stalled 58 turbines with a capacity of 52.75 MW. Furthermore, Wang et al. [81]
proposed a framework to help find the optimum design capacity of a hybrid renew-
able energy system for seaports. This model proposed installing wind energy as a
sub-system to meet the power demands of the port site. Meanwhile, Gutierrez-
Romero et al. [92] investigated the capability of renewable energy resources to
meet power demands for a port site. This study found that wind energy can be

efficiently applied to the site to meet the power demands for the port authority.

2.2.2.3 Marine energy

Three quarters of the Earth’s surface is occupied with oceans and seas, which offers
the potential for energy generation. Marine renewable energy power generation
occurs from tidal movement and ocean circulation. There are many types of marine
renewable energy sources that can be utilise to generate electricity, including wind,
tides and waves[128]. According to the World Offshore Renewable Energy Report
2002-2007, the world’s potential tidal energy is estimated to be 3000 GW, with less
than 3 percent being located in areas suitable for power generation [129].

A total of 16.2 GW of offshore wind capacity is expected to be installed in Eu-
rope, with the majority located in the North Sea. The United Kingdom alone is
expected to install 18 GW of offshore wind by 2020. Tidal currents are very pre-
dictable, as high and low tides develop with well-known cycles, making marine
renewable energy much easier to predict than renewable resources that rely on
wind and sun exposure. Compared to other types of renewable energy sources,
marine renewable energy is considered to be less complicated to connect to the
national grid. The biggest challenge associated with marine renewable energy is
its installation, which can be time consuming and expensive. Furthermore, Rourke
et al. [130] argued that the installation costs of marine energy are much higher
than those of any other renewable energy sources and marine renewable energy
sources require regular maintenance by highly skilled labourers.

Only a few studies[86, 107] highlight the application of solar farm, specifically

at seaports. Based on our search, only three studies mention the application of
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marine energy to meet the power demands of the port authority. First, the study
by Ramos et al. [95] investigated the implementation of tidal energy to meet the
power demands of the port authority and showed that about 25 turbines of tidal
energy can fulfil the total power demands. Second, Alvarez et al. [131] designed
a tidal energy turbine to investigate the capabilities of the proposed tidal turbine
to meet the local power demands of the port site. Finally, Lazaroiu and Roscia [97]
investigated the application of a sea wave energy converter to utilise power for
port applications. This study investigated the application of Resonant Wave Energy
Converter (Rewec3) and Inertial Sea Wave Energy Converter (ISWEC) devices to
convert waves to energy, and showed that Rewec3 is the best system to apply from

a theoretical and experimental point of view.

2.2.3 Cost optimisation

This review has identified that most studies focus on minimising the cost of en-
ergy used for seaport activities, while some research has discussed maximising the
profit from installing green energy resources to help meet power demands locally.

Based on the analysis of the studies in table 2.2, the cost optimisation is di-
vided into two main categories: profit maximisation and cost minimisation. The
studies that optimise costs via profit maximisation focus on the ability to increase
the income from investing in energy systems and their applications in seaports. In
contrasts, studies that optimise costs via cost minimisation focus on the ability to
reduce the costs of energy use, lower the investments needed to apply smart sys-
tems and reduce impact of carbon emission taxation on seaport authorities and
key workers.

The review shows that most existing literature discusses cost minimisation at
seaports, while only three studies highlighted cost optimisation through profit max-
imisation [88, 97, 119]. Studies that discuss the minimisation of costs are divided
into direct effect and indirect effect minimisation. “Direct effect” studies aim to re-
duce costs directly at the seaport via different techniques and optimisation strate-
gies [82, 84, 87, 86, 120, 132, 133]. “Indirect effect” studies focus on reducing the
costs of operations at seaports, such as energy costs and emission and operational

costs, indirectly by applying a smart system, increasing energy efficiency [81, 91,
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104, 105, 131, 134].

2.2.4 Adoption of smart control technologies

The search results show that studies on seaport energy applications are moving
toward deploying smart technologies that will increase the efficiency of the opera-
tional system at port facilities. These studies discuss three main areas: introducing
smart grid approaches, proposing energy management systems for seaports and
using Internet Of Things (loT) approaches for port activities.

For smart grid approaches for seaports, the Royal Port of Stockholm [80] de-
veloped a project that aims to reduce carbon emissions and enhance the concept
of sustainability at the port district by developing smart house architecture that
will provide interactions between consumers and their utilities to improve the en-
ergy usage in each house. The study by [87] developed a smart microgrid for a
fishery port site that aims to increase the use of renewable energy resources and
reduce both energy consumption and carbon emissions. Furthermore, Niglia [136]
discussed the role of securing critical infrastructure with smart grids for seaport
applications. This study argued that, due to the importance of applying smart grid
technologies at seaports, security is crucial for the smart grid system to protect
the port from disruptive cyber-attacks. Meanwhile, Verma et al. [119] developed
a smart grid approach for the port site using renewable energy sources and an en-
ergy storage system to meet local power demand for the port site and to sell the
surplus power to the grid. In addition, Molavi et al. [85] explored the benefits of
applying a microgrid at a port site. This study developed a multi-stage stochastic
mixed integer programming model to investigate the effectiveness of applying a
microgrid to a port site based on different parameters. These authors argued that
applying a microgrid can have an impact on the overall activities of the port site.
Finally, Arena et al. [103] investigated the feasibility of producing energy from sea
waves and using it to charge electric vehicles for seaports.

In their study, Gutierrez-Romero et al. [92] investigated the application of an
onshore power supply at the port to meet the power demands of ships at their
berths. This study argued that the proposed system will reduce carbon emissions

and increase energy efficiency at the port site. Meanwhile, Ramos et al. [95] inves-
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Table 2.2: Previous studies on greening seaports
Author Port Decarbonization Indicators
CR RES ST LP GPP
SG EMS
Fahdi et al. [91] v v v v
Stoll et al. [80] v v v v v
Brenna et al. [118] v v v v
Sarabia-Jacome et al. [135] V v
Aarsaether [82] v v
Lam et al. [88] v v v
Alzahrani et al. [87] v v v v
Heng et al. [89] v
Alvarez et al. [131] v v
Niglia [136] v v
Verma et al. [119] v v
Haibo et al. [96] v v
Lazaroiu and Roscia [97] v v v
Parise et al. [106] v
Zhu et al. [90] v v v
Li et al. [137] v v
Yun et al. [83] v
Wang et al. [84] v v v v
Azarkamand et al. [138] v v
Wang et al. [102] v v v
Yang et al. [139] v v
Boile et al. [140] v
Zughbi and Zulli [141] v
Gobbi et al. [142] v
Erdas et al. [98] v v v v
Molavi et al. [85] v v v v v v
Hua and Wu [61] v
Moya et al. [11] v
Villalba and Gemechu [101] V v v
Tovar and Wall [94] v
Arena et al. [103] v v v v

*CR: Carbon Reduction, *CO: Cost Optimisation, *ST: Smart Technologies, *LP: Law & Policies,

*GPP: Green Port Practices, *RES: Renewable Energy Sources, *SG: Smart Grid,

*EMS: Energy Management System, *|OT: Internet of Things
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Table 2.3: Previous studies on greening seaports

Author Port Decarbonization Indicators

CR RES co ST LP GPP

Max Min SG EMS 10T

Lam et al. [88] v

Dulebenets [143] v

\

Trivyza et al. [132]

Johnson and Styhre [104]

Gutierrez-Romero et al. [92]

Twrdy and Zanne [100]

Song et al. [133] v

Park and Kim [144] v

Yang [105] v v

Piris et al. [93] v v

Tsai et al. [99] v

Pavlic et al. [145] v

Ramos et al. [95] v

Acciaro et al. [72]

Wang et al. [81]

Misra et al. [107]

NIENIENIENIEN
\
(\

Balbaa et al. [120]

NIENIENIEN

Misra et al. [62]

Davarzani et al. [146] v

Lamberti et al. [134] v v v v

Manolis et al. [73] v v

*CR: Carbon Reduction, *CO: Cost Optimisation, *ST: Smart Technologies, *LP: Law & Policies,
*GPP: Green Port Practices, *RES: Renewable Energy Sources, *SG: Smart Grid,

*EMS: Energy Management System, *|OT: Internet of Things
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tigated the implementation of a tidal farm to meet the power demands of a port
site. The result of the study showed that 25 tidal turbines are capable of meeting
the power demands of the port. Misra et al. [62] proposed a microgrid for a port
site using renewable energy resources to meet power demands and reduce carbon
emissions for seaport activities.The second criteria for applying smart technologies
to seaports is the role of energy management systems for seaports in increasing
energy efficiency. For example, Lam et al. [88] investigated the impact of using
an EnMS for seaports. These authors argued that implementing a smart EnMS at
seaports can have an economic and environmental impact on the port site and
surrounding communities. Furthermore, Parise et al. [106] argued that an energy
master plan at the port site can improve the efficiency of the operational systems
at the port.

Applying a new smart EnMS will help to optimise the energy usage at seaports,
such as by using a smart grid, microgrid and/or shore-to-ship power supply.Acciaro
etal. [72] compared two port authorities applying Energy management systems for
seaports, and showed that applying an EnMS to ports will help reduce energy cost
and increase energy efficiency at the port site. Meanwhile, Lamberti et al. [134]
analysed the impact of using smart Energy management systems for seaports for
touristic harbours by utilising currently installed renewable energy generators and
energy storage. This study showed that selling local energy production to the grid is
the optimal solution to recoup the investment costs of the system.The third criteria
for applying smart technologies to a seaport is applying new advanced technology.
Sarabia-Jdcome et al. [135] developed a seaport data space that will help avoid the
interoperability of the stakeholder information system. These results show that
the seaport data space improves the decision-making process between seaport
departments. Furthermore, Piris et al. [93] investigated the use of an Automatic
Mooring System [AMS] that allows vessels to be moored without a robe, which was

found to reduce carbon emissions.

2.2.5 Regulatory landscape for greening seaports

With the increased global motivation to mitigate climate change, some countries

have implemented new rules, policies and legislation to help to reduce the impact
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of climate change. The seaportindustry is a crucial element of economic growth for
citiesand communities [147]. Some studies proposed various measures and strate-
gies to help reduce carbon emissions from seaports. An exploratory study by Li
et al. [137] on implementing low carbon port concepts at Chinese ports suggested
several strategies to help apply the low carbon port concept, including promoting
the awareness of green port activities, enacting rules and regulations of low carbon
port emission, applying clean and smart energy technology, and supporting the
implementation of low carbon ports through policy and financial aspects. Azarka-
mand et al. [138] developed a standardised tool to calculate the emissions from
the seaports based on the WPCI and IPCC guidelines. Erdas et al. [98] introduced
a methodology to help rationalise the environmental management strategies for
seaports to minimise environmental impacts. Finally, Villalba and Gemechu [101]
proposed indicators of carbon emissions for port activities, which could be used to
develop practical policy measures based on the proportion of carbon emissions for

each activity at the port site.

2.2.6 Best practice guidelines for smart green ports

The idea of greening ports has emerged after several initiatives to reduce the amount
of emissions caused by seaport activities. The concept of a green portinvolves “the
integration of environmentally friendly methods of port activities, operation and
management” [148]. Several criteria can be used to define the measures for imple-
menting the green port concept, such as policies to help reduce carbon emissions
from the seaport. Likewise, the use of renewable energy for seaport operations
should be increased. Previous studies on green ports can be divided into two main
categories: first, applications that will lead to green ports, and second the methods
and measures that will lead to greening ports.

Fahdi et al. [91] discussed the replacement of rubber tired gantries by an elec-
tric type to help reduce carbon emissions and energy consumption.Stoll et al. [80]
demonstrated the application of active house architecture at a seaport, which will
help to save energy, reduce carbon emissions and increase the use of green en-
ergy. Alzahrani et al. [87] developed a smart microgrid for fishery ports, which

helped reduce carbon emissions, reduce energy consumption and increase the use
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of renewable energy resources. Further research by Haibo et al. [96] proposed an
inventory method for energy consumption at seaports, including some measures
to help reduce carbon emissions and apply the green port concept. Zhu et al. [39]
discussed the application of renewable energy technology that will lead to reduced
carbon emissions from seaports. In addition, Wang et al. [81] proposed a frame-
work using hybrid renewable energy technology for seaports. Molvi et al. [28]
studied the impact of applying microgrids to seaports. Twrdy and Zanne [100] in-
vestigated sustainability in port logistics and the current status in the port of Koper.
Misra et al. [107] developed a microgrid for a port authority in India, which led to
reduced carbon emissions through the increased use of renewable energy.

The second category of research on green port practices includes studies that
discuss the methodologies, measures and standards that will contribute to the ap-
plication of green port concepts. Jian [149] developed practical guidelines for ap-
plying low carbon ports in China.[138] developed standardisation tools to calculate
carbon emissions, which will help monitor and reduce carbon emissions from sea-
ports. Meanwhile, Erdas et al. [98] proposed a methodology to analyse the ecolog-
ical footprint based on the environmental objectives of ISO 14000.Hua et al. [150]
proposed a green port indicator and used fuzzy importance performance analysis
to assess the performance of green ports. In addition, Pavlic et al. [145] proposed
approaches for the practical application of green port concepts. Finally, Misra et al.
[62] demonstrated the role of smart technologies in helping reduce carbon emis-

sions from port sites.

2.3 Evolution of the seaport environmental regulatory

landscape

Climate change has led to the introduction of global policies aimed at decarbonis-
ing industries. According to an IPCC report, since 1950, the observations of atmo-
sphere and ocean currents have gradually increased [151]. Climate is the term for
“the typical average weather of a region or city”, while climate change is a “change
in the Earth’s overall climate” [3]. In response to climate change, there is an in-

ternational movement toward environmental sustainability and decarbonisation
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away from fossil fuels [152].

These initiatives were started by the intergovernmental panel on climate change
in 1988 [153]. They were followed by the United Nations Framework Convention
on Climate Change (UNFCCC) in 1994 [65]. In 2005, the Kyoto protocol applied to
more than 192 parties [66]. On 12 December 2015, 195 countries agreed to com-
bat climate change in Paris, and important policy makers vowed to initiate practical
steps to reduce the global average temperature and emissions by increasing the
utility of renewable energy. Environmental legislation and policies on renewable
energy at the international level aim to reduce CO, emissions and increase the use

of renewable energy sources.

Annunziata et al. [10] highlighted the main three perspectives that govern-
ments focus on to reduce CO, emission, including the integration of energy effi-
ciency and renewable energy, investments in energy savings, and the development
of zero-energy buildings. Moya et al. [11] highlighted the importance for govern-
ments to focus on energy efficiency programs for developing countries to decrease
GHG emissions and reduce energy consumption. In addition, the EU set targets
for reducing CO, emissions and increasing the use of renewable energy resources
[154]. The main objectives of the EU established in 1997 were to decrease GHG
emissions, ensuring the security of the supply chain, and improving the EU’s com-
petitiveness [69]. Due to the increasing awareness of global warming and the im-
portance to focus on decarbonisation plans at a global level, many countries have
begun to move toward decarbonisation. United Kingdom was one of the first coun-
tries to start implementing a long-term plan to reduce its carbon emissions and

increase its use of RES, as shown in Figure 2.2

Feed-in Tariffs

» Industrial emission directive
Climate change programme

European Union emission trading Scheme Smart meter deployment P> emission

2020

2
L]
Renewable Obligation 20/20/20 target

The Energy Bill

Climate Change Act

Figure 2.2: Timeline of the main motivations for decarbonisation in the UK
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The first initiative began in 1989, with the aim of replacing fossil fuels by nu-
clear energy to produce electricity under the Non-Fossil Fuel Obligation (NFFO) law.
This initiative was followed by a global motivation program, known as the Climate
Change Program, which aimed to reduce CO, by 15-18 percent in 2010. In 2002,
the government established the Renewable Obligation (RO) law. This act makes it
mandatory for the supplier to secure a specific share of electricity from renewable
energy, or they must pay a penalty. One of these policies was enacted in 2003
(2003/87/EC). This policy is known as the emission trading scheme, which is con-

sidered to be the main tool for reducing GHG emissions in the EU

[18]. This scheme works via a cap and trade mechanism. The cap sets the total
amount of GHGs that can be emitted by the installation, while the relevant com-
panies receive or trade their emission allowances.In 2008, a new act, known as
the Climate Change Act, was passed by the government. This act requires compa-
nies to cut their GHG emissions by about 34 percent by 2020 and by 80 percent by
2050. The government also developed a budget across several periods to achieve

the target of decreasing its carbon emissions by 2050.

The Feed-In Tariff (FIT) is an important policy that was applied in Europe in
1980. This tariff was applied in Denmark, Germany and Italy in 1990 [155]. The
concept of the FIT is “policy pricing, guaranteeing renewable energy generators a
fixed price for the electricity they produce” [22]. The advantages of FIT include a
guaranteed price, which will allow householders with solar panels to buy power
through renewable energy markets. In 2011, a new law was established by the
EU that requires all members to apply an industrial emissions directive. This law
aims to increase the level of protection over human health and the environment
by decreasing the level of industrial emissions in the EU. This law is based on five
criteria: an integrated approach, the best available techniques, flexibility, environ-

mental inspection and public participation.

In 2012, the UK established a new approach known as the “Green Deal”, which
helps homeowners improve their energy savings and determine the best option to
pay for their energy. This was followed in 2014 when the government announced
a mega plan to install smart meters in homes between 2014 and 2019, with over

53 million smart meters for gas and electricity now being used. The EU established
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a new directive (2001/77/EC) to promote the use of electricity from renewable en-
ergy resources [66, 156]. To increase the deployment and development of RES,
in 2009 the EU implemented a renewable energy directive (28/2009/EC) that pro-
motes the use of renewable energy resources to provide 20 percent of the total
power production by 2020 [15]. In 2011, the Europe Commission published a low
carbon roadmap for EU members, aiming at reducing GHG emissions by 80-95 per-
cent by 2050. To achieve this target, each EU member must increase its level of

development and deployment of clean technologies [15].

2.4 Previous projects that focused on decarbonising sea-

ports and terminals

In the last few decades, governments, global coalitions, and international organisa-
tions have moved towards finding more sustainable solutions based on innovative
modern technologies to minimise carbon emissions in the industrial sectors. This
was primarily undertaken by announcing financial grants for to study, analyse and
implement projects to reduce carbon emissions. The seaport industries have en-
tered into an digital transformation as part of this global warming agenda with the
key objective to reduce carbon emissions around the value chain.

Several projects have been implemented to improve operations at seaports and
terminals. These projects were developed to combat climate change by reducing
carbon emissions while reducing energy consumption. Some projects developed
and built smart energy technologies in an attempt to maximise the utilisation of
renewable energy resources and to reduce carbon emissions. However, several
projects have had different contributions ranging from rules design and implemen-
tation towards definition of standards for the installation of sustainable strategies
for port activities [157, 158, 159]. One of the biggest projects attempting to ad-
dress digital transformation of seaports is the Stockholm Royal seaport project.
which aims to implement and develop a fuel free seaport district with a budget of
around euro 2.2 billion[160]. This initiative also includes the development of the
largest urban area in Sweden, aiming to construct more than 12000 new houses

and more than 35000 workplaces.
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The Green EFFORTS means "Green and Effective Operations at Terminals and
in Ports” [161] is a research project that is co-funded by the European Commission
aiming to reduce energy consumption and improve clean energy in ports. This
project provides strategic planning instruments for ports and terminal to reduce

carbon emissions and deliver smarter energy management in seaports.

The APICE project [162] is financed by the European program and it aims to
establish a knowledge-based approach for air pollution mitigation and sustainable
development of ports activities driven by spatial planning policies at local level,
which includes the territory around the seaports. This project aims to help policy

makers to integrate a port master plan and associated investments in seaports.

The Enerfish project [163] develops an integrated renewable energy solutions
for seafood processing stations using a new polygeneration application with re-
newable energy sources for the fishery industry. The research project improves
energy use at fishery industry through developing optimisation, simulation, vali-
dation and planning of pilot case studies. The research outcomes of this project
are based on developing a distributed energy system that uses the cleaning waste
of fish processing industries to produce bio-diesel, which can be used to produce

energy for the fish processing industries.

Recently, the Smart Cluster Energy System (piSCES) project [164] has aimed to
reduce the costs and carbon footprint for the fish processing industry by develop-
ing and testing a new ‘smart grid’ electricity network. The smart cluster energy
system aims to reduce the costs and carbon footprint of energy networks in the
fish processing value chain by implementing smart grid technologies through mod-
elling the usage profile of their energy networks, and optimising that against the

wholesale energy market and any available onsite generation.

In the selected group of projects that have been reviewed, different sustainabil-
ity objectives have been addressed in relation with the life cycle of seaports, all in-
volving different sets of variables and objectives for reducing energy consumption,
reducing carbon emissions and applying renewable energy systems. Table 2.4 pro-
vides a comprehensive list of the previous projects that have focused on improving

the environmental quality in seaports and terminals.
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2.5 Smart port approach

The three features of the 2020 strategy for Europe are: Smart, sustainable and in-
clusive [165]. One of these initiatives involves transforming ports into smart ports
. The smart port project will involve installing and deploying a new energy model
and value proposition based on smart and innovative technologies with low oper-
ational and environmental impacts. Buiza et al. [74] summarised the holistic con-
cept of a smart port as follows: “emphasizing particularly operational and energy
efficiency, competitiveness and the environmental impact aspect”.

The smart port approach can impact the overall ecosystem of the seaport by
continuously harvesting information on seaport activities using the loT, and making
decisions using Al and big data technologies. This approach can provide a data
storage system that is resilient and which allows different entities to obtain access
to relevant data, based on an agreed governance model, that will help optimise
operational systems and increase efficiency.

Seaports play an important role in the increasing development of new tech-
nologies that will increase their level of effectiveness given that seaports are a mul-
tidimensional system combining economic functions, infrastructure systems and
geographical space and trade [166]. The development of seaports from 1950 to
1990 followed the traditional paradigm of seaports, with some progress in logistics
operations and infrastructure but limited improvements to information and com-
munication systems.

Advanced technology for port operations can also have a robust impact on both
the port authority and the surrounding communities, as well as increasing the level
of competitiveness between different port authorities. This could lead to the im-

plementation of smart port activities using leading edge technology [85].
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Table 2.4: List of projects investigating green seaports and port activities

Project Date Aim Fund Coordinated by
The Stockholm Royal ] )
2010-2030 To develop a fuel free seaport district 2.2Bn The Stockholm City Council

Seaport [160]

GREEN EFFORTS [161] 2007-2013 Reduce energy consumption and improve clean energy 3.1 M Jacobs University Bremen

Greencranes [167] 2012-2014 Demonstrate the feasibility of new technologies and alternative fuels 3.6 M Ministero delle Infrastrutture e dei Trasporti (MIT)
Identify a set of relevant and feasible performance indicators for the

PRISM [159] 2010-2012 - European Sea Ports Organization (ESPO)
EU ports

CLIMEPORT [168] 2009-2012  Encourages Mediterranean Ports to reducing greenhouse emissions 1.6 M Port Authority of Valencia

ECOPORT [157] 2009-2012 Improve the quality of ports 2.1 M  Autoridad Portuaria de Valencia

) Reduce the costs and carbon for fish industries by implementing

piSCES [164] 2017-2020 2.2M  Waterford Institute of Technology
smart grid
Develop a knowledge-based approach for air pollution mitigation and

APICE [162] 2007-2013 2.2 M  Regional Environmental Agency of Veneto
sustainable development of port activities

Enerfish [163] 2008-2013 A new polygeneration application with renewable energy sources 54M  TEKNOLOGIAN TUTKIMUSKESKUS VTT
Create a more sustainable energy model in harbour regions on the L

E-harbour [169] 2010-2013 - Municipality of Zaanstad
basis of innovative intelligent energy networks (smart grids)
To incorporate a set of significant energy efficiency improvements o

EFICONT [158] 2009-2011 - Ministry of Development
for seaprts
Study in detail the improvement opportunities of energy efficiency in

Greenberth [170] 2013-2015 1.6 M Port Authority of Valencia

six mediterranean ports

HOVO4YddV 140d 14VINS 'S¢
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From 2000 to present, seaports began to enhance their operational systems to
become smart ports using advanced technology systems [171]. The study by Siror
et al. [172] noted that smart ports are “a system of port transportation and op-
eration based on modern information technology, that provide multifarious in-
formation services for port participants based on the collection, processing, re-
lease, exchange, analysis and usage of the relevant information”. Another defini-
tion by [173] described a smart port as an integration of all elements of terminal
operations, warehousing, logistics, yards and port transportation through a special
network that provides different types of information for daily operations at the

port.

Another explanation of the smart port concept was provided by Ferretti et al.
[174], who described smart ports as a convergence between new smart technolo-
gies, such as the loT, Big Data, automation and environmentally friendly technol-
ogy, which combine to form a smart infrastructure that connects wired and wire-
less networks to surrounding objects, such as sensors, to allow the exchange of
data between entities. This will help to improve the logistics and transportation in-
dustries. Buiza et al. [74] highlighted the concept of a smart port based on a project
known as the “action plan towards the smart port concept in the Mediterranean
area”. The definition of the smart port concept focuses on three main areas: op-

eration, energy consumption and the environment [175].

The importance of the energy consumption at seaports relates to the high en-
ergy demands of port operations. Using energy in an efficient way is a challenge
for port authorities because greater energy consumption means greater carbon
emission production. This will lead to an increase in the operational costs for such
energy [176]. Consequently, most port organisations urge the port authorities to
set port regulations that will reduce energy consumption and increase the use of
green energy resources. This will also help reduce carbon emissions and energy
costs for port operation systems. The second element of the smart port definition
is the environmental aspect. Initiatives such as ECOPORT, PRISM and GREEN Efforts
aim to define and set the environmental performance indicators of port authorities
to help them reduce and eliminate the impact of environmental effects from the

port authority.
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European seaport authorities consider air quality to be the most important of
the 10 environmental priorities for seaports because air quality effects both port
operations and shipping activities. Consequently, the environmental element is a
crucial area that needs to be considered to transform ports into smart ports [177].
The third area of the smart seaport concept is operations. The main operations at
sea are loading and unloading the cargo and containers from ships, boats and ves-
sels into warehouses. In the supply chain of the operational systems at seaports,
there are several areas that could be optimised to increase the efficiency and ef-
fectiveness of port operations, which will help to reduce cost, time, labour and
the lifespan of the machinery.Figure 2.3 presents comparison between traditional
and smart port. It can clearly seen how new smart technologies such as loT, ICT,

Industry 4.0 and smart energy reflects on the new smart port approach.

Smart Port 4.0 Traditional Port

Figure 2.3: A comparison between traditional seaports and smart ports

Molavi et al. [178] added another domain to the smart port index domains,
which is safety and security. Safety and security in seaports are part of the port’s
critical infrastructure. In the last few years, calls have been made to increase the
level of safety and security in seaports by increasing digitisation and automation [179].
However, seaport operations have recently experienced an increase in the level of
cyber attacks [180]. This issue increases the urgency to consider safety and security

at the seaport as one of four main domains of the smart port index.
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2.6 Theimpact of energy systems in decarbonisation of
seaports

In 600 BC, Thales of Miletus noticed that amber has an attractive power when
rubbed with animal fur, which is the first observation of static electricity and mag-
netism [181]. In the sixteenth century, William Gilbert was the first scientist to use
the terms “Electricity, electric force, magnetic pole and electric attraction” [182].
In 1663, Otto von Guericke built the first electricity generation machine. Dutch
scientist van Musschenbroek then discovered the first capacitor. In the late seven-
teenth century, Italian physician Alessandro Volta invented the first battery [183].
In 1820, French physicist Andre-Marie Ampere discovered electromagnetism and
the unit of current—the “Ampere”. Perhaps the greatest contribution to our under-
standing and use of electricity was made by Michael Faraday in the early nineteenth
century. For example, he concluded that if magnetic force is generated circularly
and the current wire is suspended within an effective radius, then the wire will ro-
tate in a constant circle at a constant rate around emitter of the force. This led to
the invention of the electric motor [184]. In 1878, Thomas Edison started the Edi-
son electric light company when he bought some patents related to electric lighting

[185].

2.6.1 Centralised energy system

Electrification started at the end of the nineteenth century when distributed elec-
trical power was introduced when Thomas Edison opened the first central power
station in Manhattan’s city in 1882. This plant was called the Pearl Street power sta-
tion and its capacity was about 600kW, which was capable of powering 5000 lights.
However, Edison used a direct current (DC) power system [186]. The first high-
voltage alternative current (AC) power station opened in London in 1890, which
was the beginning of AC central power stations after a period of long experimental
controversial debate between the benefits of DC and AC [187]. The United States
started to emerge as a leader of electric networks at the beginning of the 20th cen-
tury to meet the fast growing demand of of its Industrial Revolution. One of the

main drivers of the market was the demand for power from technological systems.
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The government regulated the electric network in the United States. The system
was built on a centralised model and was regulated between states. In contrast,
the electrical network system in Europe was built for different reasons, such as
political issues and legislation systems. However, the first and second world wars

affected the development of the electric network in Europe [188].

The progress of local, national electric grids was gradually increased due to the
availability and low prices of non-renewable fuels. However, post-war electrifica-
tion at the global level reached 82 percent by 2010 [189]. In 1947, electricity was
placed under public ownership in the UK. This system consisted of four grids. Two
of the grids were in Scotland, one for Northern Ireland, and one for England and
Wales. There were about 560 generation plants. Following integration, the grid
was placed under 14 electricity boards: 12 for England and Wales, and two for

Southern Scotland [41].

In 1989, the government privatised the electricity industry in the United King-
dom, which was the first country in Europe union to privatise electricity industry.
However, the action plan to start privatisation of the electricity industry began in
1990 [38]. Wholesale electricity competition was introduced in 1998 and the re-
tail market was deregulated by National Power, which means that all consumers
have the freedom to choose their power supply. The number of electricity cus-
tomers was about 22 million end-users [39]. Privatising the power market led to
an open the market for stakeholders and investors. This increased the competitive-
ness between power providers, which will drop-off the power prices. The dereg-
ulated power market also increased innovation in the power technology system.

This helped the users to manage electricity consumption in general [190].

Fossil fuel is still one of the main sources of fuel for power plants in many coun-
tries due to reliability and inexpensive, it is also able to produce electricity for large
scale areas. In contrast, countries have avoided producing energy from renewable
energy due to a lack of expertise in the field, and the high cost to install and op-
erate such a system. Hydroelectricity is one of the most popular types of renew-
able energy resource thanks to its reliability, controllability and dispatch to the grid
[189]. Nevertheless, the global attitude toward transition from traditional energy

resources to renewable energy resources has improved dramatically, due to global
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warming and increased carbon emissions. This transition will reduce the use of
fossil fuels, encourage the use of green energy, and set new laws and regulations

for decarbonisation at the global level.

2.6.1.1 Traditional paradigm of a centralised energy system

At the beginning, power generator units supplied electricity only to the closest
neighbourhoods because they used a DC-based power grid and power voltage was
limited. AC grids provided power electricity over long distances, which is known as
a centralised energy system[32]. The term “centralisation” refers to large scale gen-
eration of electricity, usually located remotely from the end customers. The power
is transmitted through high voltage transmission lines to the end-users [191]. A
huge amount of power will be transmitted through transmission lines through cities
to points, it will then pass to medium capacity lines and is then distributed to neigh-
bourhoods, small and medium enterprises(SME) and so on; as shown in figure 2.4
[192].

In contrast, there has long been controversy about the capability of the old
paradigm of a centralised energy system to meet the fast growth of industrialisa-
tion, economics and population. For example, authors have mentioned some of
the drawbacks of traditional architecture of electric system [193]. The Interna-
tional Energy Agency (IEA) has reported that a one direction power supply, trans-
mission and distribution will be costly and have negative impacts. For example,
from a technical perspective, a one direction power system leads to increased
losses in transmission and distribution networks. In addition, the ability to in-
crease reliability and flexibility of the power network will be less. Consequently,
rural areas might be affected by frequent power cuts [194]. Furthermore, power
producers do not consider consumers as active entities. However, activate elec-
tricity users have great ambitions in increase energy efficiency and may become
prosumers of power energy [33]. However, population growth, the economic ma-
turity of developed and developing countries, and increased the public awareness
toward clean and sustainable energy resources have led to a major transition in the
design of electric energy systems. The transition focus of smart, green, controllable

and predictable electric system design. McDonald in 2008 mentioned stated that:
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Centralized Power Station
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Figure 2.4: Centralised power system paradigm [192]

"Traditional electrical power system architectures reflect historical strategic policy
drivers for building large-scale, centralised, thermal- (hydro-carbon- and nuclear-)
based power stations providing bulk energy supplies to load centres through inte-
grated electricity transmission (high-voltage: 400, 275 and 132 kV) and distribution
(medium-, low-voltage: 33 kV, 11 kV, 3.3 kV and 440V) three-phase systems” [195].

2.6.2 Decentralised energy system (DES)
2.6.2.1 Background

The earliest days of power generator units supplied electricity only to the closest
neighbourhoods due to direct current-based power grid and the limited units of
power voltage. A later update of power grid system appeared which give an ac-
cessibility to provide power electricity to long distances between power units and

buildings using technical tools, such as the emergence of AC grids. This system is
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known as centralised energy system [32]. However, the last decade has witnessed
a significant transition of energy policy because of global warming with an increase
in the population growth rate. Consequently, some countries have started to de-
ploy small power generation units to increase the security of supply and meet the
power demand. This system is known as a decentralised energy system (DES) or
Distributed Generation [DG]. The role of DG is to provide the flexibility and reli-
ability to the grid through small size plants and the efficient generation [33]. In
addition, distributed energy generation is able to exploit local energy generation
resources and install energy storage at local sites [34]. The main energy policies to
deploy DES are a deregulated energy market and tackling climate change. This will

deploy DESs and increase the competitiveness between entities [35].

Paliwal et al. [36] mentioned that there is a fast transition from centralised
power generation to decentralised power generation. Furthermore, RES integra-
tion with DEC leads to a decreased reliance on depleting fossil fuel, increase secu-
rity of power supply and reduced carbon emission. The concept of DG has many
definitions. The first definition of DG was published by [196], who referred the
meaning of DG to the location prospective. He defined DG as “electric power gen-
eration within distribution networks or on the customer side of the meter”. Based
on the authors review, many different terms have been used for DG. In Anglo-
American countries it is known as “Embedded generation”” and it called “Dispersed
generation in Northern America. Meanwhile, the common term for DG in Europe
and Asia is “decentralised generation”. In addition, IEEE has defined DG based on
DG capacity which is “ the generation of electricity by facilities that are sufficiently
smaller than central generating plants so as to allow interconnection at nearly any
point in a power system” [197]. Mehigan et al. define DG according to three core
elements: a) connected to the distribution network (b) the customer side of the

meter and (c) isolated from the grid and local to the demand it supplies [198].

Many types of DG and main technologies have been used. Basically, a DG con-
sists of traditional generation and non-traditional generation. Traditional genera-
tion can include micro-turbines, while non-traditional generation can include RES,
storage devices and electrochemical devices (fuel cell). The authors mentioned

several applications of DG, such as a standby to supply required power in peak
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time or critical situation. It can also produce a combined heat and power supply

with high efficiency at the district level [199]. The following figure 2.5 presents the
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Figure 2.5: Main Distributed Generation Technologies [198]

Labis et al. [200] investigated and compared the cost of line losses, transmis-
sion and distribution in the case of laying additional transmission lines, and the cost
of carbon emission in case of fossil fuel based on DG, and then calculated the cost
of using renewable DG in providing additional power to a small rural electric util-
ity. The result showed that renewable DG is economic in the long term, taking in
account fuel and emission cost. Alanne and Saari [34] highlights the major barriers
of deploying DG, which is institutional, uncertainty and consumer attitude and so-
cial acceptance. The institutional obstacles of applying DG can include grid access,
regulation, licensing and planning of system. and uncertainty refers to technology
performance and certainty of policy support. The limit of social acceptance refers
to inconvenience and the value of housing assets. A report by Ofgem and the UK

government lists four key barriers to installing and deploying DG:

1. DG is less attractive commercially due to high capital cost, long payback pe-

riod and unfair price of export surplus electricity to the grid.

2. Potential users cannot easily find access to a DG data centre, and the incen-

tives are misunderstood. 49
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3. Thetraditional design of electricity industry structure in UK does not support

DG technology to connect and operate within it.

4. The current design of housing policy and planning may find it difficult to in-

teract with DG system.

The cost of power generation from DG is more than cost of power generation
from centralised power generation considering the cost of transmission and distri-
bution, and the cost of generation. However, Strbac et al. [201] analysed the cost of
power generation from DG and centralised energy system. the result showed that
cost of power generation from centralised energy cost 2-3p/kWh, while the cost of
power generation from DG is from 4-10p/kWh. An important role can be achieved
from DG to environment through CHP with DG technologies and the nature of re-
newable energy resources. This will lead to a significant reduction of emission and
will help to find an optimal energy consumption for communities. Gulli [202] in-
vestigated the social-cost benefit of DG in the residential and services sectors. The
result shows that DG system is not competitive in the residential and service sector
applications. Cao et al. [203] evaluated the carbon emission and energy consump-
tion of DG in a distributed grid in a local city at Chinese city life cycle assessment.
The carbon intensity of provincial power grid is evaluated using a grey prediction
model. The result showed that integration of DG to the power grid can significantly
reduce the carbon emission and carbon intensity, and the author suggested based
on this result to integrate DG to power grid wide area. He mentioned some factors
that can have an impact on the deployment of DG in future, which are: the loca-
tion and the availability of natural resources based on the weather conditions; the
current infrastructure of power plants, and their reliability; electrification in heat
and transportation and storage; social acceptance and customer behaviour; rules,

legislation and policies; and high cost of DG technologies [198].

2.6.3 Energy storage system

Due to high exploitation of renewable energy sources and depletion on fossil fuel
resources, there demand to increase attention given to energy storage systems

(ESS). Power production from traditional centralised power generation needs to
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consumed power instantaneously based on the load requirement. Otherwise, the
power production will be wasted, which will have negative effect from economi-
cal and operation perspectives. In addition, the intermittent supply of renewable
energy sources such as solar, wind and hydro may affect the overall system. There-
fore, contingency measures need to be in the system if there is no energy storage
system [204]. An energy storage system converts electrical energy from the power
network into a form that can be stored to be converted back to electrical energy
when needed. This system can reproduce electricity based on status at time of low
demand or high power price from the grid. It can also be used at a critical time of
peak load or contingency [205].The figure 2.6 that follows illustrates the concept

of an energy storage system.
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Figure 2.6: The Fundamental Concept of Energy Storage [205]

An energy storage system will help to protect the environment and reduce car-
bon emissions by reduce burning fuel to generate power and reproduce it from
storage system [206]. Therefore, it will conserve fossil fuel; increase the use of
different renewable sources; and maintain clean, efficient and affordable energy
[207]. There are several types of energy storage technologies and each type of stor-
age technology depends on the purpose of the store. There are two main type of
energy stores: electrical energy storage and thermal energy storage. If the energy

is stored thermally and then reused in the same form of energy then it is classified
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as thermal energy storage. However, when the energy is stored thermally and then
released in the form of electrical energy it is classified as electrical energy [208]. En-
ergy can be stored in different forms based on the various types of energy storage
technology, such as chemical, electrochemical, mechanical and thermal systems
[209]. The use of energy storage is also based on the application type. However,
it is crucial for energy storage technology to become more energy efficient [210].
However, some types of energy storage is considered to be viable to apply, due to
increase DG and DESs. The main viable types for DG and DES are pumped hydro-
electric, battery storage and superconducting magnetic energy storage systems.
Energy storage can play vital role in micro-grid applications and it will help to deal
with the intermittent supply of renewable energy. It also has a smart impact when
interacting with the peak load and regulating the power system in the grid. There
are many factors that can help us to identify efficient choice of energy storage, in-
cluding the practicality of the location from environmental perspectives, cost, reli-
ability, Depth of Discharge [DOD], amount of energy required, life expectancy and
efficiency [205]. The figure 2.7 shows the applicable power range and discharge

power duration of different energy storage technologies.
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Figure 2.7: Applicable power range and discharge power duration of different en-

ergy storage type [205]
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Energy storage can maintain the energy system'’s stability and it can play signif-
icant role in energy system planning, operation, and frequency. In addition, it will
help to improve power quality and meet power demand and supply [211]. How-
ever, it is important for micro-grids to use energy storage systems because it gives
them a fast response, makes them more controllable and gives them geographi-
cal independence. Battery energy storage systems (BESSs) can be integrated into
a microgrid. BESSs can not only increase the power quality from short term to
long term but can also enhance reliability and continuous power supply[212].The
cost of an energy storage system depends on the application of the system, based
on variables such as location, construction methods, and system size. Figure 2.8
shows a comparison between cost and capacity between different energy storage

technologies.
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Figure 2.8: Acomparison between cost and capacity between different energy stor-

age technologies [212]

A BESS is an energy storage device that is designed to convert its stored chemi-
cal energy into electrical energy, while during the charging process energy is stored
in the form of electrochemical energy [212]. A BESS consists of a set of cells and

it is connected either in parallel or in series to provide the amount of voltage and
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capacity. The cell consists of two conductor electrodes and one electrolyte, which
are placed together in sealed container and connected to external sources or load.

The electrolyte enables the exchange of ions between the two electrodes, while
the electrons flow through the external circuit. BESS is a solution based on low-
voltage power battery modules connected in series or parallel to achieve the de-
sired electrical characteristics. A BESS contains batteries, the Control and Power
Conditioning System (C-PCS) and the rest of the plant, which provides good pro-

tection for the entire system.
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Figure 2.9: Battery storage system [213]

The figure 2.9 illustrates the main parts of battery storage [213]. BESSs are ma-
ture storage devices with high energy densities and high voltages. The battery stor-
age can include lithium ion (Li-ion), sodium-sulphur (NaS), nickel-cadmium (NiCd),
lead acid (Pb-acid), lead-carbon batteries, as well as zebra batteries (Na-NiCl2) and
flow batteries [214]. Lithium ions play a crucial role in electrical energy storage due
to their high specific energy (energy per unit weight) and energy density (energy
per unit volume). One of the greatest concerns of applying a Lithium ion battery
is that it can be a considerable safety hazard thanks to its large capacity [21]. The
principle operation of a Lithium ion battery is that positive Li ions migrate from the
negative plate to the positive plate during discharging and in reversed direction
during charging. The electrolyte permits ion circulation but not electron condi-
tion. The electrolyte is either aprotic or nonaqueous, due to the high reactivity of

the lithium with water[215].
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2.6.4 Summary

This section highlights power systems and it focus on the centralised energy system
era. It has also outlined the revolution of electricity supply in the United Kingdom
since privatisation in 1986 until 2016. It then discussed the current paradigm of
centralised energy system, and examined the main advantages and disadvantages
of the system in light of new updates in energy policies. It then shed light on global
motivation toward decarbonisation, with a focus on the United Kingdom and its

approach to energy regulation and legislation.

2.7 The key components to greening seaports

2.7.1 Background

The new approach of introducing information and communication technology (ICT)
applications into homes and buildings via automation networks has increased the
feasibility of applying a smart energy system in residential and commercial build-
ings to reduce the environmental impact of energy generation and its usage [216].
However, global energy demand is projected to increase in the next few decades
due to population growth and increased industrial activities. The industrial sec-
tor is predicted to increase energy consumption by 40 percent by 2040 [118]. The
global energy demand forecast shows that there is an urgent need to take further
steps to manage energy use to minimise energy consumption and its environmen-
tal impacts.

An energy management system (EMS) can help to optimise energy use in build-
ings and industries [217]. Energy management began in 1970 as a result of in-
creased energy prices and the lack of primary resources [218]. The main objec-
tive of an energy management system is to reduce energy cost without affecting
production and quality, while minimising environmental impacts [71]. The new
approach of energy management systems is smart, efficient, secure and afford-
able. The new smart energy management system comes under the umbrella of
distributed energy resources (DERs), which refers to electric power generation re-

sources that are directly connected to medium voltage (MV) or low voltage (LV)
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distribution systems, rather than to the bulk power transmission systems [219].
The new approaches that manage energy use in a DER are a smart grid, microgrid

and VPP, which will be discussed in more detail in the following sections.

2.7.2 Smart grid
2.7.2.1 Background

The first power generator units only supplied electricity to the closest neighbour-
hoods because they used DC-based power grids and also because of the limited
units of power voltage. Later power grids were able to provide power electricity
over long distances using AC-based grids, which is known as a centralised energy
system [46]. In addition, the predicted growth of power demand in the coming
decades needs a vast response. A smart grid is able to identify quality and cooper-
ate generation and storage options. The objective of a smart grid is to enable the
participants and decision makers to find an operation environment that is suitable
for both utilities and power consumers. In addition, the residents can adopt a more
positive role by adding PV cells or through a storage system [220].

Population growth and the mature economies in developed and developing
countries, and increased public awareness toward clean and sustainable energy re-
sources, have led to a major transition in the design of electric energy systems. The
transition focuses on smart, green, controllable and predictable electric system de-
sign [195]. Smart grid technologies can provide a solution for many power system
problems and will provide more sustainable, reliable, safe and quality electricity.
A smart grid defined as an electricity network that can efficiently integrate the be-
haviour and actions of all users connected to it (suppliers, consumers and those
that do both) to ensure economic efficiency, and to provide sustainable power
systems with low losses and high levels of quality, security of supply and safety
[221].The benefit of using smart grids is that they allow renewable energy sources
to integrate with local energy sources to increase the reliability and quality of the
power supply across the system. Consumers play a vital role in smart grid technol-
ogy because they can use energy systems to prevent energy waste or loss, reduce

power consumption during peak times, and improve energy efficiency. Cost oper-
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ations can also be reduced through the smart use of energy in smart grid organi-

sations [222].

The concept of the smart grid was developed in 2006 by the European Technol-
ogy Platform, as follows: A Smart Grid is an electricity network that can intelligently
integrate the actions of all users connected to it—generators, consumers and those
that do both—in order to efficiently deliver sustainable, economic and secure elec-
tricity supplies. According to The European Regulators Group for Electricity and Gas
(ERGEG), developed based on the definition from the European Technology Plat-
form Smart Grids (ETPS), a smart grid is an electricity network that can cost effi-
ciently integrate the behaviour and actions of all users connected to it generators,
consumers and those that do both to ensure economically efficient, sustainable
power system with low losses, and high levels of quality and security of supply and
safety [221]. According to the US Department of Energy: A smart grid uses digital
technology to improve reliability, security, and efficiency (both economic and en-
ergy) of the electric system from large generation, through the delivery systems to
electricity consumers and a growing number of distributed-generation and storage

resources’’[79].

And European technology platform defines a smart grid as "’smart grid is an
electricity network that can intelligently integrate the actions of all users connected
to it generators, consumers and those that do both to efficiently deliver sustain-
able, economic and secure electricity supplies”’[223]. The Department of Energy
and climate change in the UK defined a smart grid as “a modernised electricity grid
that uses information and communications technology to monitor and actively con-
trol generation and demand in near real-time, which provides a more reliable and
cost-effective system for transporting electricity from generators to homes, busi-
nesses and industry’’[224]. The Electric Power Research Institute defined a smart
grid as: “The overlaying of a unified communications and control system on the
existing power delivery infrastructure to provide the right information to the right

entity” [225].

The definition provided by the Energy Networks Association (ENA) states that
the Smart Grid is everything from generation through to home automation with

a smart meter being an important element, with every piece of network equip-
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ment, communications technology and processes in between contributing to an

efficient and smart grid [226]. In addition, smart grid technology can include the

transmission of electricity from suppliers to consumers with the aid of computer

systems (through control automation, continuous monitoring and optimisation of a

distribution system). This approach aims to save energy, reduce costs and increase

reliability [227].

2.7.2.2 Smart grid technologies

The National Institute of Standards and Technology divided a smart grid into seven

main domains, as shown in Figure 2.10, as follows:

1.

2.

3.

Advanced metering infrastructure (AMI),
Customer side system (CSS),

Electric Vehicle Charging System (EV),

. Transmission enhancement application (TEA),

Distributed energy resources (DER),

Information and communication technologies (ICT),

. Wide-area monitoring, measurement and control.

Figure 2.10: The seven domains of smart grid component based on NIST [228]

The figure that follows 2.11 illustrates the interaction between smart grid tech-

nologies in the power system, from the generation stage to the consumer stage.

58



2.7. THE KEY COMPONENTS TO GREENING SEAPORTS

Generation Transmission

Wide-area monitoring and control
- .

Distribution (" Industrial Y} Service (" Residential

Ing | | @

-
Information and communications technology (ICT) integration
e .
Renewable and distributed generation integration

-

Transmission
enhancement applications

Distribution grid
management

.
Advanced metering infrastructure (AMI)

EV charging infrastructure

o e s
Customerside systems (CS)

Source: Technology categories and descriptions adapted from NETL, 2010 and NIST, 2010

Figure 2.11: The interaction between smart grid technologies in a power sys-

tem [228]

2.7.3 Microgrid

To limit human made greenhouse gas emissions, new ways of using energy effi-
ciently and generating electricity from clean resources must be found [229]. Mi-
crogrids are a promising option for the energy transition era [230]. A microgrid
is basically a small-scale localised energy network, which includes loads, network
control system and number of distributed energy resources (DER) such as gener-
ators and energy storage systems. A microgrid can be integrated with smart el-
ements that been adopted in smart grids to enable DERs and demand response
to interact in distribution systems [231]. Based on the US Department of Energy,
a microgrid is "a group of interconnected loads and distributed energy resources
within clearly defined electrical boundaries that acts as a single controllable entity
with respect to the grid”. A microgrid can connect and disconnect from the grid to
enable it to operate in both grid-connected or island mode [223].

Microgrids consist of distributed energy resources, power conversion equip-
ment, communication system, controllers , energy management system to main-
tains flexible energy management between entities and consumers [232, 233] There

are three different types of microgrid, as follows:

1. Urban (grid tied) microgrids, which has different types of loads and distributed
energy resources, and is able to operate in islanded mode. An urban micro-

grid needs to meet all of the requirements to be fully integrated with a large
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grid to rely on overall power quality. This type of microgrid is applicable for

campuses, compounds and mall centres [234, 235]

2. Remote microgrids, which are designed for off grid use. It relies on its own
systems and does not need to meet requirement to fit with other grids. It
requires remote control features to be applicable in different remote areas
and serve different communities. However, there is a lack of investment in
this type of microgrid due to economic, political and technological reasons

[236, 234].

3. Agile microgrids, which are developed to be a temporary solution to meet
specific operations in different sites based on the commission. Agile micro-
grids could be used by the military in a field hospital or for disaster recovery

[237].

A microgrid can be combined with renewable energy resources, energy storage,
controllers, consumers, grid connected and multigeneration systems. The RES de-
pends on the climate conditions and PV, wind and tidal are intermittent resources
[238]. A microgrid needs to be reliable, meet power demand and avoid contin-
gency [239] However, energy storage systems can be used for microgrids to help
to solve the problem of intermittency of RES [212]. The operation, control and co-
ordination inside a microgrid could have an impact of the overall performance of
the system. Several studies have used optimisation techniques to minimise faults
and waste, and maximise performance and profits for the system and users [143].
Furthermore, several researchers focused on minimisation the cost of microgrid
operation problems and they used different metaheuristic optimisation techniques
[240]. Figure 2.12 illustrates the structure of a microgrid with distributed energy

resources [241].

2.7.3.1 Review of micro-grids setting in a fishery ports

In the previous chapter, the nature of the energy consumption in the seaport build-
ings has been analysed , and the amount of energy generated by PV solar system
installed on the roof of the building was calculated, which at that time was work-

ing in a primitive way by connecting the energy generated in the period of sun rise
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Figure 2.12: The structure of a microgrid with DER [231]

to meet the demand in the building and in case no power demand in the building
it is sold directly to the national grid without benefiting or storing it. However, it
was important to study the feasibility of implementing a micro-grid proposal at the

seaport and to measure its impact at the level of one building.

The implementation and development of a micro-grid in seaports is new and
modern, and studies and research in this topic are very few, and focus mostly on
the establishment and induction of renewable energy systems of all kinds, which
contribute significantly to reducing carbon emissions, as well as replacing the en-
ergy used and reducing the prices of spent fuel[242]. The micro-grid is a modern
technology that was described in the literature review in Chapter Two. It is cur-
rently one of the most promising solutions for the future industries, in which mul-
tiple types of renewable energy sources can be combined and implemented via a
smart energy management system through automated control systems and Al tools
to understand the nature of electricity consumption and generation, as well as to
predict the times of need and power generation, which will greatly help to achieve
a more efficient network performance and ensure that power is not interrupted
during a period of work time [233]. It will also contribute significantly to improving
the performance of electric power systems and reducing the waste of electricity in

the building, as well as reducing the reliance on electricity from the national grid.
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This will help to achieve the green port concept, which focuses heavily on the use
of clean energy to meet the need for electricity and to reduce the cost of electricity
consumed.

Few studies have discussed the application of a micro-grid for a seaport. The
study by Fang et al. [243] discussed the future of micro-grid in seaports. This study
proved that a micro-grid for a seaport could play vital role and can have economi-
cal and environmental impacts. This study listed the future challenges that stand in
the way of deployment micro-grid for a seaport, which are: adaptation of energy
management methods, the functionality of energy storage systems and distribu-
tion control road map. Meanwhile, the study by [244] highlighted the strategies
and technologies that can be used to reduce emissions from ports activities and
they supported the deployment of micro-grid as sustainable technology that can
help to reduce carbon emission and achieve future green ports. The same author
in [245] used HOMER simulation to analyse the feasibility of applying a micro-grid
for a seaport, which show that about three quarters of the power can be met from

local renewable power sources.

2.7.4 Virtual power plant

Due to the increased penetration of DG units and their ability to exchange the
energy produced from conventional power plants, high technology is required to
meet power demand from the consumer considering economic and security per-
spectives [246]. In addition, increased deployment of DGs with an absence of a
passive approach can reflect the total investment of running DGs in the long term.
However, there is a need to start assimilating an active approach, which will help
DGs to participate in energy markets [247]. AVPP can be defined as “a single power
plant that connects, control and envisions dispersed generators via an information
and communication technologies (ICT)” [248]. A VPP is able to manage and con-
trol power flow between units [249]. It will also help to optimise energy use and
increase the performance of the system [250]. The three main functions of a VPP
are dispatch and optimisation, management and control, and integration of DGs
and renewable energy resources [251].

The functionality of VPP is to exchange energy with grid network, and control
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power supply and demand flow between entities [249]. There are two main types
of VPP: a technical virtual power plant (TVPP) and a commercial virtual power plant
(CVPP). The role of a TVPP is to help the distribution system operator (DSO) avoid
any problems from the local energy system. In addition, it monitors and controls
the units, loads, control strategy and battery energy storage in the DG [252]. The
role of a CVPP is to optimise and schedule power production based on the fore-
casted power demand. It also integrates the energy market to maximise revenues
chances for the consumers and producers [253]. Therefore, the impact of aggre-
gates TVPP and CVPP will reflect on the stakeholder, DSO, TSO and policy makers
in the long run, and it will help to mitigate carbon emission and reduce energy

consumption in the long term [254].

2.7.5 Net zero energy building (NZEB)

In the last few decades, population growth has increased the need for indoor com-
fort, which has turned buildings into one of the main causes of global energy con-
sumption and carbon emission [203]. Buildings account about 40 percent of to-
tal primary energy consumption [255]. With increased risks of climate change and
global warming, there is a global motivation towards reducing energy consumption
and carbon emissions of commercial, residential and industrial sectors [9]. Conse-
quently, new initiatives have been introduced to more efficiently use energy in
buildings, aiming to become net zero energy buildings. In addition, an increased
share of renewable energy sources which will help to limit the use of fossil fuels
in buildings through a decentralised approach[256]. The concept of a NZEB aims
to reduce dependency on fossil fuels in the building by implementing energy ef-
ficient measures and producing clean energy to meet local energy demand [257].
The Energy Performance Building Directive (EPBD, 2010/31/EC) defined a NZEB as
“a building with very high energy performance where the nearly zero or very low
amount of energy required should be extensively covered by renewable sources
produced on-site or nearby” [258].

There are four principles to design a NZEB [259]: first, reduce the energy de-
mand for all new buildings, including internal heat, envelop loads and HVAC equip-

ment energy consumption. Second, improve indoor environmental quality through
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set up minimum fresh air, accessing daylighting and set up maximum capacity den-
sity. Third, provide a renewable energy share by producing energy from renewable
sources on-site and meeting power demand from renewable energy sources. Fi-
nally, reduce energy consumption and carbon emission. Figure 2.12 presents the

fundamentals of a NZEB design.
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Figure 2.13: The fundamentals of a NZEB design [259]

2.7.6 Artificial intelligence

Al applications for environmental modelling are increasingly being used due to
their ability to solve complex problems [260]. Al mimics human perception, learn-
ing and reasoning to solve complicated problems [260]. An Al is defined as the
science and engineering of making intelligent machines, especially intelligent com-
puter programs. Furthermore, Al techniques can be divided into four areas: expert
systems (ESs), fuzzy logic (FL), artificial neural networks (ANN) and the genetic al-
gorithm (GA). ESs ,which are also known as knowledge-based systems, can be de-
fined as computer programs that incorporate knowledge from experts in specific
disciplines to analyse problems for users [261].

Yager and Zadeh [262] describes vagueness as a linguistic expression instead of
a mathematical description. Meanwhile, an ANN [263] is a mathematical simula-
tion of human neural networks for processing information and consists of layers of

artificial neurons linked by weighted connections. The GA [264] is a search engine
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technique used to find the best or approximately best solutions for optimisation
problems [265]. Al techniques are applied for the prediction, optimisation, mod-
elling, and simulation and control of complex systems such as adaptive control,
scheduling, optimisation and complex mapping [266]. Al has been used in many
disciplines, such as engineering, medicine, economics, military, and so on [267].
In the energy sector, Al plays a crucial role in every stage of the supply chain of
energy systems; from power generation, to transmission, to distribution, to the end
user [268, 269, 270, 271]. Al can increase the energy efficiency of power systems
via intelligent energy management systems for seaports [272, 273, 274]. Al can
also increase the security of the power supply and help reduce the cost of power

[275].

2.7.7 Information and communication technology

Information and communication technology (ICT) is one of the basic elements in
modern society. ICT is also the core element of the industrial sector. UNESCO
defines ICT as the combination of informatics technology with other related tech-
nologies, specifically communication technology [276]. The role of ICT in a smart
grid is to build highly flexible and reliable communication infrastructure that allow
protocols to enable real time interactions between producers and consumers in a
smart grid [277]. There are three types of communication technology in a smart
grid:
e Communication based on the electrical grid.

e Communication based on cable infrastructure and telephone lines.

e Wireless communication.

The most commonly used communication strategy is a combination of a smart
meter and a data concentrator, via a Power Line Communications (PLC). The second
strategy involves a combination of a data concentrator and a meter data manage-
ment system; GPS-GPRS is the most commonly used system [278]. In the power
grid, there are three layers of the power system: generation, transmission and dis-
tribution. The current system for collecting data and exchanging it with the power

grid system consists of three ICT network layers:

e Wide Area Network (WAN). 65
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* Neighbourhood Area Network (NAN).
¢ Home Area Network (HAN).

The WAN is responsible for collecting and routing the data for generation trans-
mission and distribution. However, NAN and HAN are responsible for covering the

data in the second stage of distribution and delivering energy to customer’s homes

2.7.8 Internet of Things

The loT is a new paradigm of information technology [279]. The Internet is a world-
wide system that interconnects computer networks based on a standard Internet
protocol suite, which serves hundreds of millions of users worldwide. The Inter-
net consists of millions of private, public, academic, business and government net-
works connected by a broad array of electronic, wireless and optical networking
technologies [280].

The loT aims to allow the trusted exchange of useful data between unseen,
embedded and uniquely identifiable devices through Radio Frequency Identifica-
tion (RFID) and Wireless Sensor Networks (WSNs) using sensor devices and multi-
ple processors for decision making to facilitate automation [281]. The use of loT
for port activities was described by Sarabia-Jacome et al. [135], who developed
a seaport data space that will help avoid the interoperability of the stakeholder
information system as shown in Figure 2.14. The results show that the seaport
data space improves the decision-making process between seaport departments.
Another study investigated the use of an Automatic Mooring Systems(AMS) that al-
lows vessels to be moored without a robe, showing that such a system can reduce

carbon emissions[93].

2.7.9 Summary

This section has discussed smart energy management approaches including smart
grid and its technologies, and an integration approach with a power system. It
has discussed a microgrid system, including the three main types of MG. This is
followed by VPP technology and its role in the new paradigm of energy system.

Furthermore, NZEBs have been described. There are some previous studies in the
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application of a smart energy management system for fish processing industries
and Fishery ports. One of the best solutions that can optimise energy usage is
numerical simulation modelling with direct impact on energy savings, time optimi-
sation, and costs. This simulation analysis can detect and predict failures, and pro-
vide real-time energy optimisation in various use-cases. A related study proposes a
framework that applies a microgrid approach with integration of renewable energy
sources to operate an Indian port [282]. Another study proposed a smart grid ap-
proach for the port site and considered using renewable energy sources and cold
ironing technologies [283]. For an energy system that aims to meet local power
demand at fishery port sites, there is a need to balance the energy storage against
the energy usage to ensure an uninterrupted supply. Therefore, it is essential to
select the correct number of PVs and batteries [284], which has attracted extensive
research. Other research studies [285] have applied techno-economic benefit op-
timisation for community energy systems to identify the optimum energy storage
size for community houses. This study found that the use of Li-ion battery storage
is the best choice for energy community with large PV generation. Related studies
[286] used Genetic Algorithms to find the optimum size of a PV and battery storage

for a local community to reduce energy cost.

2.8 Energy analysis and simulation techniques

2.8.1 Overview

In last few decades, there has been a noticeable increase in energy use in the in-

dustrial sector, which is predicted to double in the next decades due to fast growth
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Figure 2.14: The proposed seaport data space architecture [93]
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of smart technologies, such as Industry 4.0, loT and cyber physical systems [287].
However, there is great motivation toward optimising energy use in the industrial
sector via techniques that can reduce energy consumption, and therefore reduce
cost of energy and decrease an intensive amount of carbon emission [288]. This
section will review the most recent smart techniques that will help to optimise en-

ergy use in the industrial sector.

2.8.2 Energy auditing

One of the most effective techniques of optimising energy use in industrial is en-
ergy auditing. Energy auditing is a comprehensive assessment of a building’s layout
and its appliances. This will identify the energy consumption requirements of the
building and provide an opportunity to explore ways to reduce energy consumption
without impacting negatively on energy bills or the occupants. Doty and Turner rec-
ommend that a detailed report should be implemented to demonstrate the current
energy requirement and layout of the building [289]. Based on ASHRAE, energy au-
diting can be defined as follows: “Preliminary Energy Use Analysis. This involves
analysis of historic utility use and cost and development of the energy utilisation
index (EUI) of the building. Compare the building’s EUI to similar buildings to de-
termine if further engineering study and analysis are likely to produce significant
energy savings” [290]. The process of energy auditing can be divided into three

phases [291].

1. Pre-audit phase, which covers a walk through visit of the site, and a question-
naire and interview with energy related staff at the site. This stage will help
to understand the process of the site and the energy use, which will help to

identify sensitive areas of energy consumption that can be optimised.

2. Audit phases, which are the main core of the energy auditing process. This
starts by analysing interviewing and questionnaire from energy related staff
in the site and also analysing utility bills for 12 months. Moreover, data of
local energy appliances is collected, and the efficiency and operation time
of the appliances is investigated. The following step is to use energy simu-

lation software to model the energy site and identify the opportunity areas
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Figure 2.15: Energy auditing phases [291]

of optimisation energy use. The final step is to write an energy proposal
report about the site, which contains recommendations to reduce energy

consumption and energy efficiency.

3. Post-audit phase, which refers to the practical steps at the site to install or

change the recommended appliances to improve energy efficiency.

An energy audit can be an effective tool where data is lacking at the site and
it can help to identify the optimum recommendations of energy use at the
site using energy auditing process [292]. However, an energy audit does not
directly reflect on energy savings but it will help to shed the light on the areas
of energy optimisation at the site [293]. Several studies have mentioned the
impact of an energy auditing on energy systems. Energy savings are the most
obvious result of an energy audit. And as result of energy saving, the cost of
energy use will be reduced. In addition, carbon emissions will be reduced be-
cause waste of energy is minimised [291, 294, 295]. In addition, some studies
have shown that an energy audit could improve processes in organisations
[296] by reducing energy intensity and reducing carbon emissions, which will
reflect on the energy efficiency of the manufacturing process. The emission
trading scheme is one of the first major markets for trading greenhouse gas
emission at an international level. The directive has been enacted in 2010
under the number of 2010/75/EU. The ETS aims to minimise emissions from
the industrial sector by more than 11,500 installations. The energy auditing
process will help to increase energy efficiency in the industrial sector [297],

which will benefit the sites, and the community and environment.
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2.8.3 Modeling and simulation of an energy system

The role of energy simulation software is to minimise energy consumption, which
will reflect directly in the energy cost. It will also help to optimise energy use
by identifying the sensitive parameters that effect the overall energy use in the
properties[298]. In addition, energy simulation programs can be used to evaluate
the impact of new policies and regulations for energy systems, which will help de-
cision makers to develop business strategies and evaluate business opportunities
based on the evolution of the energy system. A simulation of the energy system
helps to monitor and analyze the actual energy use in the property, and therefore
compare it with measured energy use to detect and diagnose faults in the system.
Furthermore, a simulation can be used to test and implement new products for
the property, such as new types of window (e.g. double glazing, smart cooling sys-
tem, led lighting, fans etc.). It can also help to estimate the capital cost and energy

consumption [299].

2.8.3.1 Energy system: Definitions

Modernisation has harnessed different forms of energy to extend human capabil-
ities and ingenuity. Energy plays a vital role in daily life and is fundamental for
modern life [300]. An energy system comprises energy supply sector and the end
use technology needed to provide energy services [301]. In addition, energy sys-
tems are based on converted primary energy resources to energy carriers, such as
electricity that is used by end users for cooling, heating and lighting [302]. The
[IPPC] defined energy supply sector as follows: “ Comprises all energy extraction,
conversion, storage, transmission, and distribution processes with the exception
of those that use final energy to provide energy services in the end-use sectors

(industry, transport, and building, as well as agriculture and forestry” [303].

2.8.3.2 Energy models

Modeling can be defined as “ the act of interpreting a set of physical phenomena
and of devising a reasonably complete, closed and comprehensive phenomeno-

logical and mathematical formulation for its description” [304]. Energy models
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aim to represent and simplify real systems to perform test and experiments, which
might be impractical and costly [305]. The modeling process through computer-
isation can have a positive impact, due to the computational modellers’ assump-
tions through logical consequences. It also able to interrelate many factors instan-
taneously. There are six types of energy models, as follows: optimisation mod-
els, decentralised energy models, energy supply/demand driven models, energy
and environmental planning models, resource energy planning models and energy
models based on neural networks [306]. decnterlization and optimimzation en-
ergy model are between the most popular energy models. The decentralised en-
ergy model seeks to meet energy demand from different resources. Its objective
is to minimise total annual energy cost, carbon emissions and maximise overall
system energy efficiency [307]. In addition, the decentralised energy model will
help to predict total energy supply/demand and estimate the overall cost of the
system before execution. It will also help to assess the attitude of social and tech-
nical parameter, and their impact on real life. Consequently, it will to implement
the overall system and give a clear understanding of the system. an optimisation
model will is to find an input of function to minimise or maximise its value, which

could be subjected to constraint [308, 309].

2.8.3.3 Energy simulation

The Cambridge Dictionary defines simulation as “a situation or event that seems
real but is not real, used especially in order to help people deal with such situa-
tions or events [310]. According to Schriber: “Simulation involves the modeling of
a process or system in such a way that the model mimics the response of the actual
systems to events that take place over time” [311]. The simulation process occurs
by using energy simulation programs that are designed to calculate the amount of
energy use per unit considering several parameters. This allow simulation users
to identify the behaviour of energy system in the unit [312]. The role of energy
simulation software is to minimise energy consumption, which will reflect directly
on the energy cost. It will also help to optimise energy use in properties by iden-
tifying the sensitive parameters that effect the overall energy use [298]. In addi-

tion, energy simulation programs are used to evaluate the impact of new policies
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and regulations of energy systems, which will help the decision makers to develop
business strategies and evaluate business opportunities based on the evolution in
energy systems [313]. The simulation of energy system helps to monitor and anal-
yse the actual energy use in the property, and therefore compare it with measured
energy use to detect and diagnose faults in the system. Furthermore, simulations
can be used to test and implement new products for the property, such as new
types of window, smart cooling system, led lighting, fans and so on. This will help
to estimate the capital cost and energy consumption [299]. Furthermore, comput-
erised based-simulation can be categorised into discrete event simulation (DES)
and continuous event simulation (CES) [314]. The DES approach solves problems
with changing variables in discrete time by discrete steps. Meanwhile, CES can be
used for systems with continuously changing variables [315]. DES is more practi-
cal to use for analyze the dynamics of production systems [316]. However, CES is
better to use for analyze energy flow of loads in production processes, due to the

continuous variation of loads through time periods [317].

2.8.3.4 Energy simulation tools

In the last few years, the number of energy simulation tools (i.e., commercial, open
source and academic) has increased and they have become available for differ-
ent types of energy applications. The capability of new smart systems has helped
computer engineers to develop new dynamic simulation models that can show re-
markable outcomes thanks to accurate results. The graphical user interface (GUI)
of energy simulation tools made by the operating system (i.e., Microsoft Windows,
Mac, and Linux) has helped design engineers to get more accessibility to the sys-
tem [318]. One study has shown that the most complete energy simulation soft-
ware tools are the EnergyPlus, the ESP-r (Energy Simulation Software tool), the
IDA ICE (Indoor ClimateEnergy), IES-VE (Integrated Environmental Solutions - Vir-
tual Environment) and TRNSYS[189]. Furthermore, energy system simulation tools
can be formalised in equations based on block flow diagram tools, such as MAT-
LAB/SIMULINK. “MATLAB is a high-performance language for technical comput-
ing. It integrates computation, visualisation, and programming in an easy-to-use

environment where problems and solutions are expressed in familiar mathemat-
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ical notation” [319]. SIMULINK “is a block diagram environment for multidomain
simulation and Model-Based Design. It supports system-level design, simulation,
automatic code generation, and continuous test and verification of embedded sys-
tems. It provides a graphical editor, customisable block libraries, and solvers for
modeling and simulating dynamic systems. It is integrated with MATLAB, enabling
you to incorporate MATLAB algorithms into models and export simulation results
to MATLAB for further analysis” [320]. One of most efficient uses for modeling
techniques for energy systems is co-simulation, which “is an emerging enabling
technique, where global simulation of a coupled system can be achieved by com-
posing the simulations of its parts” [321] Building Control Virtual Test Bed (BCVTB)
is one of the most efficient platforms for co-simulation between energy simulation
tools. It allows users to couple different simulation programs for co-simulation,
and to couple simulation programs with actual hardware. For example, the BCVTB
allows us to simulate a building in EnergyPlus, and the HVAC and control system in

Modelica, while exchanging data between the software as they simulate [78].

2.8.4 Scheduling appliances technique

Due to high electrical energy consumption in buildings, and commercial and in-
dustrial sectors, some countries have introduced a practical method to help to re-
duce energy consumption. For example, Australia has applied energy conservation
measures to reduce energy consumption from electrical appliances (e.g., lighting,
heating, ventilation and air-conditioning systems) [322]. However, ECM must not
effect the comfort of the occupant. The ECM can be divided into two basic meth-
ods. The first method contains physical changes or adds to the exist system in the
building, such as replacement of lighting system or adding sensors to the lighting
system. This first method changes the process of operation of the system, such
as scheduling appliances [323]. A strategy of building energy management sys-
tem proposed to control energy flows in the building and reduce the total cost
of energy. Framework consists of three modules which is prediction, long term
scheduling and real time control. Long term scheduling can tan take an optimal
decision based on some input variables such as (load consumption, available so-

lar power and power price) [324]. Another study used an optimisation model to
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reduce power cost for residential demand response through scheduling home ap-
pliances. A mixed integer nonlinear optimisation model has been applied in this
study using time of use electricity tariff. The authors found that electricity cost can
be saved up to 25 percent [325]. Another study examined a new development of
home scheduling appliances to reduce total load curve. Appliances have been cat-
egorised based on flexible , non-flexible deferrable loads. A dynamic algorithm has
been applied to solve two multi-objective optimisation problems [326]. The first
to flattening power consumption of non-flexible load and the second to strength
power of flexible loads. Lu et al. [327] developed an optimal scheduling model
for home appliances for smart home consider demand response to reduce power
cost. The problem solved as mixed integer nonlinear programming. The result of
this study showed that power cost reduction with about 34.71 percent considering

incentives as effective variable to shift the load. The types of HVAC scheduling are

shown in the figure 2.16 that follows.
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AlSkaif et al. [328] created a framework for a household micro-grid aiming to
increase the self-consumption of their on-site RES through a storage system. Their
framework used an optimisation problem by EMS linking with schedule appliances
power consumption and the energy that each home-owner can get from the stor-

age unit. The mixed integer linear programming used to solve scheduling prob-
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lem and simulation result showed that cost saving of 68 percent through sharing
only different classes of home-owner that exist in the micro-grid. Setlhaolo et al.
[325] developed scheduling appliances with battery storage system under a time-
of-use electricity tariff. A mixed integer nonlinear programming model used with
practical operation constraints to solve the problem. The simulation result showed
that about 22 percent cost saving, and 1.96 kW peak reduction could be achieved
without battery and coordination. A study created energy management model for
scheduling home appliances to reduce electricity bills, peak to average ratio and
increase consumer comfort in a micro-grid. Heuristic techniques have been used
to optimise scheduling appliances to reduce electricity bills Hussain et al. [329].
Another research suggested a green methodology that will help to increase use of
green energy sources. In addition, a greedy algorithm has been proposed to or-
der different energy sources based on their estimated price forecast. An artificial
neural network has been used to schedule appliances to reduce total energy cost
[330]. A group of researchers used an optimisation algorithm for the problem of
scheduling appliances in smart homes in order to reduce electricity cost and reduce
peak load. Mixed integer linear programming has been used to solve this problem.
PV systems have been added to a home energy system to reduce electricity cost

[331].

2.8.5 Applied Real decision-making systems for Energy Management

systems

Fishery ports include all of the operations that are required to catch and prepare
fish and other seafood to create the final product that is delivered to customers
[332]. This activity requires intensive on-site energy [86] throughout the fish pro-
duction lifecycle from the fishing stage to the freezing and packaging process, which
is mainly derived from electricity and liquid fuels [333]. Electricity is typically used
to power processing equipment, lighting, cooling, and freezing [334]. A wide range
of variables impact energy consumption in the fish processing industry, including
the age of the plant, level of automation, and type of production process. Further-
more, a seafood product production line can involve heating, cooling, and other

types of equipment [335]. According to the Irish seafood development agency,
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Bord lascaigh Mhara, about 15 percent of global fishery port energy consumption
is related to refrigeration and air conditioning [336] Considering the intensive en-
ergy use of such cooling systems, any inefficiency can result in sizeable quantities
of emissions from refrigerant gases such as ammonia [337]. P2P energy trading has
recently been presented as a next generation energy management system that can
enable prosumers in a smart energy community to share their extra energy with
others. To accomplish this energy trading, the P2P mechanism needs a robust de-
cision making process and a reliable mathematical model that will ensure shared
interest and optimal motivation between prosumers [338, 339]. various studies
have applied game theory approaches to P2P energy trading due to their feasible
and effective means of modelling the energy management system. They have done
so using different types of algorithms: the Stackelberg equilibrium game was used
in [340, 341, 342, 343] to optimise the energy cost and social benefit in P2P en-
ergy trading; a game theory approach was developed in [344, 345, 346, 345, 347]
to optimise energy use and maximise energy incomes for P2P energy prosumers;
Harish et al. [348] proposed a nonlinear optimisation problem to minimise energy
cost and energy losses during transmission; Long et al. [349] developed a linear
programming problem to maximise the local balance between participants; and
Zhong Zhang [350] and Nguyen et al. [351] applied mixed-integer linear program-
ming P2P energy trading.

2.9 The current status of Energy use at fishery Ports

The fishing industry is one of the most important traded products in the world, due
to the growing demand and enlarging supply of fishery and aquaculture products.
Based on the Food and Agriculture Organization (FAO), the total world fish produc-
tion in 2016 is about 171 million tonnes compared to 19.3 million tonnes in 1950
[148]. The sea food trade includes a diverse range of products, from high value
species such as shrimp, salmon, tuna, groundfish, flatfish, sea bass and sea bream
to low value species such as small Pelagic, which has been traded in high quantity
and exported to low income countries [352]. The global investment in fish prod-

ucts increased significantly during the last 40 years, from € 8 billion to about € 133
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billion in 2017 [353]. In addition, the fish processing industries include operations
to prepare fish and other seafood in such a way to create the final product that
will be delivered to the end user customer [332]. There are two stages for fish
processing: the primary processing stage, which includes cutting, filleting, picking,
peeling, washing, chilling, packing, heading, and gutting; and the secondary pro-
cessing stage, which includes brining, smoking, cooking, freezing, canning, debon-
ing, breading, vacuum and controlled packaging, production of ready meals [354].

One of the key environmental impacts of fish processing industries is energy
consumption, which is an essential part of most processes on site [333]. For the
fish processing industry, energy consumption is dependent on the type of activ-
ity. The main sources of energy are electricity and liquids fuels. These two sources
share in different operations in the processes, from the fishing stage to the frozen
or canned products [355]. Electricity is used in the fish industry for powering pro-
cessing equipment, lighting, cooling and freezing [334]. Meanwhile, energy con-
sumptionin the fish industries is based on many different variables, such as the age
of plant, level of automation, and level of processes for production, while the pro-
duction of seafood products includes heating, cooling and different kind of equip-
ment [335]. Cooling and freezing in the fish industry are responsible for an inten-
sive amount of electricity consumption. Based on Ireland’s Seafood Development
Agency (BIM), about 15 percent of energy consumption in fish industries globally
is related to refrigeration and air conditioning systems [336]. With the continuous
energy use for cooling systems in the fish industries, the inefficient use of cooling
systems can result in a huge amount of emissions from refrigerant gases, such as

ammonia[337, 356].

2.9.1 Energy cost

In the last few decades, the cost of fuel and energy has increased, which has had
a direct effect on the food processing industries at a global level [357]. The use of
fuel and energy depends on the type of process. The amount of energy use and fuel
consumption reflects on the amount of fish production. However, the cost of en-
ergy and fuel are sensitive variables based on the revenue of fish trading from the

processes. For the fishery industries, the energy cost can be high. Fuel equivalent
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Table 2.5: The estimated energy usage and expenses at fish industries - UK

Estimated energy Equivalent cost at

Component
(GWh)/yearly $ 0.15/kWh(Million)
Blast freezers 10.9-20.7 1.7-3.2
Blast chillers 12.5-30 2-4.5
Cold stores 45 6.8
Refrigerated
241 36.2
transport
Catering fridges 200-238 30-45.7
Retail displays 288-635 43.2-95.2
Total 797-1210 119.5-181.5

levels are associated with the direct consumption of fuel and electricity, consid-
ering the direct fuel and electricity involved in production and the fuel involved
in harvesting raw materials, processing them, and distributing the manufactured
feed to production. Globally, the total energy cost of the fishery industries is about
(€ 9.85 billion) [70]. It has been estimated that the energy consumption of blast
freezers varies from 10.9 to about 20.7 GWh, at the equivalent cost of 1.7 to 3.2
million at USD 0.15/kWh. About 45 GWh is used for cold stores, with a total cost of
6.8 Million at USD 0.15/kWh [358]. The United Nation Environmental Programme
(UNEP) estimate for the global energy consumption and cost of aquaculture pro-

cessing is given in the following table 2.5 [359].

2.9.2 The challenges of energy use for fish industries

The fish processing industries consume an intensive amount of energy and they
are responsible for a huge amount of carbon emissions. Fish processing has many
different stages, starting from catching the fish to delivered product to the end
users. However, cooling and freezing in the fish industries are responsible for a
huge amount of electricity consumption. Based on Ireland’s Seafood Development
Agency (BIM), about 15 percent of global energy consumption is related to refriger-
ation and air conditioning [336]. With such an intensive energy use for cooling sys-

tems in the fish industries, the inefficient use of cooling system can result in a huge
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amount of emissions from refrigerant gases, such as ammonia, or different kind of
gases [337]. Cold storage in the fish industries works for 24 hours and consumes
about 80 percent of total energy consumption of energy use in the fish industries.
In addition, processing equipment can consume a considerable amount of energy
in hot seasons, which can increase the amount of energy consumed [360]. So, the
continuous operation of cold storage and other equipment in the fish industries is a
main challenge, followed by the increased cost of energy, which might not meet the
revenue of catch land fish. Therefore, it will reflect on the overall system. Further-
more, the global motivation toward decarbonisation, especially in the industrial
sector, might need to meet the local obligation policy of minimising carbon emis-
sion, minimising energy consumption and increasing the use of renewable energy

sources at local sites [361].

2.10 Gap identification

Seaports are the main arteries to transport materials and goods between coun-
tries, through shipping, and import and export operations. They are important in
commercial dealings and purchases of consumer goods such as food, medicine,
and others. Maritime transport operations are considered to be vital and strategic
pillars on which many of our modern economies are based. However, the world
faces a critical challenge from increased carbon emissions, which has prompted
Western economies to initiate actions to reduce carbon emissions through a num-
ber of international agreements and alliances.

Maritime activities can play an effective role in contributing to the reduction of
carbon emissions, which will be directly reflected in the level of performance, qual-
ity and competitiveness of seaports, as well as enhancing the level of sustainability
in their local ecosystem. The previous sections have elaborated on the increasing
volume of research aimed at decarbonising seaports, including the development
and design of applied methodologies to quantify carbon emissions produced from
port activities [362],study and analysis of renewable energy sources systems de-
ployment [245], and also improving the efficiency of maritime transport [363].

One of the major issues that faces the fishing industry is the continuous rise of
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energy prices. This poses a major challenge as the pace of work increases and the
demand for fish products increases significantly. This comes at a time of increasing
international pressure and global motivation to address climate change and reduce
carbon emissions in many sectors.

However, very few research studies were found to highlight the optimal use of
power energy in ports and fishery buildings while some studies proposed certain
measures that contribute to some extent to reducing energy consumption and car-
bon emissions. However, there is an absence of a study discussing the possibility
of developing a holistic energy analysis and management that can be scaled from
a site to a community level to achieve economically and environmentally viable
benefits to the community.

In addition, from the analysis of previous research studies, six themes have
been identified that play a role in decarbonising seaports and fishery industry,
which are: reducing carbon emissions, adopting renewable energy resources, op-
timising the cost of energy, adopting smart control strategies, developing the reg-
ulatory landscape for greening seaports, and applying best practice guidelines to
greening seaports and fishery industries.

Moreover, decarbonising seaports can have a profound transformation on port

activities, as elaborated in the following sub-sections.

2.10.1 The lack of total lifecycle approach to seaports decarbonisa-
tion
Most of the previous studies focus on developing strategies that contribute to re-
ducing carbon emissions in seaports by optimising the energy mix [364],improving
the energy efficiency of the equipment and machinery used in ports [365], and mit-
igating the environmental impact of ships by reducing their speed and scheduling
their arrival and departure from seaports [104]. These actions have the potential
to contribute significantly to reducing the carbon footprint of modern seaports. In
this context, Lifecycle Assessment (LCA) helps to quantify the environmental pres-
sures, the trade-offs, and areas to achieve improvements considering the full life-
cycle of seaports, from design to recycling. However, current approaches to LCA

do not factor in consistently (both in the foreground and background inventory sys-
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tems) lifecycle variations in: (a) seaport building use, (b) energy supply (including
from renewable sources), and (c) building and environmental regulations, as well
as changes over the building/seaport and the local neighborhood lifetime. These
include: (a) change in the energy mix of a seaports or upgrading and retrofitting
the energy system(s) in place; and (b) time-increase of energy demand during the
lifetime of a seaport, due to a wide range of reasons such as changes in activity pat-
terns. Seaports present the highest complexity within LCA, which precludes the use
of linear and static approaches but instead requires the use of scalable approaches
that factor in dynamic and non-linear considerations. Seaport processes involve
longer time scales than in other industries, and therefore they face very differ-
ent operational and environmental conditions. Consequently, consideration of the
time dimension in port activities modelling is essential to understand the resulting
pollutant emissions and resource consumption. This time dimension is currently
missing in Life Cycle Inventory databases. A further combination of Life Cycle Im-
pact Assessment (LCIA) models using time-dependent characterisation factors can,
therefore, lead to more comprehensive and reliable LCA results. Consequently,
real-time LCA approaches that address temporal and spatial variations in the local
seaport ecosystem are required because they would more effectively promote a

‘cradle-to-grave’ environmental sustainability capability” [366].

2.10.2 The lack of semantic-based modelling, forecasting and opti-

misation of seaports energy systems

In the complex seaport digital energy landscape, energy software services that ad-
dress the needs of a wide variety of stakeholders (including prosumers) are re-
quired. These include forecasting and simulation services, as well as the respon-
sive day-ahead and intra-day management services that are necessary to effec-
tively integrate distributed energy resources in seaports, including renewables.
This includes the ability to predict behaviours, and adapt to changing weather and
technological environments.lt is argued that as the density of local renewables in-
creases, this importance extends beyond the unit level to intelligence at the system
level, where the impact of uncertainty at each node can be mitigated through the

emergent behaviour of adjacent distributed energy resources.
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An optimal management of energy systems should be considered by system-
atically analysing the decision space of management topologies, schemes, and op-
erating parameters, which are best conveyed by semantic models, such as ontolo-
gies. Energy system optimisation is far from novel, but most approaches consider
the system as a static entity and they only consider a single system rather than the
holistic perspective of emerging system of systems landscape. This thesis advo-
cates the previously described systems approach of energy management, which is
best conveyed through semantic models that provide a holistic conceptualisation

of energy systems and their socio-technical constituents.

This is essential to address a wide range of scenarios, such as local energy bal-
ancing, islanding, and blackout prevention, adapted to a changing environment of
high distributed energy resources penetration. A semantic framework has the po-
tential to meet the requirements of flexibility, scalability, resilience, openness, and

practicality.

Furthermore, it is important to combine the advantages of distributed control
(e.g., scalability, privacy and adaptability) and centralised control (e.g., feasibility,
optimality and responsibility), while mitigating their specific drawbacks. The bene-
fits of a semantic and Al-based architecture are particularly evident when the grid
needs to be restored and healed after a disruption in service. The grid should be
able to restore, re-organise and heal itself via alternative topologies without affect-
ing the system as a whole, which is informed by the holistic understanding of the

wider energy systems.

There is a need for a new body of research with a view of ensuring the optimi-
sation and resilience of energy management systems through self-healing capabil-
ities: that i) promote autonomy, belonging, connectivity, diversity and emergence,
ii) balance the importance of global and local objectives, iii) dynamically reconfig-
ure to optimise the overall energy system’s performance across energy carriers and
scales, and iv) enable demand responsive energy management with bidirectional

flow of energy, information and dynamic pricing schemes [367].

Optimisation based grid planning and longer-term operational control are com-
mon approaches in power system management. But increasing stochastics on the

supply and demand side, and the coupling of different sectors and markets in-
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creases the complexity of power grid operation and requires multi-objective, time-
series based optimisation under increasing uncertainty. Meanwhile, increasing
data availability and computational power gives us an opportunity to optimise short-

term and close to real-time operation.

2.10.3 The lack of secure and reliable seaport energy services

Seaports are responsible for shipping circa 90 percent of the global supply chain
of goods. They are, as such, critical infrastructures and are potentially subject to
a wide range of threats [368]. Consequently, there is an urgent need to increase
awareness on cyber threats faced by ports worldwide [369] to ensure secure ship-
ping and operations [370].

This is now exacerbated by the digitisation of seaport infrastructures, includ-
ing energy systems, as well as the involvement of a complex value chain. Potential
risks to energy systems include: blackout or service interruption, malicious com-
mand injection, delayed measurements, Denial-of-Service attack, dynamic pricing
information altered, and user accounts alteration. The consequences of such cyber
security threats can be dramatic. Conversely, the reliability and Quality of supply
(QoS) of energy related services in seaports are becoming pressing issues as a re-
sult of the increasing need for smart integration of distributed energy resources.
A gradual transition is already occurring towards demand responsive energy man-
agement, which is enabled by smart metering infrastructures with a bidirectional
flow of energy and dynamic pricing schemes.

Therefore, there is a requirement for secure authentication of users, agents,
and transactions at each interface between energy devices. The number of pro-
cesses is also exacerbated by the increasingly distributed nature of grids and their
underpinning communication requirements. Three interesting avenues for further
research include: (a) research to identify and quantify the risk of a breach of privacy
and security to the systemic reliability and Quality of service (QoS) caused by inse-
cure authentication occurring in a heterogeneous environment, where legacy stan-
dards and applications need to remain in operation alongside advanced standards;
(b) research to identify and quantify the loss of data, breach of privacy and vulner-

ability due to the heterogeneous communication infrastructure (wireless, wired,
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PLC), and the impact on grid reliability and QoS; and (c) research to develop guide-
lines for information security management, and inform related legislation and stan-

dardisation in the energy domain in seaports.

2.10.4 Thelack of atransition towards prosumer-driven seaport en-

ergy communities

Seaports are an important ecosystem, including their local communities. We are
gradually experiencing the emergence of sharing economies, with a correspond-
ing change in consumption models. These can motivate energy prosumers (local
communities around seaports) to participate in a leasing energy market where ser-
vices are used for a shorter period and are more accessible via community sharing.
Blockchain can incentivise the participation in such a sharing economy by provid-
ing greater choice for both energy consumers and providers, while enabling a much
greater flexibility in being able to switch between multiple market offerings. This
sharing economy has the potential to decentralise energy production and it can
also balance consumption from consumers by not being restricted to energy ser-
vices or price constraints from a single energy provider [371].

The energy market is currently transforming towards a large number of sup-
pliers and buyers, and therefore it is important to enable participants in a sea-
port ecosystem to exchange an increased amount of traded energy. The interac-
tion between these actors and the associated processes requires a high degree of
standardisation, which can be facilitated by a Blockchain model. The utilisation
of Blockchain for energy trading can lead to the eradication of brokers, monetisa-
tion of energy excess and development of energy communities. These brokers and
intermediary parties are usually required for validation or to ensure the trustwor-
thiness of information across parties, but can be replaced by a more automated
Blockchain process. Third-party verification can be eliminated because Blockchain
delivers a high level of security and data protection for different applications sup-
ported by a transparent ledger that records all transactions. In a Blockchain system,
any user can become a trader and offer an energy product or service to a group
of consumers. Blockchain technology has, therefore, the potential to leverage the

benefits of decentralised energy systems and enable an environment where every-
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one can trade, pay, and even deliver energy to others. Blockchain can support the
creation of economically attractive energy communities utilising the power of the
Internet and implement the vision of a perfect energy market. Blockchain identifies
an online distributed database that aggregates a collection of blocks connected to
each other. It is also a public and decentralised ledger that stores a set of records,
structured as a chain and blocks. From multiple Blockchain solutions, smart con-
tracts are instruments that can extend Blockchain’s capabilities and have been used
in a variety of industries. Smart contracts have often been used to convert business
rules into codes, based on which a contract code/script is stored in a Blockchain.
Future research will explore the adoption of energy sharing and trading practices

within and around seaports, using blockchain technology [372].

2.11 Summary

Based on the literature survey, it is found that although the existing studies ex-
plore energy management strategies for ports, they are very limited in terms of
the capability to provide a holistic energy analysis that can be scaled from a site
level to a community level. At a wider scale, the review of the literature has ev-
idenced that there is a lack of research that delivers a “demand-response’ capa-
bility within a fishery port, while optimising the use of battery storage, and at the
same time promoting the formation of sustainable energy communities. Seaports
are considered to be one of the main drivers of the global economy and are a core
element of the transportation, shipping and tourism and fishing industries. How-
ever, increased activities in seaports have undoubtedly affected the environment,
including a high level of carbon emissions, noise resulting from activities at the
seaports, high energy consumption and high health impacts among the popula-
tions of coastal cities near the seaports. This chapter has reviewed the published
and applied research that has contributed significantly to transforming and pro-
moting the concept of green and smart seaports in various countries. The findings
demonstrate that the key factors contributing to decarbonising seaports are apply-
ing renewable resources, cost optimisation, deploying intelligent technologies, es-

tablishing rules and regulations for greening seaports, and/or implementing green
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seaport practices guidelines to help seaport authorities move towards applying a

green seaport approach.

An analysis of the research shows that there are three main factors that con-
tribute directly and indirectly to the environment: the consumption of fossil fu-
els, the high energy consumption of power systems and the lack of professional
management of resources at seaports. Importantly, the current status of seaports
at the global level shows a lack of experience in smart seaport approaches. It is
argued that the intelligent port approach will increase competitiveness between
seaport authorities, which may ultimately lead to the seaport authority’s inability
to deal with climate challenges. There must be a useful role for business people
and investors in modern technologies that reduce carbon emissions, such as re-
newable energy systems, smart metering devices and other modern technologies.
While it is not easy to achieve a green and sustainable seaport without investors’
presence, incentives and initiatives must be put in place to convince investors of
the feasibility of investing in modern seaports, both in financial gain, avoidance of
environmental legislation penalties, and sustainability of the port and the global

climate.

As part of the plan to make seaports sustainable, overall decarbonisation of life
cycle must be provided. This will have a tremendous impact on the overall system,
and will contribute to the comprehensive efficacy of seaports and enhance the
level of greening, sustainability and competitiveness between seaports. LCA can
help quantify the trade-offs and gains to achieve improvements. However, due to
the complexity of seaports within LCA, scalable approaches that factor in dynamic
and non-linear considerations should be used. Similarly, the longer time-scales
of seaport operation make the time dimension another condition to consider in
modeling seaport activity. To achieve environmental sustainability, this chapter
finds that there is a need for the development of real-time LCA approaches for

seaports which combine LCIA models with time-dependent characterisation.

It is essential to optimise the operation of energy at seaports. This chapter
finds success in projects that consider many variables that influence the total en-
ergy management in ports and the importance of using a semantic representation

of the seaport’s environment as a pre-processing step of smart energy system op-
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eration. It is therefore recommended that seaport energy systems should utilise a
grey-box approach to energy systems management that factors in both white box
(simulation-based) and black-box (data-driven based) approaches. The grey box
approach will be underpinned by semantics but informed by real-time feedback.
While longer-term operational control approaches are commonly used, the com-
bination of different sectors and markets, and acute fluctuations in supply and de-
mand increase the complexity of power-grid operations. Consequently, time-series
based optimisation with a multi-objective approach can accommodate for short-
term or real-time operation given the appropriate data and computing power.

Although many seaports are pledging land to invest in smart energy systems,
they can make further efforts by reducing their environmental impact and creating
more jobs for the local communities around seaport sites. Consequently, stake-
holders, policymakers and seaport authorities must develop policies and legisla-
tion to enhance the role of investment in clean energy at seaports and facilitate all
capabilities to achieve this aim, which includes building expansion at the seaport
sites and also their operation.

It is recommended that future works should use Al applications for energy sys-
tems in seaports to help predict energy consumption and meet the required power
demand through local clean energy resources. Al can also help to optimise energy
cost by avoiding selling power in hot seasons and managing power in the seaports
to achieve maximum profit for seaport authorities. This may be achieved through
real-time changes in power usage to match the grid’s price to maximise income
from selling power or minimise costs in buying power. While energy system op-
timisation is not a new concept, most implementations have only considered the
system as a singularity. In contrast, we recommend a holistic approach to energy

system optimisation through the use of semantic models.
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CHAPTER3

Methodology

This chapter describes the methodology used in this thesis, which involves case
studies drawn from the EU INTERREG piSCES project (smart energy cluster for the

fish processing industry).

3.1 Introduction

The concept of research methodology involves many different interpretations across
disciplines [373]. Based on the Cambridge Dictionary, research is defined as “a de-
tailed study of subject, especially in order to discover (new) information or reach a
(new) understanding [310]. Meanwhile, the word methodology defined as “a sys-
tem of ways of doing, teaching, or studying something”. The methodology is the
theory of organisation [374]. Based on the Merriam-Webster dictionary, organi-
sation has four meanings, which are: the condition or manner of being organised,
the act or process of organising or of being organised, an administrative and func-
tional structure (e.g., a business or a political party), and the personnel of such a
structure [375]. Consequently, this methodology considers the organisation of an
activity, which has an integral system with an accurate definition of the character-

istics, logical structure and accompanying process of realisation [374].

3.1.1 Research methodology approach

The research methodology, also known as strategy, outlines the direction in which
the study should be carried out. Itis a set of beliefs and philosophical assumptions
that govern the formulation of research questions and the selection of research

methods[376, 377]. The research methodology serves as a road map for the thesis,
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ensuring that the approaches, tools, and philosophy are all in harmony. Research
Onion, proposed by [378], is one of the most prominent approaches for formulating
research technique. It describes the major layers or steps that must be completed
to build an effective research methodology. The primary layers of research Onion

are depicted in Figure 3.1.

It is divided into six levels, which are read from outer to inner, beginning with
the definition of the main philosophy and progressing to the selection of approaches,
methods, and strategies. The main research philosophy draws ontology, episte-
mology, sources of knowledge, and axiology to help build the foundation of re-
search. The second layer will concentrate on the development of approach theo-
ries, such as deduction, induction, and abduction. Theories in deductive research
are tested through observation, but inductive research builds a hypothesis by ob-
servation [379]. Abduction is followed by research, which results in a best guess
or conclusion based on the evidence available. The third layer focuses on method-

ological selection, which might be quantitative, qualitative, or mixed. Quantitative
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research relies on data and surveys, whereas qualitative research relies on descrip-
tion and observation with in-depth analysis [380, 381, 382].The fourth layer of the
research onion is the data collection and analysis approach, which could be an
experiment, a survey, archival research, a case study, ethnography, or action re-
search. The fifth layer concerns the research timeline. The final layer discusses the
methods and procedures used to collect and analyse data. This thesis is based on
an industrial research study, which can be defined as action research, but the sim-
ulation model was developed to make a prediction of the future based on historical
data [383]

This thesis is based on an industrial case study, which can be defined as qual-
itative research that relies on description and observation with in-depth analysis.
The data that has been collected from the port site is used to develop simulation

models and analyse the results.

3.1.2 Refined scope of the research

This study aims to reduce the costs and carbon footprint for the fishery buildings
by developing and testing a new ‘smart grid’ electricity network. Based on the lit-
erature survey, it found that the existing studies, although exploring energy man-
agement strategies for ports are very limited in terms of the capability to provide
a holistic energy analysis that can be scaled from a site level to a community level.
Such limitations can also be identified for the three criteria used for conducting
analysis which are as follows: applying renewable energy, minimizing carbon emis-
sion, and the proposed smart grid. Table 3.1 presents a summary of the analysis.
At a wider scale, the review of the literature has evidenced a research gap in that
there is a lack of research that delivers a “demand—response” capability within a
fishery port, while optimizing the use of battery storage, and at the same time pro-
moting the formation of sustainable energy communities. The research hypothesis
is posited: “The concept of Industry 4.0 has the potential to deliver net zero carbon
fishery ports by leveraging smart and clean energy generation, use, and storage,
while promoting the formation of energy communities within the local ecosystem.”

Consequently, this thesis has three main research questions that aim to address

this gap, as follows:
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1. Can areliable simulation capability be developed that provides real-time ac-

counts of energy demand and use for fishery buildings?

2. Can the concept of a smart grid be adopted and applied to energy systems

in fishery buildings at multi-levels?

3. Cantheenergysharing and trading approach be simulated to promote decision-

making that reflects the efficiency in fishery buildings?

This thesis aims to reduce carbon emissions from energy networks in fishery
buildings by implementing smart energy system technologies.

The first research question is translated to the following objectives:

e Develop an energy model and simulation capability to provide real-time ac-

counts of energy flows in seaports.

¢ Investigate the potential of local power supplies to meet total power demand

in the fish processing industry using a Co-simulation platform.

The second research question is translated to the following objective:

* Explore various scenarios for decarbonising seaports by leveraging renew-

able energy sources, including solar energy and energy storage.

The third research question is translated to the following objective:

* Explore therole of seaports to address the energy demand of their local com-

munities through energy sharing.

3.2 Case study design and implementation

3.2.1 Problem based industrial case

Fish processing industries use energy-intensive equipment, such as refrigerators,
air conditioners and ice making machines. This leads to high energy costs and, in-
directly, to an increase of carbon emissions. Given that most fish industry sites are
old, they need to be made more sustainable and achieve economic competitive-
ness in the energy market. In 2011, fishery industries consumed about 40 billion

litres of fuel and they produced 179 million tons of carbon emissions. Fisheries
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Table 3.1: Related Studies

Applying Renewable Minimize Carbon

Author Propose Smart Grid
Resources Emission

Buiza et al. [384] v

Hua and Wu [61] v

Misra et al. [62] v

Acciaro et al. [361] v

Parise et al. [385] v

Lamberti et al. [134] v

Prousalidis et al. [283]

Ramos et al. [95] v

Alvarez et al. [131] v

Misra et al. [107] v v v
Manolis et al. [73] v

Balbaa et al. [120] v
Kotrikla et al. [282] v

use many energy-intensive processes. The traditional design of energy systems at
fishery ports leads to increased energy consumption and carbon emissions. The
percentage of carbon emissions resulting from fishery industries is estimated to
be 4 percent of the global greenhouse gas emission (GHGS). Meanwhile, the to-
tal human consumption of seafood has increased from 20 million in 1950 to more
than 136 million tons in 2014. This rapid growth in seafood consumption has led
to increased demands being placed on the fishery industries, and therefore has

increased the carbon emissions in the past few years.

The Smart Cluster Energy System (piSCES) project aims to reduce the costs and
carbon footprint of the fish processing industry by developing and testing a new

smart grid electricity network. The smart cluster energy system for the fish pro-
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cessing industry (piSCES) operation will ultimately reduce the costs and carbon
footprint of energy networks in the fish processing industry by implementing smart
grid technologies. This will be done through modelling the use profile of these en-
ergy networks, which will then be optimised against the wholesale energy market
and any available onsite generation. This addresses the cross-border innovation
theme of the Ireland-Wales programme of strengthening research, technological
development and innovation. It will focus on the specific objective, which is: To
increase the intensity of knowledge transfer collaborations involving research or-
ganisations and SMEs in line with the shared priorities of the smart specialisation
strategies. The aim of this thesis is to reduce the carbon emission of energy net-
works in the fish processing industry by implementing smart energy system tech-
nologies. This thesis will focus on applying this project via three sites located in the
United Kingdom and the Republic of Ireland. The next sections will describe these

sites in more detail.

Milford Haven port is one the largest energy ports in the United Kingdom and
it is considered to be the largest handler of oil and gas, with the capability of deliv-
ering about 30 percent of UK gas demand. One of the core functions of the port is
to take responsibility for the safe movement of vessels on the Milford Haven Wa-
terway, which is a deep-water site on the western coast of the UK. Furthermore,
the MHPA has a strategic plan to diversify its functions, including transportation,
energy, renewable, engineering, leisure and tourism fishing, food processing and
aquaculture. In addition, the MHPA continues to improve the process of its opera-
tions, which will help to create new jobs for people who live in Wales and increase

security of supply.

One of the key strategic plans for the UK is to increase the capacity of the gas
and oil pipelines, and electricity connections to the centre of the UK and increase
the level of trade conducted via the Atlantic. Milford Haven is a leading UK port,
handling over 30 million tons of cargo annually. It is located in the western region
of Wales and it provides expertise in many different marine operations, such as
cargo handling, renewable, freight, passenger ferry services, fisheries, commercial
property management, leisure and retail [386]. Milford Haven'’s fish docks are il-

lustrated in Figure 3.2. It can be seen from this figure that Milford Haven is an ideal
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place for vessels transitioning in the Irish Sea, Bristol Channel and the Celtic Sea. In
the last few years, the port has started to develop fish-processing units containing

cold storage, ice-making machines and box washing machines.

1 Shed building
*  Multi tenanted building
+  The most power consuming B

K Shed building
™ 50 KWp PV installed
+  Average 4000kWh monthly

Packaway building
50 kWp PVinstall
The most power consuming B

Shed F Shed
Multi functional  Fish processing
building industry

Figure 3.2: Milford Haven Port Authority [386]

Milford fish docks is part of Milford Haven port. It is the largest fishing port
in Wales, with average of 3000 tones landed every year. The fish docks are an
ideal place for vessels working in transition to the Irish sea, Bristol Channel and
Celtic Sea. In the last few years. the port has started to develop fish processing
units that contain cold storage, ice making machines and box washing machines.
Fish processing at Milford Haven port faces a real problem with increased energy
consumption, due to operational time at different seasons of the year. Based on the
environmental report for the Milford Haven port, the total power consumption of
electricity in 2012 was about 1600 Mwh and the production of carbon emissions
was about 790 tonnes CO2. The port authority has started to deploy PV panels
across its facilities to meet power demand and eliminate carbon emission. This
will help the port to meet the UK 2050 plan of energy use. The port installed 2500
panels across 25 buildings in its premises. In addition, port authorities completed a
solar farm at Liddeston Ridge, with more than 20000 panels and a power capacity
of 5 MW. Figure 3.2 present the location of fish processing industries in Milford

Haven port, including the solar farm.
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3.3 Case study design and implementation

3.3.1 Simulation-based energy analysis at the district level
3.3.1.1 Using DesignBuilder and EnergyPlus simulation tools

One of the main challenges during data collection in this study was the lack of es-
sential data related to energy consumption in the clusters. Therefore, there it is
necessary to understand the behaviour of energy consumption in the clusters us-
ing simulation techniques that will help to understand the behaviour of energy
consumption in the buildings and identify opportunities to optimise energy use in
industrial sectors. Two energy simulation software will be used to understand the
behaviour of energy consumption. DesignBuilder is a user-friendly modelling en-
vironment where you can work (and play) with virtual building models. It provides
a range of environmental performance data, such as annual energy consumption,
maximum summertime temperatures and HVAC component sizes [76]. The sec-
ond software is known EnergyPlus which is a new version and combination of two
programs: BLAST and DOE-2. This new version of the program features sub-hourly
time steps, user configuration modular HVAC systems that are integrated with a
heat and mass balance-based zone simulation, and input and output data struc-
tures that can facilitate third party module and interface development. Figure 3.3
illustrates the process of modeling and simulation of DesignBuilder and Energy-
Plus. The input data for the simulation are site location, weather data, building

geometry, HVAC system, lighting and electric appliances.

3.3.1.2 Using the Building Control Virtual Test Bed (BCVTB) platform

BCVTB is a software environment that allows users to run several simulation pro-
grams for co-simulation. It also couples’ simulation programs with actual hard-
ware. For example, the BCVTB allows us to simulate a building in EnergyPlus, and
simulate the HVAC and control system in Modelica, while exchanging data between
the software as they simulate. The BCVTB is based on the Ptolemy Il software en-
vironment. In addition, BCVTB allows expert users of the simulation to expand the

capabilities of individual programs by linking them to other programs. The main ob-
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Figure 3.3: The process of modeling and simulation using DesignBuilder and Ener-

gyPlus

jective of BCVTB is to integrate the cluster of buildings with the solar farm through
simulation to identify the capability of the solar farm to meet the total power de-
mand of the entire site of buildings with their associated operations. This thesis
also aims to find the optimum management of the energy system in the port by
investigating power supply and demand as a first step in the overall optimisation
process in the port. Co-simulation software has been used, such as BCVTB software
to connect different types of simulation engines to facilitate the exchange of data
between various simulations. The solar farm has been modelled using SIMULINK

and EnergyPlus linked together with BCVTB.

3.3.2 Simulation-based energy optimisation at district level
3.3.2.1 Developing a smart grid

A multi-stage approach adopted with five stages of the proposed methodology,

namely: building simulation stage, energy generation simulation, energy storage
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simulation, grid model and integration of agents in MATLAB/SIMULINK.

“MATLAB” is a high-performance language for technical computing. It inte-
grates computation, visualisation, and programming in an easy-to-use environment
where problems and solutions are expressed in familiar mathematical notation”[319].

“SIMULINK" is a block diagram environment for multi-domain simulation and
Model-Based Design. It supports system-level design, simulation, automatic code
generation, and continuous test and verification of embedded systems. It provides
a graphical editor, customisable block libraries, and solvers for modeling and simu-
lating dynamic systems. It is integrated with MATLAB, enabling you to incorporate
MATLAB algorithms into models and export simulation results to MATLAB for fur-
ther analysis.

The smart grid model consists of a building simulation model, energy gener-
ation model, grid model and energy storage system model. The graph that fol-
lows in 3.4 shows the input-output variables for a smart grid model using MAT-
LAB/SIMULINK. It contains a control strategy algorithm of the charge/discharge
controller, and is based upon a set of rules to distribute and manage the power

system between the four agents.

Algorithm
- Building Model simulation - Smart grid model
- Renewable energy model - Number of Battery size.
- power grid model - Daily power demand.
(Stand alone) @ @ - Daily power supply.
- Energy Storage model - State of charge.

- power supply from grid.

Simulation
Engine
\_ J . W,

Figure 3.4: Input Output variables for a smart grid model using simulink

3.3.2.2 Developing a smart energy community around a fishery port

After developing the smart grid, a smart energy community has been developed by

including local domestic power demand involving 200 houses around the fishery
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port and five processing industrial workflows. However, this experiment was chal-
lenging because of the complexity of the model’s size. The charge controller will
manage power flow among loads, solar farm, grid, and battery while allowing the
model to run sufficiently without any disruption. The model will keep an activity
interconnectivity with the grid in case there is not enough power from the bat-
tery system to meet the power demand from the community, especially at night.
The model is run several times to identify the optimum number of battery stor-
age systems when the model does not supply power from the grid. The model will
present the behavior of the system in separate graph files to see how the entire
industry system is run for 24 hours. The model runs instantaneously (per second)
with different scenarios and input parameters in an attempt to identify the opti-
mum capacity of the battery storage system to support more optimal use of energy

and reduce capital costs at the site.

3.3.2.3 Developingreal-time decision strategies toward decarbonisation seaports

This study has developed and implemented two control strategies. First, a control-
based price algorithm has been developed for the smart grid fishery industry that
is based on total power production received from the PV panels and the power
storage in electric boats. The price of electricity was also considered, to decide
when to buy or sell power. The system has been built based on constraints of price
during times of selling or buying. In addition, the system considers the state of
charge (SOC) for two different batteries. The condition of battery status is crucial
to the overall system, and the decision will be made based on the SOC of batteries
and the price of power. The control system works instantaneously and will send
signals to the battery charge controller. The flow chartin the figure below illustrates
the several steps used for flow among power supply and power demand in the
fishery industry. Figure 3.5 shows the input-output variables for the smart grid
model using MATLAB/SIMULINK. It also contains the control strategy algorithm of
the charge/discharge controller, and is based upon a set of rules to distribute and
manage the power system between the four agents.

Second, peer-to-peer energy sharing and trading will be used, which is a new

generation energy management strategy in the smart grid that enables prosumers
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Figure 3.5: Input output variables for a smart grid model based on control price

in smart energy communities to share their energy surplus with other participants.
There is a motivation towards sharing power with neighbourhoods inside the en-
ergy community. The aim of power sharing is to increase the local power gener-
ation from renewable energy resources and encourage local energy providers to
share their positive power with the neighbourhood instead of selling power to the
grid, which will minimise the dependency on power from the grid and also minimise
the proportion of carbon emissions that are released from burning fuel or gas in
traditional power plants. Figure 3.6 shows the proposed control system scheme for
a smart grid for fishery industries based on peer-to-peer power sharing. It contains
a control strategy algorithm of the charge/discharge controller, and is based upon

a set of rules to distribute and manage the power system between the four agents.
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Figure 3.6: Input output variables for a smart grid model based P2P power sharing

99



3.4. RESEARCH STRUCTURE

3.4 Research structure

This section will discuss the overall structure of the research study to answer the
three main questions. The research structure consists of three stages as shown in
figure 3.7, each stage has different processes. This section will present the overall

idea of each stage and the details will be given in the next section.

3.4.1 Phase one

First, the literature review has found a research gap based on the piSCES project,
as described in Chapter 2. Finding the research gap will help to find the main ob-
jectives of the research study, and it will help to identify the main challenges and
opportunities to solve the main research problem. Second, data is collected from
Milford Haven port site: one of the key challenges is to ensure that any solution
developed is generalisable, to enable the maximum possible exploitation of the
results of the applied case study . Within the context of the project, this means the
restrictions of the case studies. To ensure this challenge is met, itis important thata
common methodology is adopted at each of the pilot sites to undertake the process
of capturing the technical and business requirements. This methodology is “Data
Requirements Capture ” and consists of four stages, which are: interview with dis-
trict stakeholders; collecting data from sites through a walk through site visit; an
energy audit and data analysis to extract detailed information on the energy sys-
tems and pilot site; and the identification of a series of scenarios that are relevant
and applicable to the pilot to which the solution can be targeted. One of the main
challenges during the data collection is the lack of essential data related to energy
consumption in the clusters. Therefore, there is an urgent necessity to understand
the behaviour of energy consumption in the clusters using simulation techniques
that will help to understand the behaviour of energy consumption in the buildings
and identify opportunities of optimise energy use in the industrial sectors. After
the data has been collected from sites, and the questionnaires and interviews have
been analysed, the next step is to develop a simulation model for the building using
DesignBuilder, EnergyPlus, and Building control Virtual test bed (BCVTB) software.

The first element of the simulation model is create the building’s geometry using
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DesignBuilder. Once the geometry has been built, luse the data collected from
site as input data for each geometry building(e.g., site location, weather data, op-
eration time, equipment specification etc..). The DesignBuilder interacts with the
simulation engine EnergyPlus to calculate the annual energy consumption of the
building, and calculate the total operation cost and the amount of emission has

been produced during one-year period.

3.4.2 Phase two

The next step after developing simulation model of each building is to investigate
the capability of the local solar farm to meet the power demand of the five cluster
buildings at the fishery port. To solve this question, the BCVTB integration platform
has been used, which allows users to run a couple of different simulation programs
for co-simulation and couple simulation programs with actual hardware. The Co-
simulation platform was built in BCVTB contains five cluster building and solar farm.
The optimisation process is based on the simulation of the smart energy cluster
system. The optimisation uses simulated energy consumption to determine opti-
mised schedules of the appliances. These optimised schedules represent the time
intervals based on which appliances can operate in direct relation with the energy
production of the PV system. The optimisation stage is directly integrated with the
simulation framework developed with DesignBuilder, EnergyPlus and BCVTB. The
simulation-based optimisation will inform of the optimal use of appliances in the
different time intervals based on specific simulation parameters and values. Chap-
ter Four will discuss the modeling and simulation in detail. After develop simulation
model of the building, the next step is to investigate the capability of modelling and
simulation of energy use at fishery port to inform sizable energy use and reduce
carbon emission to nearly zero carbon emission. To answer this question, a de-
veloping of smart grid for fishery industry using MATLAB/SIMULINK platform. The
smart grid consists of load pattern, grid model, energy storage system, renewable
energy generation and control strategy. The result of integrating the components
will identify several parameters, such as number of battery storage, the behavior
of energy consumption and energy generation, and the power used from the na-

tional grid.Chapter six will conduct an energy analysis and modelling for the fishery
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industries by exploring energy transition from a building level to an energy com-
munity level. It will also adapt modelling principles to deliver a simulation analysis
framework that uses energy modelling software tools to increase energy efficiency

for the industrial fish port in Milford Haven, South Wales.

3.4.3 Phase three

The next step after developing the smart grid is to optimise surplus power from
the grid by developing a control-based price strategy that will consider the cost of
buying and selling power. Chapter Seven will discuss the modeling and simulation
of the smart grid in detail. Another important technique is to integrate power shar-
ing in the fishery energy community with a peer-to-peer energy sharing strategy,
which enable to share energy to local community energy sharing instead of selling
the power to the grid. This will help to build a smart energy community at the fish-
ery port. This study has been implemented and tested in the MATLAB/SIMULINK
platform. Chapter Seven will also discuss peer-to-peer energy sharing strategy in
detail and present the proposed Roadmap for achieving nearly zero carbon fishery

port.

3.5 Conclusion

This chapter has discussed the main methodology that will be used to answer the
research question. First, this chapter began with a brief description of the research
methodology and the research type that been chosen for this research project. It
next refined the research scope and objective. Second, it discussed the piSCES
project and the site location in more detail. It presented the research structure,
which consists of three stages. The first stage is the process of finding a research
gap and capturing data from the site locations. The second stage is to develop a
model and simulation for the cluster at the fishery port site. The third stage is to
develop a methodology to develop a smart grid for industry, considering several
parameters. In this stage, two techniques have been used to optimise the surplus
power from the smart grid. The first technique is control-based price, which will

help to find the optimum operation of the grid by considering power prices. The
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Figure 3.7: The Main Methodology of Research for the Scope of this Thesis

second techniques is a peer-to-peer control strategy, which will help to share the
surplus power to the local neighbourhood instead of selling it the grid. The next

chapter will discuss the use of energy modeling and simulation at fishery ports.
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CHAPTER4

Energy modeling and simulation of a Fish-

ery Port

This chapter will discuss energy modeling and simulation at fishery ports. This is
based on the first research question, which aims to develop a simulation capabil-
ity for fish processing industries and fishery ports. The first part will give a brief
description of the modeling and simulation of energy systems, focusing on energy
modelling for industrial applications. It will then present the follow up methodol-
ogy that has been used to answer the posited research question. The next part
will describe the simulation software that will be used to simulate fishery port
sites. This chapter will then present the simulation container implementation for
three different pilot sites. It will also describe the process of co-simulation be-
tween the fishery cluster and solar farm using BCVTB. The last part will investigate
optimisation-based simulation through scheduling appliances. Finally, the results

of the simulation model will be discussed.

4.1 Modelling approach

In order to develop a energy simulation model for the selected case study at Mil-
ford haven; A data requirement captured process is required to develop an energy
simulation model for the selected case study at Milford Haven. The data-capture
process consists of four stages, which are: interview with district stakeholders; col-
lecting data from sites through a walk-through site visit; an energy audit and data
analysis to extract detailed information on the energy systems and the selected
pilot study; and identifying a series of scenarios that are relevant and applicable

to the pilot studies. The lack of essential data related to energy consumption in
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the clusters was one of the main challenges during the data collection. Therefore,
there is an urgent need to understand the behaviour of energy consumption in the
clusters using simulation techniques that will help to understand the behaviour of
energy consumption in the buildings and identify opportunities to optimise energy
use in the industrial sectors. After the data has been collected from the sites, and
the questionnaires and interviews have been analysed, the next step is to develop
a simulation model for the building using DesignBuilder, EnergyPlus, and Building
control Virtual test bed (BCVTB) software. Figure 4.1 illustrate the data collection

process from selected pilot site.

V_V"_te Interview district Collect pilot site
preliminary ——>» stakeholders technical specification
questionnaire

Answer to
interviews Ent:-.r.gy
auditing
procedures
Y
Analyse survey answers »
Use-case
diagrams

Figure 4.1: Modelling and simulation using DesignBuilder and EnergyPlus

The DesignBuilder, EnergyPlus and Building control Virtual test bed (BCVTB)
software has been used to develop a simulation model for each of the buildings.
The first element of the simulation model is create the building’s geometry using
DesignBuilder. Once the geometry has been built, the data collected from the site
has been used as an input for each building’s geometry (e.g., site location, weather
data, operation time, equipment specification etc.). DesignBuilder interacts with
the simulation engine EnergyPlus to calculate the annual energy consumption of
the building, and to calculate the total operation cost and the amount of emissions
produced during one-year period. The next step after developing the simulation
model for each building is to investigate the capability of a local solar farm to meet
the power demand of five cluster building at a fishery port As shown in figure 4.2.

To solve this question, The BCVBT integration platform allows users to run a

couple of different simulation programs for co-simulation, and couple simulation
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Figure 4.2: Modelling and simulation using DesignBuilder and EnergyPlus

programs with actual hardware. The Co-simulation platform was built in BCVTB,
and contains five cluster buildings and solar farm. The result of Co-simulation be-
tween power supply and power demand will help to identify optimum scheduling
of appliances through simulation-based optimisation. The optimisation process is

based on the simulation of the smart energy cluster system.

Optimisation uses simulated energy consumption to determine the optimised
schedules of the appliances. These optimised schedules represent the time in-
tervals, based on which appliances can operate in direct relation with the energy
production of the PV system. The optimisation stage is directly integrated with
the simulation framework that was developed with DesignBuilder, EnergyPlus and
BCVTB. The simulation-based optimisation will inform of the optimal use of appli-
ances in the different time intervals based on specific simulation parameters and
values. Modeling and simulation saves time and money, and provides a high level
of optimisation before applying the system in real life. The term “process” indi-
cates to everything that can be investigated and analysed in simulation, such as
cars, planes, ships, transportation, buildings and so on.

The simulation tools are based on a mathematical model of the process being
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4.1. MODELLING APPROACH

investigated. Therefore, the simulation tools will allow a detailed analysis of the
object before it is applied in real life. For the mathematical model, different pa-
rameters can be varied to test multiple aspects of the process. The settings can be
adjusted and the repeated simulation increases the possibility of an accurate sim-
ulation result. Moreover, the simulation could have an impact on the future result
through predicting and optimising the main parameters that will reflect the overall
system. However, a more precise mathematical model will lead to a more realistic
simulation and a more meaningful the result [387]. These days, when evaluating
the level of sustainability in buildings, building simulation is considered to be the
most important tool to help meet the requirement of nearly zero energy buildings.

The most important parameters to investigate in building simulation are energy
use, carbon emissions, heating, ventilation and air conditioning systems. The fol-
lowing sections will discuss the most widely used simulation software, known as
DesignBuilder and EnergyPlus. The following figure 4.3 illustrates the process of
modeling and simulation of DesignBuilder and EnergyPlus. Input data for simula-

tion is site location, weather data, building geometry, HVAC system, lighting and

- Heating & Cooling
simulation result.
- Energy Code

compliance simulation
- Annual energy

electric appliances.

- Site Location

- Weather data (epw.file)
- Building Geometry
-HVAC @
- Lighting

- Electric Appliances consumption

- Activities(Occupancy, . . - Annual carbon emission
windows,operation time) Slmulatlon - utility cost.

. - thermal model
Engine
\_ J \_ Y.

Figure 4.3: Input Output data for simulation container using DesignBuilder and En-

ergyPlus

The main objective is to integrate the cluster of buildings with the solar farm
through simulation. To achieve this objective, an investigation will be conducted
to identify the capability of the solar farm to meet the total power demand of the

entire site of buildings with their associated operations. This thesis also aims to
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find the optimum management of the energy system in the port by investigating
power supply and demand as a first step in the overall optimisation process in the

port.

Co-simulation software has been used, such as BCVTB software, to connect dif-
ferent types of simulation engines and thus facilitates the exchange of data be-
tween various simulations. The solar farm has been modelled using Simulink and
EnergyPlus linked together with BCVTB. The model shown in Figure 4.4 highlights
the conceptual integration between power demand and supply within the energy
cluster showing the input and output variables.The power generation source iden-
tified by the solar farm has been modelled using EnergyPlus, which enables simu-
lation of the power generation during a year determining insights on how the solar
power generation can meet the local power demand. There are several parame-
ters required for modelling the solar farm, such as PV modules properties, number
of modules, inverters, the location of the farm, weather data and the total number
of panels based on the modelling and simulation. It is observed that the energy de-
mand of the port is constant throughout the year, while energy production changes

based on the seasons and weather specificities.
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Figure 4.4: Interface between energy models and power generation sources using

BCVTB
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4.2 Energy simulation programs

4.2.1 DesignBuilder

DesignBuilder is a user-friendly modelling environment where you can work (and
play) with virtual building models. It provides a range of environmental perfor-
mance data, such as annual energy consumption, maximum summertime temper-
atures and HVAC component sizes [76]. Some typical uses are: calculating building
energy consumption, evaluating fagcade options for overheating and visual appear-
ance, developing a thermal simulation of the building, ventilation), calculate day-
lighting - models of lighting control systems and calculating savings in electrical
lighting, ability to visualise site layouts, calculating heating and cooling equipment
sizes, communication aid at design meetings, and an educational tool as shown in
figure 4.5.
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Figure 4.5: The Process of simulation in DesignBuilder [76]
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4.2.2 EnergyPlus

EnergyPlus is a new version and combination of two programs: BLAST and DOE-2.
The new version of the program features sub-hourly time steps, user configuration
modular HVAC systems that are integrated with a heat and mass balance-based
zone simulation, and input and output data structures that can facilitate third party
module and interface development. The structure of EnergyPlus starts by calculat-
ing load using a heat balance engine at user-specified time steps, which is then
passed to the building systems simulation module at the same time step. Figure
4.6 shows the process of EnergyPlus simulation software. Meanwhile, EnergyPlus’s

key capabilities as follow:
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Figure 4.6: Energy simulation process of EnergyPlus software [77]

The variable time step module calculates the heating and cooling system of
the plant, and also its electrical system response. This provides feedback from the
building systems simulation module. However, the load does not reflect the next

time step of load calculations in adjusted space temperatures (if necessary).

¢ Integrated, simultaneous solution.

Sub-hourly, user-definable time steps.

ASCII text-based weather, input, and output files.

Heat balance-based solution technique.

Improved ground heat transfer modeling.

Daylighting controls and atmospheric pollution calculations.
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4.2.3 Building Control Virtual Test Bed (BCVTB)

BCVTB is a software environment that allows users to run a couple of different sim-
ulation programs for co-simulation. It also couples simulation programs with actual
hardware. For example, the BCVTB allows us to simulate a building in EnergyPlus,
and ican simulate the HVAC and control system in Modelica, while exchanging data
between the software as they simulate. The BCVTB is based on the Ptolemy Il soft-
ware environment. In addition, BCVTB allows expert users of the simulation to
expand the capabilities of individual programs by linking them to other programs.
Due to the different programs that may be involved in distributed simulation, fa-
miliarity with configuring these programs is essential [78]. Figure 4.7 presents an
example of integration multi simulation software in BCVTB. Some programs that

are linked to the BCVTB follow:

e The EnergyPlus whole building energy simulation program.

e The Modelica modeling and simulation environment Dymola.

¢ Functional Mock-up Units (FMU) for co-simulation. model-exchange for the
Functional Mock-up Interface (FMI) 1.0 and 2.0.

e The MATLAB and Simulink tools.

¢ The Radiance ray-tracing software.

BCVTB

Data Exchange between clusters and solar farm in port of Milford haven

Building 5
Building 1 i Building 4

PR

Building 2 Building 3

Result of integration between power consumption and power generation

Figure 4.7: The process of integration multi software in BCVTB platform
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4.3 Implementing the simulation model

One of the best solutions that can optimise energy use in energy consuming indus-
tries is the use of numerical simulation modelling, which has a direct impact on
energy savings, time optimisation and costs. Such simulation analyses can detect
and predict failures, and also provide real time energy optimisation in various use-
case scenarios. Food and agriculture organisation studies have also reported that
the global human consumption of fish increased dramatically from 1950 to 2012.
The proportion of fish processed world-wide has increased from 20 million tons
to more than 136 million tons, which adds a level of pressure for fish processing
industries to use energy from different sources to meet the demand of fish and for

fish processing operations [70].

4.3.1 Energy modeling for fish processing industries

Several parameters can influence the energy usage for fish industries, including:
(i) seasons when the amount of fishing can increase the demand of energy; (ii)
weather, which can have a significant effect on the total processed fish during a
year; and (iii) the number of fisheries and boats, which can also effect total en-
ergy use. Energy use for fish processing industries can have two main operating
modes: (i) direct use, such as lighting systems, heating and box washing machines
or (ii) indirect use through converting the power to another form of energy such
as cooling cycle, freezing and equipment. However, due to an increase in the de-
mand of energy in industries, an increase of the cost with energy use and the in-
crease of CO, emissions, there is a need to move towards more secure, clean and
sustainable energy solutions. The new smart energy systems and techniques that
have recently emerged can meet the requirements of the fish processing indus-
tries through increased use of renewable energy and smart energy management.
Adopting such modelling principles to deliver a simulation analysis framework util-
ising energy modelling software tools to increase energy efficiency for a realistic

industrial fish port in Milford Haven, South Wales.
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4.3.1.1 Energy simulation container of Milford Haven port

This section will present the simulation and modelling of energy use in fish process-
ing industries using DesignBuilder [76], EnergyPlus [77] and BCVTB [78] to model
a smart energy cluster and to propose optimised schedules for the site operation.
The study aim to investigate the integration of local PV solar energy in a local energy
cluster using a multi-building energy coordination model developed in EnergyPlus.
This section demonstrates the benefits of smart cluster energy systems by leverag-
ing demand and supply mechanisms with adequate optimisation strategies. Also,
it aims to optimise energy using appliance scheduling techniques for the Packaway
building and assess the impact within the overall energy cluster. The first step of
the simulation phase is to develop an electrical energy consumption model for fish
ports using DesignBuilder, a commercial 3D modeller and energy simulation soft-
ware platform. The energy model includes geometrical information of the building
enriched with occupancy information, material and envelope properties, overall in-
trinsic attributes (including thermal properties) of the building, and schedules for
heating and cooling devices. The simulation model is generated based on a use-
case scenario that minimises electrical energy consumption in the fish processing
clusters, while maintaining acceptable CO, emissions. Initially, the thermal model
is generated using DesignBuilder, which is then exported into EnergyPlus (an open-
source and cross-platform energy simulation environment). The next section will

present the simulation model for fish processing industries in MHPA.

4.3.1.1.1 Packaway building

The Packaway building contains a flake ice machine, ice store freezer, box wash-
ing machine, lighting systems, smart meter and PV solar system. Before fishing, the
fishers collect boxes and ice from this building, they take the amount of ice they
need for fishing and fill each box with about 50 percent ice and 50 percent fish.
Once they are done fishing, the fish is sold directly to fish traders who already have
their boxes. Once the fish has been sold, the tables are taken back to the Packaway
building and washed in the box washing machine. During the day, the PV panel pro-
duces power and feeds it directly to the national grid through an inverter, as shown

in Figure 4.8.
113



4.3. IMPLEMENTING THE SIMULATION MODEL

Figure 4.8: Packaway building model using DesignBuilder

However, when the fishers need to use electricity for the main appliances in
the building, the system automatically applies the power from the central grid sys-
tem. The electricity transmission company calculate how much energy Packaway
building produces and how much is consumed during a known period based using
smart meters. A smart meter is used to measure energy consumption or energy
generation from a building, and the data is then stored or transferred to the cen-
tral control server. The Packaway building has two smart meters, one for the flake
ice machine and one for the ice store. According to electrical staff on-site, the
smart meter data is logged at 30-minute intervals. However, the smart meter has
not been calibrated since being installed. The lighting system in Packaway has 23
double tube lighting fixtures, each tube 25 W. Due to the natural light available
in the building, fishers are reported not to use the lighting system very often, and
may rarely use it in the evening for short periods. There are four storage rooms in
the Packaway building, and each storage room has a double tube lighting system.
The box washing machine has a 50-kW power capacity and is only in use when the
fishers want to clean the boxes (usually towards the end of the day) and is then

only in use for a short period. There is very little historical data for the box wash-
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ing machine, particularly concerning usage time and power consumption. The ice
storage system is in constant operation to meet the fishers demand for ice. Data
from the ice storage machine is recorded every 30 minutes and has done so since
being installed. The simulation of Packaway building has been generated using
design builder software. The model includes building appliances, Milford Haven'’s
weather data, PV system, operation time and load capacity of machines. To model
the Packaway building, detailed data was required to obtain accurate results from

the drawing of the building to the hourly power consumption in the building.

4.3.1.1.2 KShed

The K Shed is an open hall, which is used mainly for storage by MHPA with an
area sectioned off for an external tenant who also uses it for storage, including a
fridge/freezer. Within the property, there is also a cold room that benefits from
solar panels. No heating is used within the premises because the office area is
not in use. This building has a PV solar capacity of 50 kW. After the fish is pro-
cessed, it is stored in the chiller storage room for up to 12 hours on average. The
chiller storage consists of a lighting system and cooling system, and the cooling
system specification was captured from the system. However, there is a lack of
data about the operation times during the day. The main hall area of the K Shed
is multi-functional and is used to store boxes, boats and tools. According to staff,
the chiller has been out of order for an extended period. The main area of K Shed
has an estimated 62 double tube lighting system. The building contains only one
smart meter, which records all of the data related to the PV system, and three in-
verters. Within the K Shed, there is a device to measure temperature and a plot
that contains data that could be used about power consumption The geometry of
the K Shed as shown in figure 4.9 is approximately 30 m in length and 15 m in width
and 6 min height. It contains chiller units, an extensive repair and storage area and

offices. It is occupied for 8 hours a day.

4.3.1.1.3 M Shed
The M Shed building is currently occupied by multiple tenants, as can be seen
in Figure 4.10. The building includes lighting systems and various appliances. The

project partners in MHPA will liaise with the building’s tenants to acquire the data
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Figure 4.9: K Shed model

needed for simulation. Unit Ais used as a boat repair workshop for non-commercial
boats, While units B and C are used as storage facilities. At the other end of the
building, the Marine Pollution Salvage Centre (MPSC) has an office and workshop
area. The following figure 4.10 shows the simulation result for the M Shed building,
generated using design builder software. The model includes building appliances,
Milford Haven weather data, PV system, operation times and appliances load ca-
pacity. To calibrate the data, further data is required on the M Shed. Although
MHPA’s project partners haver kindly offered to provide utility bills for the build-

ing, M Shed will need an energy audit if it needs to be modelled during the project.

Figure 4.10: M Shed model
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4.3.1.1.4 F Shed

F Shed is a new build that has been divided into six units: Unit 1, Unit 2 Ground
Floor, Unit 2 First Floor, Unit 3 Ground Floor, Unit 3 First Floor and Unit 4. The
ground floor units offer facilities for fish processing, and the two first floor units
are for light storage such as fish boxes. The building is currently unoccupied except
for group 4, which is occupied by a tenant. Unit 4 contains multiple appliances for
the fish food processing industry.Unit 4 is currently occupied with a tenant that
specialises in crab processing. The unit contains seven electrical appliances used
as part of the production line. Each appliance has a specific power capacity. How-
ever, the company only moved into F Shed in March 2018, which means that there
is very limited and accurate data on their total power consumption at this stage.
Nevertheless, Milford Haven has provided data on F Shed, which has made it fea-
sible to create a model as shown in figure 4.11 to understand the annual power

consumption of the building based on the operation schedule times.

Figure 4.11: F Shed model

43.1.1.5 JShed

J Shed is considered to be the most significant building on the site and is cur-
rently occupied by different tenants. It looks to be a very complex building and has
many electrical systems. The building itself is split into three occupied units: one of
the units has a retail shop with an area for fish processing and upstairs office space,
the second unit is used for fish processing and storage, the third unit is a fish hawk-
ers hall that is used by individuals for small processing and storage. The building

has been modelled using DesignBuilder, and the simulation has been developed
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for unit 1 only. This unit consists of a retail shop, an area for fish processing and

office space, as shown in the following figure 4.12.

Figure 4.12: J Shed model

4.3.1.1.6 Solar Farm

The first solar farm was built in California in 1980, with limited development
taking place until the beginning of 2004. From 2004, developed countries began
to show more interest in solar farms, which encouraged the development and de-
ployment of solar farms around the world. Solar farms, also known as solar parks
or a solar field, are large scale systems of solar photovoltaic panels that generate
clean electricity, which usually feeds into the grid. Solar farms typically cover ar-
eas between 1to 200 acres and are most commonly developed in rural, agricultural
areas. According to Burke, the average life expectancy of solar farms range from
20 to 25 years. The power production from solar farms along with its zero CO,
emissions and minimal noise production make solar farms an increasingly popular
choice. The main environmental disadvantage to solar farms is the need for acres
of rural space. Jones has identified that solar farms generating 5-megawatt peak
(MWp) have the capacity to supply electricity to approximately 1200 houses, sav-
ing up to 500 grams per kilowatt-hour (g/kWh) or 2150 tonnes of CO. A 5MW solar
farm requires 15 hectares of land, with roughly one-third of the total area being
covered by 22,000 solar panels. The output can be utilised on-site but is usually
fed into the national grid.

A report from the department of energy and climate change states that the

deployment of solar farms has increased from 2011 to 2015, and there are now
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23 solar farms in Wales with a capacity of 198.6 MW [388]. According to Govern-
ment [388] report, the increase in solar farms has been driven by concerns that the
electrical grid has limited capacity for renewable energy. Consequently, there has
been a recent race to guarantee grid connection. MHPA generates a lot of its own
energy, all of the port authority buildings roofs have been installed with PV systems
with various capacities. The port also has a five-megawatt PV capacity after more
than 1997 panels were installed on the premises. As shown in Figure 4.13, there
are five cabins on site which are responsible for inverting DC to AC (32000 kV) and
to link it directly to the national grid, as shown in Figure 4.13. Milford Haven’s solar

farm is directly linked with a website that provides instantaneous readings of the

solar farm’s power production.

Figure 4.13: Solar Farm

4.3.2 Co-Simulation of energy systems at fish processing industries

in MHPA
4.3.2.1 Overview

The previous section highlighted the energy simulation for several fish industries
and a local power generation system, which is a solar farm. The energy simulation

process is individual, which describes the details of energy use during a period of
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time for each building. In this case, there are five fish industries and a local power
generation unit. The current status in the port is that power production from the
solar farm feeds directly to the national grid and the power demand of industries
is then met from the national grid. However, some industries have installed PV
systems in the roof. This can meet power demand when the sun is shining but
power is required from the grid at night.

The first step to optimise energy systems in the fishery industries is to find the
optimum management of the energy in the port by investigating power supply and
demand as the first stage in the overall optimisation process in the port. To in-
vestigate utilisation of local power generation from solar farm and meet power
demand of fish activities, it must integrate total power demand with total power
supply via the co-simulation platform. The role of co-simulation platform is to in-
tegrate various simulation tools by exchanging data between the programs at each
time step. The co-simulation will help to measure the performance of integrated
power supply and demand between the fishery industries and the local solar farm
in one year. It will also help to estimate the surplus power from the solar farm or
power demand from the fishery industries. For this study, The BCVBT integration
platform use to allow users to run a couple of different simulation programs for
co-simulation, and couple simulation programs with actual hardware. For exam-
ple, the BCVTB allows us to simulate a building in EnergyPlus, and the HVAC and
control system in Modelica, while exchanging data between the software as they

simulate. The BCVTB is based on the Ptolemy Il software environment.

4.3.2.2 Coupling between EnergyPlus and BCVTB

The actor in BCVTB connects to the external interface in the EnergyPlus. The in-
put/output signals in external interface are exchanged between BCVTB and Ener-
gyPlus. Then the energy plus map to EnergyPlus objects. The external interface are
design to take three types of inputs from the BCVTB which is Schedule, Actuator
and Variable [389]. The Energy Management System (EMS) is a supervisory control
capability that can read data from different sensors and then use that data to direct
different types of control actions. The EMS:actuator is used to overwrite different

parameters as an input. However, the Output:Variable from any EnergyPlus or EMS
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can send to the BCVTB at each time step [390]. The External interface:variable is
a global variable that can be used within the EMS:Program or as EMS:Global Vari-
able and EMS:Sensor. The External interface:variable must have an initial value is

required to run the systems.

4.3.2.3 The interface between the solar farm and the fishery industries

The main objective of integrating the cluster of buildings with the solar farm through
simulation is to investigate the capability of the solar farm to meet the total power
demand of the entire site of buildings with their associated operations. It also aims
to find the optimum management of the energy system in the port by investigating
power supply and demand as a first step in the overall optimisation process in the
port. Co-simulation software has been used, such as BCVTB software, to connect
different types of simulation engines to facilitate the exchange of data between
various simulations. The solar farm has been modelled using Simulink and Energy-
Plus, which are linked together with BCVTB. Figure 4.14 presents the BCVTB models
and the main components for the integration. It highlights the conceptual integra-
tion between power demand and supply within the energy cluster. To analyse the
power supply and demand, two different simulation engines were used which: (i)
the first to evaluate total power demand in the fish industry and (ii) the second to
simulate solar farm energy generation.

Three main items are required to interface with EnergyPlus using an external

interface:
(i) An object to instruct EnergyPlus to activate the external interface.
(ii) Energy plus objects then write data from the external interface to the EMS.

(iii) A configuration file for exchanging data is then produced.

(A) Creating EnergyPlus idf file To write data from the external interface to En-
ergyPlus, an EMS variable is used via an EnergyPlus object of the following

data:

(B) Using xml syntax to configure the file To map the data between EnergyPlus

and an external interface, it must defined as an XML file called variable.cfg.
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Energy Consumption Co-simulation Platform Energy Generation

e BCVTBE .
Eplus_Total_demand I
(J.K.F.M.P)buildings xml xml xml| Eplus_solarfarm. xml
—
\\ Y
Eplus_Total_demand [ ] ) EnergyPlus
rmez' 'q Eplus_solarfarm.idf
cfg Solar_farm cfg

EnergyPlus
(Solar Farm)

(J,K,F,M,P)buildings.idf (Cluster of buildings)

™
Building_demand.cfg | cfg

| M—

r

Result of Co-simulation between
power demand and power supply

= -
e _7/11’

Schedule based
optimization

Figure 4.14: The conceptual integration between power demand and supply within

the energy cluster

This file needs to be located in the same directory as the EnergyPlus idf file.

The code of the xml syntax for this simulation follows:

"LoadModelV1 - Notepad

File Edit Format View Help
FacilityElec, I- Name
BuildingElec, I- EMS Variable Name
Summed , !« Type of Data in Variable
ZoneTimestep, !- Update Frequency
- EMS Program or Subroutine Name
!- Units

=== ALL OBJECTS IN CLASS: EXTERNALINTERFACE ====

Externallnterface,
PtolemyServer; !- Name of External Interface

ALL OBJECTS IN CLASS: EXTERNALINTERFACE:VARIABLE
Externallnterface:Variable,

Input, I- Name
1; !- Initial Value

Ln 43478, Col 4 100%  Windows (CRLF) ANSI

The next step is to activate the external interface and declare the variable name
as Input, which can be used in the energy management run-time language to ac-

tuate the control between power supply and demand in port, as follows:

4.3.2.4 Configuring the BCVTB platform components

The following figure 4.15 presents the BCVTB models and the main components for

the integrations. This model highlights the conceptual integration between power
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"LoadModeiV] - Notepad

File Edt Format
I -

|

EnergyManagementSystem:Sensor,

w  Help

ALL OBJECTS IN CLASS: ENERGYMANAGEMENTSYSTEM:SENSOR

Electricity, 1= Name
R |- Output:Variable or Output:Meter Index Key Name
Electricity:Facility; |- Output:Variable or Output:Meter Name

ALL OBJECTS IN CLASS: ENERGYMANAGEMENTSYSTEM:PROGRAMCALLINGMANAGER =

EnergyManagementSystem:ProgramCallingManager,

MyProg, 1- Neme
AfterPredictorBeforeHVACManagers, !- EnergyPlus Model Calling Point
Program; !- Program Name 1

ALL OBJECTS IN CLASS: ENERGYMANAGEMENTSYSTEM:PROGRAM ==

EnergyManagementSystem:Program,
Program, |- Name

SET BuildingElec = Electricity ; !- A4

I- =====z======  ALL OBJECTS IN CLASS: ENERGYMANAGEMENTSYSTEM:GLOBALVARIABLE

EnergyManagementSystem:Globalvariable,
BuildingElec; I- Erl Variable 1 Name

ALL OBJECTS IN CLASS: ENERGYMANAGEMENTSYSTEM:OUTPUTVARIABLE =

EnergyManagementSystem: OutputVariable,

FacilityElec, 1= Name

BuildingElec, I- EMS Variable Name

Summed, |- Type of Data in Variable
ZoneTimestep, |- Update Frequency

, |- EMS Program or Subroutine Name
Joules; I- Units

Ln 43404 Col1 1no%

Windows (CRLF)

ANSI

demand and supply within the energy cluster. To analyze the power supply and

demand, i have used two different simulation engines: (i) the first evaluates total

power demand in the fishery industry and (ii) the second simulates the solar farm'’s

energy generation.

SDF Director2 ® timeStep: 10"60
@ beginTime: 0
@ endTime: 365*24*3600

Result
===~
d I
1
Power Supply : Display !
PowerDemand ~  cons6 @200 s, T T oo =——- " 1 :
I’ """""" \ > 1y MultiplyDivide2 1 -
m : 1
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1 1
1 vigger 1
\ 1
R T N 1
1
N

Figure 4.15: Integrating power supply and demand in BCVTB
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4.4 Initial insights

This section will present the results of the simulation for Milford Haven port. The
first section will highlight the simulation result of fishery industries in Milford Haven,
and it will discuss the result and compare it with actual data. The next section with
demonstrate the simulation result of two different operation sites in fish process-
ing industries and it will discuss the result in detail. The last section will present the

simulation result of integrating fishery industries with a solar farm using BCVTB.

4.4.1 Simulation results

The main objective of this study is to model and analyze energy use in the Milford
Haven port in a smart energy cluster model, and to understand energy demand
and supply with their associated constraints. An inventory of the consumption and
production units is performed, also considering the carbon emission and potential
of making the port a self-operation energy business.

DesignBuilder software produced different variables of the building energy mod-
elling, such as temperature, fuel consumption, and heat balance system loads ven-
tilation. In the Packaway building, the focus was on annual power consumption
and annual power generation. DesignBuilder plotted a chart for the energy con-
sumption for specific appliance, such as the lighting system, cooling, heating and
other appliances. After analysing the simulation result, the next step is to calibrate
the data with actual data from the site. The calibration process compares the daily
power consumption from the port utility bills with the data from the simulation
result. During the calibration process, many challenges were encountered. One
such problem was that not all utility bills from Packaway building were accurate
and were estimated from the power provider. The data that was received from
the MHPA partner has been analysed and compared with the model result.

The power generation source identified by the solar farm has been modelled
using EnergyPlus, which enables simulation of the power generation during a year.
This gives insights into how solar power generation can meet local power demand.

Several parameters are required to model the solar farm, such as PV modules

properties, number of modules, inverters, the location of the farm, weather data
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and the total number of panels. Based on the modelling and simulation, figure
4.16 presents the energy consumption of the individual buildings. It is observed

that the energy demand of the port is constant throughout the year.

Energy consumption of Multi-cluster buildings

-B-J Shed

10° -0-M Shed
Packaway

9r =#=F Shed

P-K Shed

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time Period (Monthly)

Figure 4.16: Total power consumption of the buildings in the Milford Haven port

The table 4.1 that follows illustrates the total comparison between actual and
simulated data for the entire energy system in the Packaway building. The dif-
ference between the real and simulation results are minimal, which is due to the
detailed data provided by the port authority during the first stages of the method-

ology, including the surveys and questionnaires.

4.4.2 Integrating buildings with the solar farm using BCVTB

The main objective of integrating the cluster of buildings with the solar farm through
simulation is to investigate the capability of the solar farm to meet the total power
demand of the entire site of buildings, together with their associated operations.
Also, to find the optimum management of the energy system in the port by investi-
gating power supply and demand as a first step in the overall optimisation process
in the port. Co-simulation software has been used, such as BCVTB software to
connect different types of simulation engines for facilitating the exchange of data

between various simulations. The solar farm has been modelled using Simulink
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Table 4.1: The comparison between the actual and simulation result of Packaway

Total power consumption Total power consumption

Month
(kWh) Actual (kWh) Simulation

January 1240.7 1100.132
February 1225.4 1000.12
March 1564.3 2300.276
April 2196.5 2000.24
May 1929.8 2300.276
June 2844.7 3162.8795
July 3132 3019.11225
August 3810 3737.9485
September 2948.7 3150.378
October 1854.7 2200.264
November 1530.9 1100.132
December 1741.4 1050.126
Total 26019.1 26121.88425

and EnergyPlus linked together with BCVTB. The following figure 4.17 presents the
BCVTB models and the main components for the integrations.

The optimisation process is based on the simulation of the smart energy cluster
system. The optimisation is using simulated energy consumption to determine op-
timised schedules for the appliances. The optimised schedules represent the time
intervals based on which appliances can operate in direct relation with the energy
production of the PV system. The optimisation stage is directly integrated with the
simulation framework developed with DesignBuilder, EnergyPlus and BCVTB. The
simulation-based optimisation will inform of the optimal use of appliances in the

different time intervals based on specific simulation parameters and values.

4.4.3 Result of optimising schedules in Packaway

The core aim of optimisation in this study is to schedule the appliances to holisti-
cally approach the energy consumption and production in the port. However, to

understand the impact of energy consumption, first it apply analysis on the Pack-
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Figure 4.17: Simulation based optimisation BCVTB

away building and propose an energy-based scheduling method for smarter energy
management. The results presented below are obtained based on the simulation-
based optimisation process and they show the optimised time of operation of ap-
pliances by considering different parameters that impact the total power consump-
tion and operation time of each appliance. The following figure 4.18 represents the
result of the combination of the electric energy of the five buildings with the en-
ergy produced from the solar farm. It is clear through the form that the energy
produced from the solar farm is intensive and meets the energy need in the five
buildings, and is even enough for a large number of houses, which will be discussed

extensively in Chapter Five.

These optimised schedules can orchestrate energy management at the port

level and they provide a more efficient use of resources within the port.

The following table 4.2 presents the optimised time of operation per appliance
as resulted from the optimisation. It presents the total amount of energy that must
be consumed, and the total amount of energy needed, either from the local power

generation or from the grid.
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10°  Simulation of Multi-model building with Solar Farm at port of Milford Haven
10 T T T T T T
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Figure 4.18: Result of integrating buildings with the solar farm in BCVTB

Table 4.2: Impact of energy consumption per appliance

Appliance Total power consumption per day (kWh)

Period 24hr  12hr  8hr 4 hr
Cold room 720 360 240 120
Flake ice 720 360 240 120
Box washing 120 60 40 20
Lighting 66.15 33.075 22.05 11.025

Dec

The following table 4.3 shows the trends of energy consumption per appliance

at four intervals in the Packaway building, as identified in the simulation.
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Table 4.3: The appliance usage list in the Packaway building

Appliance Total power consumption per day (kWh)

Minimum running time Interruption of Required usage Required
Period Power rating

(minutes) appliance frequency start time
Cold room 30 kW 30 NP* 120 0:00-23:45
Flake ice 30 kW 60 p* 120 6:00-16:00
Box washing 50 kW 180 P 20 6:00-16:00
Lighting 25 W/ per tube 60 P 11.025 0:00-23:45

* NP: Not Possible, P: Possible

vy
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The following table 4.5 presents the input constraints of the appliances that must be considered for the energy optimisation process and
integration with renewable energy sources. It considers power capacity, the minimum running time of each appliance, the ability to interrupt

appliance and the required start time.
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Table 4.4: Optimized appliances schedules for the Packaway Building

Appliance Total power consumption Operational interval
Cold room 240 kWh 8 hr/day
Flake ice 120 kWh 4 hr/day
Box washing 5 kWh 1 hr/day
Lighting 5 kWh 2 hr/day

4.5 Discussion and Conclusion

To develop a simulation model for the energy system in ports, it was important to
take an initial step to visit the port and know the nature of the work related to
port activities. This step is called a site visit in the energy auditing methodology.
The purpose of the visit was to collect data about energy systems, as well as to
collect the geographical location, weather data, building drawings, electric appli-
ances, and operating systems at the port. In addition, the energy managers in the
port, were met and interviewed, and they discussed the nature of the energy sys-
tems and the challenges that they face. During the visit, a questionnaire for port
workers that assessed the nature of their work has been conducted, their use of
energy systems and the challenges they face during their work in terms of energy
systems. This provided the port’s energy manager with a list of data required to
simulate the port’s energy systems, including important details on the equipment,
working hours, working nature, peak times, and so on.

One of the challenges that was faced during the visit and during communication
with the port energy manager was the difficulty of obtaining data on energy sys-
tems in the five buildings targeted for development because they were rented by
companies for various offshore activities and some of them did not have sufficient
cooperation to obtain the required information. Unfortunately, not enough infor-
mation was gathered for the J Shed and M Shed building, whose tenants refused
to cooperate with us and provide us with the statement that is needed to do the
modeling work. There was, however, cooperation from some of the tenants of the

buildings, such as K Shed and the Packaway building. These tenants provided us
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with the data that is required to produce the energy models, which helped to reach
the realistic of the actual consumption that existed. After collecting and analysing
the data, the DesignBuilder program was used to make the simulation model in the
five buildings. DesignBuilder is one of the most important and popular simulation
software programs for energy systems globally. The introduction of data necessary
for modeling work such as maps, equipment, the nature of the building, the metal
used in the building, the capacity of the devices, the nature of the activity used
and the timing of the riots during the week days was easy. In addition, locating the
building geographically for the sun helped us to calculate the amount of light inside
the building from all sides.DesignBuilder relies on the EnergyPlus simulation engine
to calculate and analyze the energy use, as well as show the results regarding the
nature of the energy consumption in the building during the year. One of the most
difficult problems that was encountered during the use of DesignBuilder during the
modeling work was the expiry of the program’s subscription period, which needed
a large fee to activate the program continuously and permanently. This delayed
the work for a period of time before the necessary approvals could be obtained

from the university to activate the program.

Another of the challenges that was faced during modelling was the lack of
weather and climate data for the port city. Consequently, the port administra-
tion was contacted to see if they could provide the city’s weather data. An epw.
weather file was then created through the SQL program, which took more than 8
weeks. Another problem arose during the work of the model because of the lim-
ited capacity of the device that was used, which was a Windows 7 PC, Intel (R) Core
(TM) i76700K CPU @ 4 GHz with 16 GB RAM. This device took a very long time to
do the modeling. Consequently, long evenings were spent working on the model

and to show the results in a way that mimics the nature of consumptionin the port.

After the simulations of the five buildings were made, the results of the simula-
tion of energy systems in some buildings were compared with actual consumption
readings obtained through electricity bills. The result of the convergence between
the results of the simulation and actual readings was very close. The approach in
the building of Packaway building almost reached more than 98 percent because

the main devices operating in the building were reproduced. The following table
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4.5 shows the results of the comparison.

Table 4.5: Comparison between model and actual data for the Packaway building

Appliance Comparison Power accuracy %

Main Building Actual 43528.1 92.82

Simulation 46894.35

Flake ice Actual 17509 98.36

Simulation 17800

Cold room Actual 26019.1 99.9

Simulation 26109.13

The aim of the energy modelling for the five buildings in this seaport was to
understand the nature of energy consumption, which will contribute significantly
to identifying opportunities to reduce electricity consumption and also save costs.
Simulation models will also contribute significantly to determining the high energy
consumption of buildings and will help to make direct recommendations to the
port administration to deal with this problem by reducing electricity waste and
increasing energy efficiency.Although, simulation models of those buildings whose
tenants refused to provide data were developed, it was impossible to match the
simulated results with the actual consumption results due to the lack of data.

After developing the simulation models of the energy systems for the five build-
ings in the port, a simulation model was made for the solar farm to calculate the
amount of electricity generated per hour during the day. The goal is to find the ex-
tent to which the demand of the five buildings of the solar farm can be met within
one hour because the solar energy generated was sold in full and directly to the
national grid, and nothing was used in the port.The BCVTB platform has been used
to carry out this experiment, which aims to connect simulation models of the five
buildings in the port and the solar farm model to see if the energy demand of the
five buildings can be met per hour from the solar farm. This platform aims to cre-
ate a link between different programs, and measure the impact of energy use and
generation during one year. It can also be linked to improvement systems that aim
to optimise the efficiency of systems, as well as reduce emissions or any other vari-

ables. One of the challenges that was found during the process of linking programs
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in the platform was the way in which input orders and also output orders are exe-
cuted within the platform, which requires commands to be written in the Xml file
and simulation files to be added to either the five buildings or the solar farm. This
process was largely complex, and the platform required high skill and accuracy in
the data entered from the building files for comparison with data from the solar

farm.

Due to increased energy consumption in the fish processing industries, it has
become necessary to find a smarter way to manage energy and to reduce energy
consumption. Renewable energy sources and optimised energy strategies for in-
dustry play a vital role in the overall energy management landscape. Applying
smart energy management tools can prove to be an efficient and feasible method
from an economic perspective, but such solutions can also have an associated mod-

elling complexity.

This chapter focuses on answering the research question of how can a reliable
simulation capability be developed that provides real-time accounts of energy de-
mand and use for fishery buildings? And during the modelling and simulation of en-
ergy systems in fishery buildings; some challenges was faced during this stage such
as the difficulty of obtaining an accurate data for some fishery buildings were dealt
with and took more time to complete the process of developing all the simulaion
models of buildings.However, one of the exceptional results in the Energy modeling
and simulation phase can be said to be the ability to understand the nature of en-
ergy consumption in fishery buildings, which greatly helps to formulate a strategy
to improve consumption and use available and clean energy at a lower cost.What
distinguishes the results of modeling and simulation of some fishey buildings is that
the accuracy of the results was verified by comparing them with real energy con-
sumption, in which the convergence rate was higher than 90 percent.In addition
to that, Through the simulation stage, the capability of a solar farm owned by the
port authority, which sells the entire energy produced to the national grid with-
out benefiting from it locally was investigated to meet the energy need of fishery
buildings within a year through interconnected the five buildings with solar farmin
Co-simulation platform. The process of connecting five building models with the

solar farm model is very complex and requires effort and time, and the results have
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been encouraging and have given a deep analysis of how long consumption can be
met through the solar farm within a year.

It can be said that the use of the modeling and simulation process to analyze
and understand the nature of energy consumption as well as the extent of renew-
able energy capacity available locally to meet the energy demand will contribute
significantly to drawing a future strategy at the level of the target port in this study
to benefit from renewable energy as well as understanding the nature of consump-
tion comprehensively and accurately within a year or more.The originality of this
study is in the quality of simulation programs used for analysis and investigation,
which is considered one of the first studies that contributed to the understanding

and analysis of energy systems in fishing buildings.
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CHAPTERS

Developing a micro-grid for a Fishery Port

at multi-level

This chapter will highlight the implementation of a micro-grid for the fish process-
ing industries. Fish processing industries use of energy-intensive equipment, such
as refrigerators, air conditioners and ice making machines, which leads to high en-
ergy costs and, indirectly, to an increase of the carbon emissions. Given that most
fish industries sites are old, there is an urgent requirement to make them more
sustainable and achieve economic competitiveness in the energy market. Micro-
grids have been utilised as efficient solutions in energy-intensive industries to bal-
ance energy consumption and production at different scales. Micro-grids can also
reduce carbon emissions by using renewable energy resources and applying en-
ergy management techniques. In this chapter, a micro-grid system for the fish pro-
cessing industries has been proposed at multi-level with a validation use-case at
Milford Haven Port in South Wales, UK. The system has been modelled using Ener-
gyPlus and MATLAB with an infinite grid, renewable energy resource, battery and
charge/discharge controllers to optimise energy consumption and production, and

reduce carbon emissions

5.1 Introduction

This chapter will conduct an energy analysis and modelling for a fishery port by ex-
ploring energy transition from a building level to an energy community level. Mod-
elling principles to deliver a simulation analysis framework were adopted utilising
energy modelling software tools to increase energy efficiency for the industrial fish

port in Milford Haven, South Wales. This is achieved by investigating the energy us-
135



5.2. METHODOLOGICAL APPROACH TO MODELLING AND SIMULATING A
MICRO-GRID IN A FISHERY PORT

age for fish processing and maximising the use of renewable energy sources in en-
ergy clusters. The modelling informs how to minimise carbon emissions and store
the power surplus in energy storage systems. Next, a smart-energy community
model has been developed using multiple software applications, which allows the
simulation of energy usage at the local site and integration of different consumer
agents. In addition, a mathematical model for the integration of five industries with
a local domestic community of 200 houses was developed. This scenario investi-
gates the capability of the local solar farm to meet the power demand of the local
energy community. It aims to find the optimum balance between the battery stor-
age system and the number of PVs that are required to meet the community power
demand, followed by a stand-alone, off-grid system.At a wider scale, the review of
the literature has found that there is a lack of research that delivers a “demand-
response’” capability within a fishery port, while optimising the use of battery stor-
age, and at the same time promoting the formation of sustainable energy commu-
nities. The novelty of this study is that it delivers a co-simulation environment that
leverages calibrated energy simulation models to deliver an optimisation capability
that (a) manages electrical storage within a district environment, and (b) promotes
the formation of energy communities in a fishery port ecosystem.A methodology
to address these objectives has been developed, which ensures that rigour and sig-
nificance criteria are met. By rigour, it ensured that the methodology is scalable,
in that the techniques and methods used are independent in the context of the re-
search as provided by the selected fishery port. Conversely, the significance criteria
are met by ensuring that the proposed methodology generates an impact within
the selected demonstration environment through substantial energy and carbon
reductions, as well as energy autonomy through the concept of energy communi-

ties that rely on renewables.

5.2 Methodological approach to modelling and simulat-
ing a micro-grid in a fishery port

After develop a simulation model of the building, the next step is to investigate

the capability of modelling and simulation of energy use at a fishery port to inform
136



5.2. METHODOLOGICAL APPROACH TO MODELLING AND SIMULATING A
MICRO-GRID IN A FISHERY PORT

the energy use and reduce carbon emission to nearly zero. Consequently, a micro-
grid for the fishery industry was developed using the MATLAB/SIMULINK platform.
The micro-grid consists of load pattern, grid model, energy storage system, renew-
able energy generation and control strategy. The result of the integrated com-
ponents will identify several parameters, such as amount of battery systems, the
behaviour of energy consumption and energy generation, and the power use from
the national grid. Simulink is a block diagram environment for multidomain simu-
lation and model-based design. It supports system-level design, simulation, auto-
matic code generation, and continuous test and verification of embedded systems.
Simulink provides a graphical editor, customisable block libraries, and solvers for
modeling and simulating dynamic systems. It is integrated with MATLAB, which
enables MATLAB algorithms to be incorporated into models and export simulation
results to be sent to MATLAB for further analysis. A multi-stage approach with a
five stage methodology (i.e., building simulation stage, energy generation simula-
tion, energy storage simulation, grid model and integration of agents) has been

adopted in MATLAB/SIMULINK as shown in Figure 5.1.
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Figure 5.1: Grid component for the fishery industry
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5.3. MODELING AND IMPLEMENTING A MICRO-GRID IN THE SELECTED CASE
STUDY (BUILDING LEVEL)

This study uses a multi-stage approach with five stages in the proposed method-
ology, namely: building simulation stage, energy generation simulation, energy
storage simulation, grid model and integration of agents in MATLAB/SIMULINK.

Step 1: The first step of the methodology is to develop a model of electrical en-
ergy consumption for fishery ports using a software known as DesignBuilder. The
thermal energy model includes geometrical information of the building enriched
with occupancy information, material and envelope properties, overall intrinsic
(including thermal properties) of the building, scheduled for heating and cooling
devices. The simulation model was generated based on a use-case scenario that
involves minimising electrical energy consumption in the Packaway building while
maintaining acceptable CO, emissions.

Step 2: The next step is to simulate the system based on the different combi-
nations of control variables. Initially, the thermal model will be generated using
DesignBuilder and exported to EnergyPlus (an open-source and cross-platform en-
ergy simulation environment). The Packaway building is the main building and it
contains several appliances consuming energy: a flake ice machine, an ice store
freezer, box washing machine, lighting systems and a smart meter. There are also
four storage rooms in the Packaway building, and each storage room has a dou-
ble tube lighting system. The box washing machine has a power capacity of 50
kW, and it only works when the fisheries clean boxes during the day. Ice storage
is under operation constantly to meet the demand for fish storage according to
the quantity required. The figure 5.2 below shows the input-output variables for
smart grid model using MATLAB/SIMULINK. It contains control strategy algorithms
of the charge/discharge controller, and is based upon a set of rules to distribute

and manage the power system between the four agents.

5.3 Modeling and implementing a micro-grid in the se-

lected case study (Building level)

Micro-grid systems provide the opportunity for the fish-processing industry to be-
come more sustainable. Introducing smart energy systems to the fish-processing

industry will help to reduce the operation costs by reducing energy losses and ef-
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Figure 5.2: Input Output variables for a smart-grid model using Simulink

ficiently use locally generated power. Howell et al. [152] suggests that applying
smart-grid technologies can be beneficial to an industry as a commitment to re-
duce carbon emissions and can portray this industry in a positive light with the
public and within the industrial sector. For the Milford Haven site, an integration
between load model, PV model, battery and grid was proposed to achieve a bet-
ter understanding of the overall operation of the system. The signals generated
during simulation are used to assess the load, power generation, grid and the bat-
tery’s state of charge. presents the main components of the integration model for
the Packaway building battery storage system. The building has a rooftop PV sys-
tem with a capacity of 50 kW, including a DC-DC converter and a DC-AC inverter.
For the proposed smart grid model, the power generation relates to the main appli-
ances in the building and energy excess is configured to charge the battery system.
The system has different priority levels, whereby the energy produced is utilised for
operating the appliances. When there is no demand from the building, the battery
system is charged at a second priority level. When there is no demand and the bat-
tery is charged, the excess will be sent to the national grid. When there is no power
generation from the PV system, the battery system connects with Packaway build-
ing to meet the power demand. Similarly, if the battery system discharges when
there is power demand from the Packaway building, then the model will allow for
the provision of power from the national grid. The system has been tested with

different battery capacities as a means to identify the required number of battery
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systems that are required for the local power demand of the Packaway building for
12 months. The following sections will discuss with more details the main compo-

nents of micro-grid for the fish processing industries.

5.3.1 Load profile (building Level)

The first main component for the micro-grid is the Packaway building and to de-
velop a model of electrical energy consumption for fishery ports using a software
known as DesignBuilder (a commercial 3D modeller and energy simulation soft-
ware platform). The thermal energy model includes geometrical information of
the building enriched with occupancy information, material and envelope prop-
erties, overall intrinsic (including thermal properties) of the building, scheduled
for heating and cooling devices. The simulation model was generated based on a
use-case scenario which involves minimising electrical energy consumption in the
Packaway building while maintaining acceptable CO, emissions as shown in figure

5.3.

Figure 5.3: 3D-model of Packaway building in Milford Haven

A description of the scenario is given in Table 5.1. The Packaway building has
installed a PV system on the roof of the building with 50 kW panels that feed the
building at daytime. They have a total power output of 275 W per panel with two
DC-AC inverters. The building has been modelled using DesignBuilder simulation
software. The model uses weather data, appliances, PV system, operation time and

load of appliances with capacity units. The Packaway building is the most power
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consuming building of the site, with an annual power consumption of about 60000
kWh. Modelling and simulating the Packaway building will help to understand the
total power consumption and generation, and to determine the periods of the year
that have the highest consumption. In addition, this energy modelling will help to
identify the areas of energy optimisation and will provide a more informed calcu-

lation of the total amount of carbon emissions.

Table 5.1: List of the main appliances in Packaway building
Appliances Quantity Power (kW) Use (hr/day)

Cold Storage 1 30 24
Washing machine 1 50 5 minutes
Lighting 24 11W/perlamb 5
Flake Ice 1 0 4
Plug-in 5 5 1

For the SIMULINK Platform, a three-phase dynamic load model was created
to receive power from a grid connection and to meet power demand. A three-
phase dynamic load implemented as a Simulink block that acts as a dynamic load
for active power P and reactive power Q, in the form of a function with positive-
sequence voltage, was considered [391]. Because the load does not simulate the
negative and zero-sequence currents, the load currents remains balanced with no
dependency of the voltages. The active and reactive load values can be specified as
a time series, which provides an optimal environment for simulating realistic load
data. In the model, the block has a constant impedance that is triggered when
the applied voltage is lower than a specified value Vmin. The load pattern changes
when the voltage is higher than Vmin, while the active and reactive power of load

varies based on the following equations:

5.3.2 PV power supply

EnergyPlus software was used to generate hourly power production for one year
considering a 50-kW solar plant and associated inverters. EnergyPlus also uses the
weather data of the fish industry site based on the latitude, longitude of the loca-

tion. The EnergyPlus engine gives an output of solar energy on an annual basis and
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Where

-Vo is the initial positive sequence voltage.

-Po and Qo are the initial active and reactive powers at the initial voltage Vo.

-V is the positive-sequence voltage.

-np and ng are exponents (usually between 1 and 3) controlling the nature of the load.
-Tp1 and Ty, are time constants controlling the dynamics of the active power P.

-Tq1 and T2 are time constants controlling the dynamics of the reactive power Q.

-For a constant current load, for example, set n, to 1 and nq to 1, and for constant

impedance load set n, to 2 and nq to 2.

shows the hourly power generation and solar radiation. The purpose of the grid
is to supply any power demand to the property/building and take any surplus or
positive power. The solar PV model has a capacity of 50 kW and the power output
from PV is modelled as DC. However, this needs to be converted to AC, which can
be used to run different equipment in the buildings. A DC-DC converter produces
a regulated output three-phase voltages at 50Hz and is used to feed generated

power to grid at standard three-phase voltages.

The schematic figure that follows 5.4 presents the solar PV model that has been
developed in SIMULINK. An instantaneous active and reactive power is used for
this model. When the power generation data receives signals from the PV sys-
tem, then it need to be converted from DC to AC. To convert to AC, control current
sources (CCS) should be used tp convert DC input signal to an equivalent current
source. The output of CCS will be measured to identify current (Amp) and volt-
age (V). and then calculate the real and reactive power instantaneously based on
equation. When calculating the power, the model may use instantaneous power,
which refers to instantaneous current and voltage. This transformed from three
phase to a0 coordinates by using Clarke transformation. The transformation pro-
duces a stationary reference frame, where coordinates a and  are orthogonal and

the coordinate 0 corresponds to the zero-sequence component [392].
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Figure 5.4: PV generation model in SIMULINK platform

5.3.3 Grid connection

The purpose of the grid is to balance the system and take care of spikes in the
system. The grid supplies any excessive power demand to the property/building
and absorbs the surplus of power. An infinite grid is used because of its flexibility
when feeding power demand and generation to the system. For the Packaway
building, the grid is connected with the PV system, load model and battery system
with a frequency of 50 Hz, which is based on the European standard. Because grids
are used for their flexibility of feeding power, the proposed grid was modelled at
a frequency of 50 Hz, based on the European standard using MATLAB/SIMULINK

[393] as shown in figure 5.5.

5.3.4 Energy storage (battery system)

The concept of “energy storage” depends on how much and how long a quantity
of energy can be stored in relation to chemical, mechanical, thermal or electro-
magnetic techniques. Energy storage applications have developed with the radical
transitions that have occurred within the energy systems of many nations. There

are several reasons for these changes, such as climate change and mitigation poli-
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Figure 5.5: Infinity grid model in SIMULINK platform

cies, which have led to the extensive use of renewables, particularly in Europe. At
the shortest time scales, the most advanced form of electricity storage is when the
quality of power supply is maintained within strict frequency standards.
Electrochemical batteries are the most efficient solutions from the available
options. They store and emit energy via electrochemical reactions, which are ex-
tremely stable through a variety of operating conditions. These batteries can oper-
ate on short periods of time and have greater energy storage efficiency. New bat-
tery chemicals, such as Li-ion< are far more effective than previous battery chem-
icals, and are therefore widely used in electric cars. For the Packaway building, a
lithium-ion battery system has been used to cover the overall system with 12 volts
and 100 A for each battery. The battery model is controlled by an (Input-P) signal.
From the controller, the signal is generated and sent to the model in the form of
a command. The signal represents the difference between power generation from
PV and power demand from the Packaway building. The signal indicates the need
to charge or discharge the battery system. A positive signal means that the battery
system is in a charging state and a negative signal that means it is discharging. The
total amount of power is divided based on a battery voltage to find the current
input for controlling current sources. The overall output power signal is determined
by multiplying the voltage and the current. The state of battery charge signal is
generated and sent by a command to the main control block. In this model, a Li-ion
battery has been used with a nominal voltage of 12 Volt and rated capacity of 1000
Ah, and with an initial state of charge of 50 percent. Li-lon batteries are chosen
based on their electrochemical potential to provide energy density for weight as

shown in figure 5.6. Furthermore, Li-lon batteries are commonly used in portable
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electronics and their lifespan depletes with each discharge cycle.
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Figure 5.6: Battery model in the SIMULINK platform

5.3.5 Charge/discharge control algorithm

The micro-grid control strategy involves two scenarios, namely: (a) control algo-
rithm considering the main storage system, and (b) control algorithm considering
the main storage system and backup storage system.

These scenarios are elaborated in the following subsections.

5.3.5.1 Scenario (a): control algorithm considering the main storage system

The algorithm of the charge/discharge controller is based upon a set of rules to dis-
tribute and manage the power system between the four agents. The scenario has
two different models: when power consumption (PC) = power generation (PV),
then all of the power generation should feed the power consumption. Is power
generation greater than power consumption? If yes, then check the battery is full
or not. If the battery is full, then send the power generation to the national grid.
Otherwise, charge the battery system. If no, then check the state of charge of the
battery system. Is the SOC greater than 50 percent or not? If yes, then discharge
power demand from the battery system. Otherwise, meet the power demand from
the national grid. Figure 5.7 gives a flow chart that describes the charge and dis-

charge controller processes considering main storage system.
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Figure 5.7: Control charge algorithm using main storage system

5.3.5.2 Scenario (b): Control algorithm considering main storage system and backup

storage

The algorithm of the charge/discharge controller is based upon a set of rules to
distribute and manage the power system between the four agents. The scenario
has two different models: when power consumption (PC) = power generation (PV),
then all of the power generation should feed the power consumption. Is power
generation greater than power consumption? If no, then charge battery-1. If yes,
then check if the battery storage-1 is full or not. If the battery is full, then check
whether backup battery storage. If it is full, then sell the surplus power production
to the national grid. Otherwise, charge the backup battery. If no, then check the
state of charge of the battery system. Is the SOC greater than 50 and less than
207 If no, then check the state of charge of the backup battery system. Is the SOC
greater than 50. If yes, then discharge power demand from the battery system.
Otherwise, meet the power demand from the national grid. Figure 5.8 gives a flow

chart describing the charge and discharge controller processes considering main
146



5.3. MODELING AND IMPLEMENTING A MICRO-GRID IN THE SELECTED CASE
STUDY (BUILDING LEVEL)

storage system.
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Figure 5.8: Control charge algorithm using main storage system and backup storage

5.3.6 Implementation of a micro-grid in the selected case study

As presented in this section, there are five steps to develop a micro-grid for the
fish processing industry. The first step is to produce a simulation model for the
fish industry. Before producing this model, it is necessary to collect data on site.
This step is known as the walk-through auditing site, and it aims to provide data
of all power consumption appliances and time of operation. The audit can help
to understand the overall system and the design of the industrial site, with a clear
idea of the operation. One of the biggest challenges encountered during the mod-
eling process was the absence of actual reading of power consumption and gen-
eration. Moreover, the electricity consumption is usually estimated by the power
provider or utility company, which impacts the accuracy of the overall modelling.
After collecting data from the site, an EnergyPlus simulation model was developed
to provide detailed data and patterns of energy use in the fishery site. This was

followed by modelling the energy generation of the industrial site. Solar energy
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generation has been modelled with Matlab/Simulink based on the specification of
PV panels and the location of site and weather data. The power consumption and
power generation data were used for modelling a micro-grid to determine the op-
timum operation of the system for the industry operations. The system consists of
multiple agents such as solar panels with inverter, industry (load pattern), battery
system and the grid. A charge and discharge controller is required to control the
battery system and the different agents. The simulation model has also been con-
figured to identify the optimum number of batteries required to meet the power
demand of the Packaway building. These batteries have the potential to motivate
stakeholders to install power systems that will aid in reducing carbon emissions in
the fishery industries, while pursuing further research into whether fishery ports
have the capability to produce positive energy and become zero carbon advocates.
The modelling and implementation of a micro-grid for fish industries represents a
step forward and contributes to the development of energy consumption and pro-
duction projections to promote more efficient operation within the industry. In
this chapter, | report on the energy use in fish processing industries by proposing
a micro-grid for increasing the efficiency os the overall processing operation and
energy management. The simulation model of the grid has been modelled based
on four seasons. The model has been simulated based on random intervals in the
seasons to observe the behaviour of the system under different situations. In addi-
tion, it enables the investigation of the optimum battery storage capacity based on
the state of charge per day. The results of the micro-grid simulation reflect the flow
of charge and discharge with a curve of differential power generation and power

consumption for the Packaway building for each season.

5.4 Scaling up the micro-grid at a fishery port

There are five fish processing businesses in Milford Haven port. Each building
houses a fish processing business and has its own energy consumption. Each build-
ing has been modelled as a separate load using DesignBuilder as shown in figure
5.9, which calculates energy consumption using the EnergyPlus simulation engine.

The simulation result data will be used in MATLAB/SIMULINK for integration with
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different agents. Three-phase dynamic load models are connected by default to
ensure integration of each building entity with the smart-energy community model
as a part of requirements. The process will be replicated for each building, with the
objective of achieving a community of individual industries, each running different

fish processing businesses.

F Shed

K Shed Packaway

Figure 5.9: Simulation models of the buildings in the port of Milford Haven

The analyses has focused on the Milford Haven Port, with five buildings and a
solar farm, based on which the entire fish processing workflow is conducted. The
Packaway building is the main building in the port and it contains several appli-
ances consuming energy: a flake ice machine, ice store freezer, box washing ma-
chine, lighting systems, and smart meter. Also, there are four storage units in the
Packaway building, and each storage has an installed LED lighting system. A 50-kW
box-washing machine is used by the fisheries when they need to clean fish contain-
ers. The cold storage room is on for 24 hours per day to store fish or other products
before sending to the market. The Packaway has installed a solar panel system on
the roof of the building, with 50 kW capacity, which is interconnected with a local
inverter to use it directly based on weather factors. The models have been cre-
ated based on a 2-D drawing, and the internal appliances have been modelled and

calibrated based on data collected from the port.

The M Shed building is currently occupied by several tenants, and has an inter-
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nal lighting system and several appliances. Units B and C of the building are used
as storage facilities, while Unit A is used as a boat repair workshop for an incident
response provider. The F shed is a new building that is divided into six units: unit
one, unit two at ground floor, unit two at first floor, unit three is also on the ground
floor. The ground floor units are used for fish processing, while first-floor units are
used for storage such as fish containers. The building is still unoccupied, except
for unit four, which is occupied with some appliances for fish food processing at
the fishery ports. The J Shed is the largest building at the port site and is currently
occupied by several stakeholders. It is a complex building and has many electri-
cal systems. The building is split into three occupied units: unit A contains a retail
shop and an office space, fish processing appliances, and storage boxes used by
individuals as fish deposits. The K Shed is a warehouse. It contains a fridge/freezer
used by a stakeholder, with a cold room fed mainly from solar PV panels on the
roof, with a power capacity of 50 kW. There is a chiller storage room used to store
fish, although the chiller is out of service due to technical issues. The main hall has
a 62-double-tube lighting system. The chiller storage consists of a lighting system
and cooling system. The solar farm is installed with about a 5-megawatt PV power
capacity, containing about 20,000 panels. There are four main cabins in the site,
which convert DC to AC (32,000 kV) and then link the solar farm to the national
grid. For the Milford Haven site, a model of an integration between load model,
PV model, battery, and grid has been proposed to achieve a better understanding
of the overall operation of the port. The signals generated during simulation are
used to assess the load, power generation, grid, and the battery’s state of charge.
The building has a rooftop PV system with a capacity of 50 kW, including a DC-DC
converter and a DC-AC inverter. For the proposed micro-grid model, the power
generation is connected with the main appliances in the building and the energy
excess is configured to charge the battery system. The system has different priority,
levels whereby the energy produced is utilised to operate the appliances. When
there is no demand from the building, the battery system is charged at a second
priority level. When there is no demand and the battery is charged, the excess
will be sent to the national grid. When there is no power generation from the PV

system, the battery system is used to meet the power demand. Similarly, if the
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battery system discharges when there is power demand from a building, then the
model will be interconnected to the national grid to avoid disruption. The system
has been tested with several battery capacities as a means to identify the required
number of battery systems for the local power demand of the main building for 12
months. A multi-stage approach with five iterations has been adopted to develop
the proposed smart-energy community for the port, namely building simulation
stage, energy generation model, energy storage model, grid model, and integra-
tion of agents.The strategy of the charge/discharge controller is based upon a set
of rules to distribute and manage the power among the four agents. Figure 5.10
presents a flow chart describing the charge and discharge controller processes con-

sidering the main storage system. The scenario has two different operation modes:

Use for operation

ES > 98%

Infinite Grid

Charge

Energy
Storage

\ 4

Figure 5.10: Control charge strategy for industries and the local community

when industries demand (ID) = farm production (FP), then all the power genera-
tion should feed the power consumption. If FP is greater than ID, then check if the
battery is full or not. If the battery is full, then send the power generation to the
national grid. Otherwise, charge the battery system. If FP is less than ID, check the
state of charge of the battery system. Is the SOC greater than 98 percent or less
than 20 percent? If yes, then discharge ID from the battery system. Otherwise, the

power demand is met by the national grid.
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5.5 Scaling up a micro-grid to promote energy commu-

nity sharing

A smart-energy community provides an opportunity for the fishery port to become
more sustainable. Introducing smart-energy systems to the fishery port will help to
minimise the operation costs by reducing energy losses and it will make the fishery
port more efficient by using locally generated power. Howell et al. [189] suggests
that applying a smart-energy community model can be beneficial to an industry
as a reliable strategy for reducing carbon emissions, and it can portray this indus-
try in a positive light with the public and within the industrial sector. In Milford
Haven port, there is a small community of houses around the marina that serve
as living areas for the staff working in the port. Adding domestic buildings is a key
element to the overall modelling because it enables the formation of the smart-
energy community. In total, 200 houses are used with different loads as a mean to
establish the emerging fish port community. In the simulation, all of the buildings
are simulated under one load to achieve integration with other community entities.
As mentioned earlier in the discussion of the chapter modeling and simulation, it
was difficult to obtain energy consumption data of some fish industries in the port
campus, which made us strive and investigate the consumption of different appli-
ances in industries to help determine the amount of energy consumption for the
entire building. Another challenge has been faced in obtaining the data of energy
consumption for the buildings around the port, which is that one of the most sig-
nificant challenges when trying to create a larger smart-network model around the
port to build a more realistic model that simulates the reality of energy usage in the
houses surrounding the fishery port. After several attempts were made with the
port authority to communicate with some houses around the fishery port to pro-
vide important data for the energy simulation models in adjacent homes, the only
other option was to make a simulation model for one real house with four bed-
rooms and then do a repeated calculation for 200 houses. The simulation work
was conducted on this basis and then linked inside the micro-grid model with the
solar farm and other systems. The strategy of the charge/discharge controller is

based upon a set of rules to control and manage the power system among the four
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agents. The scenario has two operation modes: when community demand (CD) =
farm production (FP), then all the power generation should feed the power con-
sumption. If FP is greater than CD: If no, then charge battery-1. If yes, then check
if battery storage-1 is full. If the battery is full, then check backup battery storage.
If it is full, then sell the surplus power production to the national grid. Otherwise,
charge the backup battery. If no, then check the state of charge (SOC) of the bat-
tery system. Is the SOC is greater than 98 percent and less than 20 percent ? If
no, then check the SOC of the backup battery system. Is the SOC greater than 98
percent? If yes, then discharge CD from the battery system. Otherwise, the power
demand is met by the national grid. Figure 5.11 gives a flow chart describing the

charge and discharge controller processes considering the main storage system.
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Figure 5.11: Control charge algorithm using main storage system
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5.6 Results and Discussion

5.6.1 Micro-grid at building level

The modelling and implementation of a micro-grid for the fishery industries repre-
sents a step forward, and contributes to the development of energy consumption
and production projections to promote more efficient operation within the indus-
try. This chapter reports on the energy use in the fish processing industries by
proposing a micro-grid to increase the efficiency of the overall processing oper-
ation and energy management. A simulation model of the smart-grid has been
modelled based on four seasons. The model has been simulated based on random
intervals in the seasons to observe the behaviour of the system under different sit-
uations. In addition, it enables the investigation of the optimum battery storage
capacity based on the state of charge per day. The results of the micro-grid sim-
ulation reflect the flow of charge and discharge with a curve of differential power
generation and power consumption for the Packaway building for each season.

The smart-grid model utilises an algorithm, based on which energy is exchanged
within system components. When the power generation equals the power de-
mand, then all of the power generation should be used for power consumption.
Consequently, it is important to determine the state of the power supply and de-
mand, and to identify variability in the consumption intervals. Moreover, a granu-
lar data modelling process is implemented, which improves the accuracy and de-
termines the exact response from the battery charge and discharge controller. Fig-
ure 5.14 demonstrates the charge and discharge controller during the evaluated
period.

The BESS was configured with two lithium-ion batteries, a main battery and a
backup battery, to provide flexibility in energy use and support the energy demand.
The main battery had a capacity of 7000 Ah and the backup battery had a capacity
of 5000 Ah. Two battery systems are used to utilise the surplus energy generated
by the PV system during daytime to meet the energy demand within 24 hours at
critical times. This BESS provides a certain stability to the site while maintaining an
equilibrium when required to feed energy to consuming applications. The resulting

consumption and production state of the BESS when the excess electricity is utilised
154



5.6. RESULTS AND DISCUSSION

to operate the equipment and other power consuming units rather than sold to the
grid at a lower price can be observed in Figure 5.12, which shows the state of power
consumption, generation, and grid exchange over a 24-hour interval. The results
show the quick response of the BESS during charging and discharging operations

as well as reduced energy consumption from the national grid.

Power generation, consumption and grid exchange considering two battery systems
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Figure 5.12: Optimising energy use with the micro-grid model

Based on the smart grid modelling as shown in figure 5.13, the power gener-
ation is scheduled to operate the appliances in the building, whereas the power
generation excess will go to the battery system (charging mode). Conversely, if the

battery system is full, then it will send the power to the national grid.
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5.6. RESULTS AND DISCUSSION

During night-time, when there is no power generation from the solar system,
the power demand can be met from the local battery system (discharging mode).
If the power in the battery system does not have enough capacity to meet the de-
mand, then energy from the national grid will be used. Figure 5.14 shows the state
of charge of the battery system for four seasons.: (a) state of charge (SOC) for win-
ter, (b) SOC for spring (c) SOC for summer and (d) SOC for autumn. The system has
been tested in a random period within the four seasons to identify the behaviour
of the operation system and the optimum number of battery systems. For exam-
ple, during the winter the solar radiation is lower during the day, which will reflect
on the optimum number of battery systems required to store the energy excess.
Based on this analysis, it has been found that the optimum number of battery stor-
age is about 2000 A per hour, which is about 20 LI-IO battery capacity. However,
the size of the battery has been calculated based on a random period in winter.
To get the optimum number of battery modules, it is necessary to run the model
for four months, which requires the utilisation of a high-performance-computing
infrastructure. The result of the simulation was produced from a computer using
Windows 7, Intel (R) Core (TM) i7-6700K CPU @ 4 GHz, with 16 GB RAM. There-
fore, to get an optimum result, it is necessary to run the model for a longer period
in winter, a modelling process that took between 5 to 6 hours.The values in Figure
5.14 show that the system in spring needs more battery. However, discussions with
the staff on the site revealed that spring and summer are the main seasons for the
fisheries, which means that the industry should be in operation mode at least from
12 to 18 hours on a daily basis. This indicates the need to increase the number of
battery systems in spring, which led to the determination of an optimum number
of battery charge during the summer of about 7500 A. There are many reasons to
increase the number of battery systems in the summer. The daytime in summer in
Milford Haven averages from 15 to 19 hours per day.This will lead to an increased
number of batteries to augment the charge s to meet the local power demand and

utilise the solar energy system during this season.
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The results in Figure 5.14, show that the system initially identified a typical stable state with no high-power consumption, which was followed
suddenly by an increase to a full charge after sunrise. The battery model as presented in the overall smart-grid model facilitates the understanding

of power management in the fishery industries.

art Winter

(a)

b) 10 (b)

(c) «10 (e}

Figure 5.14: State of charge for four seasons [ a- winter, b-spring, c-summer, d-autumn]
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5.6. RESULTS AND DISCUSSION

5.6.2 Scale-up Micro-grid at Fishery port level

This section will provide the results of the analysis of the community simulation.
In this scenario, the capability to meet the local power demand of a community
using a local solar farm by developing a smart-grid model will be investigated to
understand how local power generation can satisfy the load demand for a 24-hour
period.

As explained in Section 5.4, a simulation model of power management of en-
ergy supply and demand for five fish processing industries and their associated op-
eration at Milford Haven port has been developed . The simulation results showed
that a stand-alone smart-grid model can meet the local power demand for 24 hours
without the need for power from the grid. The power produced from 5 MW solar
from 6 AM to 4 PM can charge a 600 kW Li-lo battery storage to meet the power de-
mand at night. The simulation result from Figure 5.15 shows that a 50 kAh battery
storage is the optimum capacity to meet the local power demand of five industries
during the night. However, the power load of industries will be met directly from
the solar farm in the daytime period, which will also recharge the battery system
to meet the local power demand at night. In addition, the simulation results show
that the system will dump the surplus power from the solar farm to the grid. The
battery charge state shows that the battery system discharges from 12 AM until 8
AM.

As presented in Figure 5.15, more power supply is needed from 5 AM to 8 AM
because at this time the fish industries run ice making machines required to store
fish before sending it to market. Most of the power demand in the night is used
for lighting, cleaning, and for the cold storage system. Each industry has installed
a cold room to store fish, which is considered to be the most energy consuming
appliances in the industry. The proposed storage integration will help to reduce a
considerable amount of carbon emission and also to reduce energy cost with the
local energy grid. In addition, the installed solar farm can have a significant impact
on the port by increasing income and reducing energy cost because it provides a
cost-efficient alternative to the main grid. The results prove that a smart-energy
community for fishery ports can not only reduce carbon emissions but can also

help to reduce energy consumption, thus facilitating a transition towards clean and
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5.6. RESULTS AND DISCUSSION

sustainable energy. In addition, these community models supply greener energy to
the national grid by using renewable resources available at the site. Furthermore,
the solar farm can have a significant impact on the port by increasing the income
by selling power to the grid, as well as minimising the impact on the energy cost

when buying from the national grid.

Integration Industries with Solar Farm at Fishery port
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Figure 5.15: The simulation results when integrating industries in the fishery port

with the solar farm

5.6.3 Scale-up Micro-grid to promote energy community sharing

In this experiment, a smart-energy community around the port using the multi-
model simulation platform has been developed. The aim of this scenario is to in-
vestigate the capability of the solar farm to meet the power demand of the port and
a local community of 200 houses. One of the challenges that arose while collecting
data for the simulation of the energy community around the fishery port was the in-
ability to obtain many of the designs of the buildings around the port. This made it
difficult to obtain accurate data on the topography of the buildings around the port
because it could not be obtained directly from the owners of the buildings. Con-
sequently, a model of a three-bedroom house with different facilities was made.

The model building was then repeated to equal the required number of buildings
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around the port. This technique was able to achieve a large percentage of conver-
gence between the buildings on the ground and the buildings on which the energy
simulation would be made. As a result, the available option was to make a model of
a three-bedroom house with different facilities and the building would be repeated
to equal the required number of buildings around the port, thus achieving a large
percentage of convergence between the buildings on the ground and the build-
ings on which the energy simulation would be made. The current load is identified
by the five buildings at Milford Haven port. This experiment incorporates a load
consumption of 200 community houses around the port for 24 hours. In addition,
a charge controller strategy containing two battery storage systems is proposed.
The main battery storage system and a backup battery system are adopted due to
variant loads in the community. To conduct the simulation, an Intel® Core i7TM
@ 4.00 GHz with 16 GB RAM is used for the modelling. This computational envi-
ronment supported the complexity of running an optimisation problem to identify
the required amount of battery storage for the energy community. The proposed
smart-control strategy contains two battery systems: (i) one battery as a main bat-
tery for the whole model and, (ii) a backup battery system to meet the variation of
energy demand from the local energy community in the night, as well as to avoid
buying power from the grid. During the experiments, | repeated the simulation
several times with the same input parameters, while changing the battery system

capacity to get the optimum number of batteries (as shown in Table 6.1).

Figure 5.16 presents the simulation result of developing a smart-energy com-
munity at the fishery port. The simulation results show that a 1000 battery storage
is the optimum amount of battery storage for a community of five industries and

200 community houses.

The simulation results presented in show that smart-energy communities can
identify high fluctuations in power demand from both fishery port buildings and
the local surrounding community. The results also demonstrate that battery stor-
age can avoid or delay the process of purchasing power from the grid because the
state of charge of the main battery reacts adequately to meet the power demand
during the night. When the battery system capability is finished, the back-up bat-

tery can be used to satisfy the power demand in the buildings. As a consequence
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Energy Community integration with solar farm at Fishery Port
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Figure 5.16: Simulation results for the expanded energy community around fishery

port

of the complexity of the community simulation, a slight use of power from the grid
between 4 and 6 AM was identified, which is an expected fault in the model and is
determined by the increased number of energy models included in the simulation.

Table 5.2 shows the simulation trials with an optimum amount of battery stor-
age. The simulation results show that about 1.2 MW capacity of Li-lo battery stor-
age is the optimum capacity for the main battery and about 250 kW is the optimum

capacity of back-up battery storage.

5.7 Conclusion

This chapter as answering second research question which investigate the capa-
bility to adopting smart grid concept for fishery port at multi levels. This study
investigates energy use by fishery industries proposing a smart, novel and efficient
energy model to manage consumption and production. The micro-grid model has
been proposed at multi level to reduce the dependence on fossil fuel and to reduce
carbon emission by integrating renewable energy resources and adopting smart
energy management systems. The smart energy grid model has been implemented

for the Milford Haven port in South Wales, UK. The system has been modelled us-
162



5.7. CONCLUSION

Table 5.2: Optimum battery size trials for smart energy community

Main Second Storage No.of No. of _
Trials Capacity Capacity Capacity Main  Second o
Supply
(Ah) (Ah) (Ah) Battery Battery
1 20840 5000 250 200 50 Yes
2 25000 300 250
3 30000 360 300
4 35000 420 350
5 40000 480 400
6 45000 10000 540 450 100
7 50000 600 500
8 60000 720 600
9 65000 780 650
10 70000 15000 840 700 150
11 75000 900 750
12 80000 960 800
13 85000 20000 1020 850 200
14 100000 1200 1000 No

ing EnergyPlus and MATLAB/Simulink. The results demonstrate that local power
demand could be met by local power generation using micro-grids. It has been
demonstrated that for Building level that 50 kW capacity of a PV system can meet
the local power demand with the integration of LI-IO battery system of 12 Volt, and
has the capability to manage power flow for different periods. By presenting this
real trial project, It aim to observe what mechanisms from the simulation module
are applicable to the real smart-grid project, and find new ways to optimise energy
consumption and production for industrial sites.the result showed that main bat-
tery had a capacity of 7000 Ah and the backup battery had a capacity of 5000 Ah.
Two battery systems are used to utilise the surplus energy generated by the PV sys-
tem during daytime to meet the energy demand within 24 hours at critical times.
For fishery port level, The power produced from 5 MW solar from 6 AM to 4 PM

can charge a 600 kW Li-lo battery storage to meet the power demand at night. The
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simulation result showed that a 50 kAh battery storage is the optimum capacity to
meet the local power demand of five industries during the night. At community
level, The simulation results showed that about 1.2 MW capacity of Li-lo battery
storage is the optimum capacity for the main battery and about 250 kW is the op-
timum capacity of back-up battery storage. The future work will explore energy
sharing models as a means for optimising energy and resources at the community
level. The formation and use of a community energy sharing market with corre-
sponding discovery mechanisms will be given focus, whereby energy agents such
as prosumers can satisfy individual demands from consumers [394]. These shar-
ing models will assess the level of trust that can be placed in an energy provider
with regards to an advertised energy capability. This approach will unlock energy
exchanges within a community [395] and will allow prosumers to monetise their

energy excess in a more secure and flexible local market environment.
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CHAPTERG

Optimal control strategies for Fishery ports
micro-grids

This study investigates the energy usage of a case study fishery port and it evalu-
ates a method to maximise the use of renewable energy sources in these energy
clusters via a smart grid approach, while applying price-based control and peer-to-
peer (P2P) power sharing considering optimised trading of energy. The new smart
control systems aim to reduce gain power from the national grid and they try in-
stead to utilise local energy sources to meet power demand. In addition, it will help
the consumers to become local power prosumers who sell, share and trade power
within the local community based on the optimised decision making algorithms.
The results of the simulation prove that optimised decision making algorithms are
able to provide smart, reliable, green and efficient control for a local fishery port
and can help to deliver a nearly zero carbon fishery port.

This chapter investigates the implementation of smart micro-grid systems in the
fish processing industry with the applicability of battery storage technology from
a technical and economic perspective for the Port of Milford Haven that employs

price-based control and peer-to-peer (P2P) energy sharing strategies.

6.1 Energy community entities at fishery port

The smart grid concept presents a significant opportunity to upgrade the fish pro-
cessing industry to use smart, sustainable, and clean dispatchable energy sources,
which can also deliver long-term economic benefits [134, 396]. The use of smart
grids promotes the integration of renewable energy with other local energy sources

to increase the reliability and quality of the energy available throughout the grid
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[226]. Consumers play a vital role in smart grid technology because they use en-
ergy in an informed way to prevent energy waste or loss by optimising their energy
consumption during peak times, leading to reduced operation costs and improved
energy efficiency [228]. However, there are currently several clear shortcomings in
energy management in fishery ports [134, 107, 62, 72, 146, 95, 283, 73, 282, 397,
398, 360, 61, 74, 131, 106]. Consequently, this chapter investigates the imple-
mentation of smart micro-grid systems in the fish-processing industry. To do so,
we consider the applicability of battery storage technology from a technical and
economic perspective for the Port of Milford Haven, which employs price-based

control and peer-to-peer (P2P) energy sharing strategies.

The proposed smart micro-grid was simulated and tested using Matlab/Simulink.
Simulink is a block diagram environment for multidomain simulation and model-
based design that supports system-level design, simulation, automatic code gen-
eration, and continuous testing and verification of embedded systems. For the
Milford Haven site, a model was defined and developed to integrate the load, PV
system, battery system, and grid to simulate the overall operation of the system.
Figure 6.1 presents the main components of the grid. The outputs of the simula-
tion were used to assess the status of load, energy generation by the PV system,
exchange with the grid, and the State Of Charge (SOC) of the battery system. Each
building in the Port of Milford Haven has a rooftop PV system with a capacity of
50 kW that includes a direct current DC—-DC converter and a DC-AC inverter. The
proposed smart grid model includes different priority levels whereby the energy
produced the PV system is first utilised to operate the equipment in each building.
When the energy consumption of the building is satisfied, the excess PV-generated

power is used to charge the battery system.

Once the batteries are fully charged, the excess energy is sold to the national
grid or to peer buildings of the micro-grid. When the PV system is not generat-
ing energy, the battery system provides the required energy to the building. The
model also allows for the provision of energy from the national grid if the SOC of the
battery system falls below critical levels. The system was evaluated using different
battery capacities to identify the required number of batteries to meet the energy

consumption of the Packaway building over a 12-month period. The fishing boats
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CARBON FISHERY PORT
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Figure 6.1: The grid energy community at fish industry

are another important entity for fishery ports. Traditionally, fishing boats use fos-
sil fuels to generate power, which has negative impacts on the environment and
leads to carbon emissions, noise, and pollution of seawater [399]. However,the
continued advance of electric road vehicle technology, similar concepts could also
be used to produce efficient electric boats [400], helping to make fishing activities
more environmentally friendly. Minami et al. [401] detailed the main features of
electric boats, including quietness, low vibration, and zero carbon emissions. By
replacing the use of fuel with batteries, not only can the environmental impact of
the boats themselves be reduced but their batteries can also be integrated into the
micro-grid using bi-directional chargers that can charge and discharge based on the
employed micro-grid control strategy [402]. Chapter Six discussed the micro-grid

community entities in a fishery port in more detail.

6.2 Developing real-time decision making to promote

nearly zero carbon fishery port

Two different control algorithms were considered to manage the power distribu-
tion of the proposed fishery port micro-grid: a price-based control algorithm and
a P2P energy sharing control algorithm, which will be described in the following

subsections.
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6.2.1 Smart control based pricing

The price-based smart grid control algorithm for the fishery port was developed
based on the total energy production of the PV panels, the BESS capacity, and/or
the electric boats to consider the price of electricity to decide between buying or
selling energy. As detailed in Algorithm 1, the system checks for constraints to
determine the optimum instantaneous price at the time of selling or buying. These
constraints include the SOC of the main and backup batteries because the battery
status is crucial to the overall system. The control system works instantaneously
and sends signals to the BESS charge controller to store or release energy according
to the results of the control algorithm. In this decision-making process, the total
power production (T_production) is the sum of the power produced from PV panels
(P_PV) and the amount of power available in n batteries of the BESS and/or electric

boats, as follows:

TPJ-DrEur-HDn = p[-“.' T T p.".-'l-".~rr;-1-rt.qr=

The total power consumption (T_Consumption) is the aggregate consumption
of power from the fish processing facilities in the port (P_demand) and the power
required to charge n batteries of the BESS and electric boats (EB_demand ), as

follows:

Tf'rnl.\uarepf.'r;n = -Prfrmrmrf T * P."}J"rfmrmnrf

6.2.2 Smart control of P2P energy sharing

P2P energy trading represents the latest generation of energy management sys-
tems. It enables prosumers in the smart energy community to sell their surplus
energy to other participants. The resulting monetary benefits and efficient use
of resources provides an excellent motivation to increase local energy generation
from RESs and encourage domestic energy providers to share their surplus energy
to the closest neighbour instead of selling it to the grid. This helps prosumers to
generate revenue and reduce their dependence on energy from the larger grid.
This change, in turn, is reflected in a decrease in the total proportion of carbon

emissions released by burning fuel or gas in traditional energy plants. Figure 6.2
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Algorithm 1: Price-based control algorithm

Initialisation

1: if Yt P = toC

2: yes; feed all Y-,P to XL,P
3: no; go to stage 1

Stage 1

4: if ¥, P> ¥R, C

5: then check BESS 1

6: if 20 < SoCcl < 95

7 then charge BESS 1

8: | otherwise go to stage 2
Stage 2

9: if SoCc1 > 95

10: then check Bf”w

11: if Preference < PP

12: then sell P to the grid
13: else check BESS 2
13: otherwise go to stage 3
Stage 3

14: if soc2 > 98

15: then sell energy to grid
lo: else charge BESS 2
17: otherwise go to stage 4
Stage 4

17: if socz2 > 20

18: then discharge BESS 2
19: — else buy energy from grid
20: end
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Control Strategy of P2P power
sharing in Smart Grid
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Figure 6.2: P2P energy sharing architecture and components

shows the proposed control system scheme for the smart grid of the fishery port

at the Port of Milford Haven based on P2P energy sharing.

The flow chart below describes the steps used to regulate energy production
and energy consumption in the fish processing industry. At any instant, the total
power production of the smart grid (T_production) and its total power consump-
tion (T_Consumption) are determined as per Equations (3) and (4), respectively.
The associated algorithm for determining the P2P energy sharing is shown in Algo-

rithm 2.

6.3 Results and discussion

This section will discuss the evaluation of the proposed smart grid model using
four scenarios to understand the impact of the price-based and P2P energy sharing
control strategies. These scenarios and their results are described in the following

subsections.
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Algorithm 2: P2P energy sharing control algorithm

Initialisation:
1: if YRP = Y.C

2: yesy;

feed all Y-, P to Xi,C

3: no,; go to stage 1

Stage 1

1N

o J o O

Stage 2

10:
11:
12:
13:
Stage 3
14:

15:

l6:
17:
18:
19:
Stage 4
20: if
21:
22:
23:
Stage 5
24: if
25:
26:

27: end

if XisoP > XitoC

then check BESS 1

if 20 < S0C1 < 95

then charge BESS 1
otherwise go to stage 2

if S0C1 > 95
then check P,
if P, < SOCI

then feed all energy to P,

L_ otherwise go to stage 3

if S0oC1 < 95

then check Efﬁw
. price
if Preference < Py

then sell P to the grid
else check BESS 2
otherwise go to stage 3

socz2 > 98
then sell energy to grid
else charge BESS 2
otherwise go to stage 5

socz2 > 20
then discharge BESS 2
else buy energy from grid
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6.3.1 Optimise energy use by applying the price-based control strat-

egy

The objective of this scenario was to optimise energy use and associated costs by
minimising the capacity of the BESS and increasing income from trading energy
with the grid. The controller is connected to the local energy market to contin-
uously retrieve the energy price, based on which a set of rules are triggered to
distribute energy between the local site and the main grid. For this control strat-
egy, we set a minimum selling price of 4.2 £p/kWh and maximum buying price
of 2.6 £p/kWh to enable a sell/buy decision at the site. The main grid price was
based on the average European electricity market price. In this scenario, the BESS
included a main and backup battery with lower capacities of 6000 Ah and 4000 Ah,

respectively.

Figure 6.3 presents the impact of the price-based control strategy for the over-
all energy distribution within the site. As it can see the fist figure demonstrate the
energy generation. The second chart simulate the actual power consumption and
it can seen that it fluctuated during the 24 hr. Grid exchange as shown in the third
figure demonstrate the principle Price based control strategy. It feed the surplus
power to the grid and buy from grid from 5:00 AM until 7:00 AM when the power
priceis in the conditioned ranged of buy from grid which is less than 2.6 £p/kWh.As
can be observed from the results, if the grid energy price is too low, then the local
system will use energy from the main grid to meet the energy demands of the fish
processing site. However, if the grid energy price is too high and there is an energy
surplus in the local site, then the system will sell surplus energy to the main grid.
The results also reflect the fluctuation of energy price in the European energy mar-
ket. Finally, it can be observed that the SOC of the main battery system discharges
at night to meet the incoming energy demand of the fish processing equipment,
whereas the SOC of the backup battery is stable at night because once the energy
stored in the main battery is consumed, the energy demand is covered by energy

from the main grid due its low energy price.
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Figure 6.3: Optimising energy cost using the price-based control strategy

6.3.2 Optimise energy use by integrating the energy storage capac-

ity of electric boats

The objective of this scenario was to optimise energy use by utilising the local elec-
tric fishing boat fleet as an alternative energy storage system to minimise the main
battery storage capacity on site. The use of alternative energy storage solutions,
such as the electric boats, is expected to result in a decrease in the capital cost
for energy storage equipment, and considerably reduces long-term operation and
maintenance costs.The figure consist of five charts; first chart present the power
consumption of the building in 24 hours and second chart show the activity of PV
power generation. The propose scenario investigate the capability of local electri-
cal energy storage in boat to take part of overall system through meeting energy
demand when the system need energy instead of getting power from grid. this will
help to calculate the optimum number of energy storage system. It can see that in
yellow line that system doesn’t take any power from grid in 24 hr discharge power
from battery boats between 12:00 AM and 4:00 AM. The algorithm for this sce-

nario was configured to work with several of the electric boats that were identified
173



6.3. RESULTS AND DISCUSSION

Power generation, consumption and grid exchange considering battery system and electric boats
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Figure 6.4: Optimising energy use when using electric boat battery storage

in the port and use their storage capacities to manage the peaks in energy demand
or store surplus energy once the site batteries are charged to capacity. The algo-
rithm also ensures that at any point in time, the batteries of the electric boats will
not be discharged below a threshold of 50 percent, to ensure that the boats can
always be used for fishing. In this scenario, the site energy storage capacity was set
to approximately 5000 Ah for the main battery and about 3000 Ah for the backup
battery. Figure6.4 presents the interactions between the different consumption
and production units at the fish processing site and the impact of using electric
boats or alternative energy storage. The results show how the electric boat-based
storage system discharges and interacts with the local battery system at night and
charges during the day when PV energy production is available. The results also
show that the SOC of the main battery interacts with the storage systems on the

electric boats by charging at night and discharging during the day.

6.3.3 Optimise energy use with P2P energy sharing control strategy

The objective of this scenario was to investigate the energy use when the site iden-

tifies high energy production from local generation sources by exploring the possi-
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bility to share or trade this energy surplus within the community of neighbouring
buildings. This scenario was evaluated to identify new methods for reducing de-
pendency on the national energy grid and encourage utilisation of clean energy
resources while incentivising energy community members to become prosumers.
This scenario includes the main battery and backup battery systems with capacities
of 7000 Ah and 3000 Ah, respectively.

Figure 6.5 presents the energy impact when applying the P2P control strategy,
showing trends related to the energy storage system to support a more optimal
energy use at the site by charging and discharging the BESS within a 24-hour inter-
val. As presented in the figure, when energy generation is high and the SOC of the
BESS is greater than 95 percent, the control system will check the energy demand
of the neighbourhood buildings, based on which the controller will then feed the
surplus energy to the neighbouring buildings. The results also show a reduction in

the quantity of energy consumed from the national grid.

2ﬁPowrer generation, consumption, grid exchange considering P2P energy sharing control

—— Total Load (81+82) |

2

1 ! 1 1 1 1 1 1 1 1 1 1
00:00 01:00 0:2:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00
Hours

[ | T T T T T T T T T T
ir —PV[|

| | | I | | | I I | |
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23.00
Hours

] ] I ] ] 1 1 ] ] | ] | ] 1
00:00 04:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00
Hours

% SOC
g
T
I

20 | = P N ~———80C 1 ——850C 2
1 1 1 1 1 1 | 1 1 1 L 1 1

. — - 1 . L ) -1 | 1 = 1 I 1
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23.00
Hours

Figure 6.5: Optimising energy use based on a P2P energy sharing control strategy
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6.4 Conclusions

This chapter answering the third research question which investigating the capa-
bility of energy sharing and trading approach to be simulated to promote deci-
sion making that reflects the efficiency in fishery buildings? This research question
aims to develop smart decision making systems to minimise carbon emissions and
provide a more informed energy management strategy in relation to the surplus
energy and available energy storage systems generated from dispatchable energy
sources. and the answer is formed by developing two control scenarios to demon-
strate how micro-grid solutions can be implemented in the fishery port. The re-
search question reflect the third stage of the methodology that developed for the
thesis. The price-based control scenario was developed in relation to the price
of electricity and a decision model was implemented to determine when to buy
or sell energy to the grid [403].The peer-to-peer control strategy was developed
to prioritise the energy demand of neighbouring buildings in the micro-grid over
selling to the national grid [340]. The results of simulations using these control
strategies demonstrated how peer-to-peer energy sharing enables prosumers to
participate in smart energy communities by sharing their surplus energy with other
participants and provides monetary benefits and efficient use of resources. The re-
sults indicated improvements in the overall operation between agents in the smart
grid when adopting either the price-based control or peer-to-peer scenarios. In
the price-based control scenario, the control algorithm reduced energy losses and
maintained energy in the system using an energy storage system [404]. In the peer-
to-peer scenario, the control algorithm showed that the surplus energy generated
by prosumers can also be used to feed any neighbourhood energy demand before
selling to the grid. These techniques can also help to incentive the deployment of
local, renewable energy generation within the smart energy community. Further-
more, the results of this study demonstrated that applying the price-based control
and peer-to-peer methods can have a significant impact on the amount of reduc-
ing carbon emissions associated with the consumption of energy produced using

traditional fossil fuels which can contribute to decarbonize seaports [405]
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CHAPTER/

Conclusion and Future works

This thesis focused on the development of a road map for the creation of zero car-
bon fishery ports and included the application of this to one of the marine ports,
and this chapter aims to present and deduce the most important outputs and dis-
cuss the obligation that was presented in chapter 3. This chapter will re-examine
the main research questions of research and review the extent to which they are
achieved, as well as discuss the research contributions in the field of knowledge,
and will also present the most important challenges and obstacles that occurred
during the research phase.The most important future trends in reducing carbon

emissions in seaports will also be presented and its impact on the global level.

7.1 Research findings

During the PhD journey, it was found that there is a good opportunity to develop
seaports and fishing industries through the development of their energy systems.
This can be done by taking advantage of modelling and simulations to understand
the nature of energy consumption. In addition, smart energy management through
the establishment of smart grid approach can help us to understand, manage and
optimise energy performance. This will be reflected in the energy performance
and will reduce the cost of energy in the long-term. The concept of new smart
energy systems in seaports will enhance the transformation of fisheries at ports and
fishing industries into active members by raising the awareness of the importance
of energy systems and raising efficiency, as well as adopting energy automation and
utilizing available energy resources.

The direct impact of upgrading and implementing smart energy systems at fish-

ing ports will be reflected in the following areas: enhances the concept of quality
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and liability in workplace and competitiveness among port managers by increasing
the number of fisheries and fishing boats that serve the green port, and will con-
tribute to raising the efficiency of operation and achieving optimal incomes for the
port authorities. In addition, this development of port energy systems will drive a
clear vision among decision makers by supporting, encouraging and promoting the
conversion of seaports and fishing ports to become more efficient and less expen-
sive ports. It will also contribute to the development of policies that limit the use
of fossil fuels in seaports and their contents. In addition, seaports will attract in-
vestment by energy companies and investors through participation in investment
deals and tenders to update energy systems, by applying a new generation of en-
ergy technology, and will therefore achieve long-term profits. Furthermore, sea-
ports will be a new direction for researchers and developers because so far there
has been very little research in this area. This will help to bring smart, innovative
minds and researchers to build a new innovative vision for seaports and fishing
industries by adopting a new digital technology for port systems and operations.
This section aims to answer the main research questions which was outlined
in chapter one. each research question will be restated and discussed in specific

sections. and it will followed by final discussion on the research hypothesis.

7.1.1 Developing simulation capability at fishery port

The first research question was:

Can a reliable simulation capability be developed that provides real-time ac-
counts of energy demand and use for fishery buildings?

This thesis established that a calibrated simulation model taking into account
port complexity using a combination of software environments (e.g., DesignBuilder,
EnergyPlus, building control virtual test bed and MATLAB/SIMULINK) may help to
pave the way to the development of a zero-carbon port using new smart energy
technologies (e.g., smart grids, virtual power plant and distribution generation).
This question constitutes the first phase of the methodology that is used in this
thesis and it focuses on verifying the extent to which a simulation capability model
of energy systems in seaports can be developed over varying periods of time, be-

tween short-term and long-term. This question was answered through a series of
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steps that began with a review of the port’s energy systems using an energy audit-
ing methodology [406] which will be used to determine and understand the nature
of energy consumption and what complex, most energy-consuming systems are
used by the operators of fishing systems, which make up a large proportion of the
total consumption in the port (e.g., the flake ice, cold storage units, loading equip-
ment, storage in the port, etc.). The energy review process aims to collect data
that are necessary and important for the development of the energy system simu-
lation model. Simulation models of energy systems for a number of buildings were
developed using DesignBuilder and EnergyPlus programmes at the target port of
study, the port of The City of Milford Haven in Wales [407]. One of the exceptional
results in the Energy modeling and simulation phase is the ability to understand
the nature of energy consumption in fishery buildings, which greatly helps to for-
mulate a strategy to improve consumption, and use available and clean energy at
a lower cost. What distinguishes the results of modeling and simulation of some
of the fishery buildings is that the accuracy of the results was verified by compar-
ing them with real energy consumption, in which the convergence rate was higher
than 90 percent. In addition, through the simulation stage, the capability of a solar
farm owned by the port authority, which sells the entire energy produced to the
national grid without benefiting from it locally, was investigated to meet the en-
ergy requirements of the fishery buildings within a year through interconnecting
the five buildings with a solar farm in a co-simulation platform [408].The simula-
tion models that are developed contributed to determining the times consumed
during the year and what devices most consumed the energy. The developed sim-
ulation models of the buildings at the port will help to determine the opportunity
to reduce consumption, as well as the possibility of meeting existing consumption

in buildings through renewable energy systems and also smart electrical grids.

7.1.2 Deploy and implement micro-grid at fishery port

The second research question was:
Can the concept of smart grid be adopted and applied to energy systems in
fishery buildings at multi-levels?

The answer to this question is largely linked to the answer to the first question
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because it aims to study and measure the extent to which marine ports can be con-
verted into smarter ports by spreading and promoting the concept of smart grids.
The second phase of the methodology in this thesis aimed to develop a microgrid
in seaports, and measuring the potential to meet the need for electricity locally
without the need to buy electricity from the public grid [107]. A micro-grid model
was developed on a building level, and the simulation model for energy systems
was used in the Packaway building, which was developed in the first phase of the
research for this purpose. The network consists of a range of systems (e.g., solar
system, storage system, smart control power management and real-time distribu-
tion system) within 24 hours and it simulates what is going on in real life. The re-
sults of this model were promising because the micro-grid was developed using the
program MATLAB/SIMULINK, where all of the systems were connected together in
one platform and controlled through proposed smart power management system.
A series of experiments were conducted during the four seasons to ensure the ef-
fectiveness of the microgrid in dealing with different loads within 24 hours simulta-
neously. This aims to achieve self-sufficiency without the need to take power from
national grid[283]. The extent to which the micro-grid is expanded and enlarged
to include all buildings at the fishery port level has also been studied, as well as
the extent to which the micro-grid is expanded to include a total of 200 houses
from the community adjacent to the port to form a smart energy community. All
of the loads have been attached to the pre-developed platform in the micro-grid,
together with a solar farm from the port property, and two power management
systems have been developed: the first at the port level and the second at the
community level.

The proposed model was developed based on a trade-off criterion related to
the cost of implementation and efficiency with a view to: (a) reduce to a minimum
investment in the implementation of the proposed model, and (b) demonstrate

clear benefits in terms of costs and energy savings [409].

7.1.3 Promote real-time decision making toward decarbonizing sea-

ports

The third research question was:
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Can the energy sharing and trading approach be simulated to promote deci-
sion making that reflects the efficiency in fishery buildings? This research question
aims to develop smart decision-making systems to minimise carbon emissions and
provide a more informed energy management strategy in relation to the surplus
energy and available energy storage systems generated from dispatchable energy
sources. The answer is formed by developing two control scenarios to demon-
strate how micro-grid solutions can be implemented in the fishery port. This re-
search question reflects the third stage of the methodology that was developed
for this thesis. The price-based control scenario was developed in relation to the
price of electricity and a decision model was implemented to determine when to
buy or sell energy to the grid [403]. The peer-to-peer control strategy was devel-
oped to prioritise the energy demand of neighbouring buildings in the micro-grid
over selling to the national grid [340]. The results of simulations using these con-
trol strategies demonstrated how peer-to-peer energy sharing enables prosumers
to participate in smart energy communities by sharing their surplus energy with
other participants, and provides monetary benefits and efficient use of resources.
The results indicated improvements in the overall operation between agents in the
smart grid when adopting either the price-based control or peer-to-peer scenarios.
In the price-based control scenario, the control algorithm reduced energy losses
and maintained energy in the system using an energy storage system [404]. In the
peer-to-peer scenario, the control algorithm showed that the surplus energy gen-
erated by prosumers can also be used to feed any neighbourhood energy demand
before selling to the grid. These techniques can also help to incentivise the deploy-
ment of local, renewable energy generation within the smart energy community.
Furthermore, the results of this study demonstrated that applying the price-based
control and peer-to-peer methods can have a significant impact on the amount of
carbon emissions reduction associated with the consumption of energy produced

using traditional fossil fuels, which can contribute to decarbonise seaports [405].

7.1.4 Revisiting the Hypothesis

Based on the the above answered to research questions, the following Hypothesis

can now be confirmed;
181



7.2. CONTRIBUTION TO THE BODY OF KNOWLEDGE

“The concept of Industry 4.0 has the potential to deliver net zero carbon fishery
ports by leveraging smart and clean energy generation, use, and storage, while

promoting the formation of energy communities within the local ecosystem [410].”

7.2 Contribution to the Body of Knowledge

The main contribution of this study is its focus on minimising the cost and emis-
sions of energy use in the fishery buildings through developing a smart grid model
and proposing real decision-making scenarios to reduce the cost and increase ef-
ficiency. The following contributions that have been obtained from this study are

as follows:

1. Propose a reliable simulation capability that provides real-time accounts of
energy demand and use, as well as short to medium-term energy projec-
tions to understand the complex ecosystem around seaports, including en-
ergy systems in use, fish processing activities, local stakeholders, including
communities by utilising tools such as DesignBuilder [76], EnergyPlus [77]
and Building Control Virtual Test Bed (BCVTB)[78].

2. Develop a simulation model of integration of local solar farm energy in a local
energy cluster using a multi-building energy coordination model developed

in EnergyPlus and simulate in BCVTB.

3. Develop a smart grid model to explore various scenarios for decarbonising
seaports by leveraging renewable energy sources, including solar energy and

energy storage, through a smart monitoring control strategy.

4. Develop a smart energy community model around seaports by integrating
the smart grid with local community energy storage via developing a simulation-

based optimisation strategy.

5. Promote real-time decision-making strategies that lead seaports and com-
munities around seaports towards decarbonisation through energy sharing

and trading.
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7.3 Limitations and challenges

During the PhD research journey, there were a range of challenges that existed and
were scientifically addressed in order to achieve the desired results and objectives

of the research.And it will be displayed in the following points:

1. During the first phase of data collection in the Milford Haven Port, there was
a unwillingness to support the researcher and provide the required data to
make the simulation models, which led to the delay in the development of
energy simulation models in port facilities, and also the lack of some impor-
tant data such as drawings for buildings and others, which called for research
and frequent visit to the port and take field measurements of some buildings
as well as know some manufacturers of electric appliances in the port and
communicate with them to get the information to develop the simulation

model and get More accurate and real-life results.

2. Also, the lack of sensors and actuators to monitor and collect energy con-
sumption in the buildings increased the complexity of the task to deliver ac-

curate energy consumption models in the buildings.

3. Itis crucial to provide a high specification computer with minimum 64 ram to
develop simulation models, which was one of the main challenge during this
research study. For example, at the time when design and implement micro-
grid in SIMULINK platform; it spent one night to run the model for 24 hours
and get result which took about three months to develop microgrid model
with an accurate result.The result of the simulation was produced from a
computer using Windows 7, Intel (R) Core (TM) i7-6700K CPU @ 4 GHz, with
16 GB RAM.

7.4 Future work

For future work, | argue that decarbonizing seaports can have a profound transfor-

mation on port activities, as elaborated in the next sub-sections.
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7.4.1 Total life-cycle approach to seaports decarbonisation

Most of the studies focus on developing strategies that contribute to reducing car-
bon emissions in seaports by optimizing the energy mix [364] and improving the
energy efficiency of the equipment and machinery used in ports [365], as well as
mitigating the environmental impact of ships by reducing their speed and schedul-
ing their arrival and departure from seaports [104]. These actions have the po-
tential to contribute significantly to reducing seaports carbon footprint. In this
context,Lifecycle Assessment (LCA) helps to quantify the environmental pressures,
the trade-offs, and areas for achieving improvements considering the full lifecy-
cle of seaports from design to recycling. However, current approaches to LCA do
not factor in consistently (both in the foreground and background inventory sys-
tems)lifecycle variations in (a) seaports buildings usage, (b) energy supply (includ-
ing from renewable sources), and (c) building and environmental regulations, as
well as other, changes over the building/seaport, and local neighborhood lifetime.
These include: (a) change in the energy mix of a seaports or upgrading / retrofitting
the energy system(s) in place; and (b) time-increase of energy demand during the
lifetime of a seaport due to a wide range of reasons, including changes in activ-
ity patterns. In fact, seaports present the highest complexity within LCA which
preclude the use of linear and static approaches but instead require the use of
salable approaches that factor in dynamic and non-linear considerations. Seaport
processes involve longer time scales than in other industries, and therefore face
very different operational and environmental conditions. Therefore, the consid-
eration of the time dimension in port activities modelling is becoming essential
to understand the resulting pollutant emissions and resource consumption. This
time dimension is currently missing in Life Cycle Inventory databases. A further
combination of Life Cycle Impact Assessment (LCIA) models using time-dependent
characterization factors can, therefore, lead to more comprehensive and reliable
LCA results. This is therefore a need to develop real-time LCA approaches for sea-
port which address temporal and spatial variations in the local seaport ecosystem,
and thus promotes more effectively a ‘cradle-to-grave’ environmental sustainabil-

ity capability”.
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7.4.2 Semantic-based modelling, forecasting and optimization of

seaports energy systems

In the complex seaport digital energy landscape, energy software services which
address various stakeholders’ (including prosumers) needs are required. These
include forecasting and simulation services, as well as responsive day-ahead and
intra-day management services necessary to effectively integrate distributed en-
ergy resources, including renewables, in seaports. This includes the ability to pre-
dict behaviours and adapt to changing weather and technological environments.
We argue that as local renewables density increases, this importance extends be-
yond the unit level to intelligence at the system level, where the impact of uncer-
tainty at each node can be mitigated through the emergent behaviour of adjacent
distributed energy resources. As such, an optimal management of energy systems
should be considered by systematically considering the decision space of manage-
ment topologies, schemes, and operating parameters, best conveyed by semantic
models, such as ontologies. Energy system optimization is far from novel, but most
approaches consider the system as a static entity, and only consider a single sys-
tem rather than the holistic perspective of emerging system of systems landscape.
We therefore advocate the previously described system of systems approach of en-
ergy management, best conveyed through semantic models that provide a holistic
conceptualisation of energy systems and their socio-technical constituents. This is
essential to address a wide range of scenarios, such as local energy balancing, is-
landing, and blackout prevention, adapted to a changing environment of high dis-
tributed energy resources penetration. A semantic framework has, therefore, the
potential to meet the requirements of flexibility, scalability, resilience, openness,
and practicality. Furthermore, it is important to combine the advantages of dis-
tributed control (such as scalability, privacy and adaptability) and centralized con-
trol (such as feasibility, optimality and responsibility) whilst mitigating their specific
drawbacks. The benefits of a semantic and Al-based architecture are particularly
evident when the grid needs to be restored and healed after a disruption in ser-
vice. The grid should be able of restoring, re-organizing and healing itself via alter-
native topologies without affecting the system as a whole, informed by the holistic

understanding of the wider energy systems. There is a need for a new body of
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research with a view of ensuring the optimality and resilience of energy manage-
ment systems through self-healing capabilities that i) promote autonomy, belong-
ing, connectivity, diversity and emergence, ii) balance the importance of global
and local objectives, iii) dynamically reconfigure to optimize the overall energy sys-
tem’s performance across energy carriers and scales, and iv) enable demand re-
sponsive energy management with bidirectional flow of energy, information and
dynamic pricing schemes. Optimisation based grid planning and longer-term op-
erational control are common approaches in power system management. But in-
creasing stochastics on supply and demand side and the coupling of different sec-
tors and markets increases the complexity of power grid operation and requires
multi-objective, time-series based optimisation under increasing uncertainty. At
the same time, increasing data availability and computational power give opportu-

nity for optimisation based short-term and close to real time operation.

7.4.3 Secure and reliable seaports energy services

Seaports are responsible of shipping circa 90 percent of global supply chain of
goods. They are, as such, critical infrastructures and are potentially subject to a
wide range of threats [368]. There is an urgent need to increase awareness on
cyber threats faced by ports worldwide [369] to ensure secure shipping and oper-
ations [370]. This is now exacerbated by the digitisation of seaport infrastructures,
including energy systems, as well as the involvement of a complex value chain.
Potential risks to energy systems include: blackout or service interruption, ma-
licious command injection, delayed measurements, Denial-of-Service attack, dy-
namic pricing information altered, and user accounts alteration. The consequences
of such cyber security threats can be dramatic. Conversely, the reliability and Qual-
ity of supply (QoS) of energy related services in seaports are becoming pressing
issues as a result of the increasing need for smart integration of distributed energy
resources. In fact, a gradual transition is occurring to demand responsive energy
management enabled by smart metering infrastructures with a bidirectional flow
of energy, and dynamic pricing schemes. There is a requirement for secure authen-
tication of users, agents, and transactions at each interface between energy de-

vices. The number of processes is also exacerbated by the increasingly distributed
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nature of grids, and their underpinning communication requirements. Three inter-
esting avenues for further research in include (a) research to identify and quantify
the risk of a breach of privacy and security to the systemic reliability and Quality of
service (QoS) caused by insecure authentication occurring in a heterogeneous en-
vironment, where legacy standards and applications need to remain in operation
alongside advanced standards; (b) research to identify and quantify loss of data,
breach of privacy and vulnerability due to the heterogeneous communication in-
frastructure (wireless, wired, PLC), and the impact on grid reliability and QoS; and
(c) research to develop guidelines for information security management and inform

related legislation and standardization in the energy domain in seaports.

7.4.4 Transition towards Prosumer-driven seaport energy commu-
nities
Seaports involve an important ecosystem, including their local communities. We
are gradually experiencing the emergence of sharing economies with the change
in consumption models. These can motivate energy prosumers (local communities
around seaports) to participate in a leasing energy market where services are used
for a shorter period and more accessible via community sharing. Blockchain can
incentivise the participation in such a sharing economy providing greater choice
for both energy consumers and providers while enabling a much greater flexibility
in being able to switch between multiple market offerings. Such sharing economy
has the potential to decentralise energy production but can also balance consump-
tion from consumers by not being restricted to energy services or price constraints
from a single energy provider. As the energy market today is transforming towards
a large number of suppliers and buyers, it is important to enable participants in a
seaport ecosystem to exchange an increased amount of traded energy. The inter-
action between these actors and the associated processes require a high degree of
standardisation which can be facilitated by a Blockchain model. The utilisation of
Blockchain for energy trading can lead to the eradication of brokers, monetisation
of energy excess and development of energy communities. Such brokers and inter-
mediary parties, usually are required for validating or for ensuring trustworthiness

of information across parties, can be replaced by a more automated Blockchain
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process. As Blockchain delivers a high level of security and data protection for dif-
ferent applications supported by transparent ledger that records all transactions,
third-party verification can be eliminated. In a Blockchain system, any user can
become a trader and offer an energy product or service to a group of consumers.
Blockchain technology has, therefore, the potential to leverage the benefits of de-
centralised energy systems and enable an environment where everyone can trade,
pay, and even deliver energy to others. Blockchain can support the creation of eco-
nomically attractive energy communities utilising the power of the Internet and im-
plement the vision of a perfect energy market. Blockchain identifies an online dis-
tributed database that aggregates a collection of blocks connected to each other.
It is a public and decentralised ledger that stores a set of records, structured as
a chain and blocks. From the multiple Blockchain solutions, smart contracts are
instruments that can extend the Blockchain capabilities and have been used in a
variety of industries. Smart contracts have often been used to convert business
rules into codes based on which a contract code/script is stored in a Blockchain.
Future research will involve exploring the adoption of energy sharing and trading

practices within and around seaports, using blockchain technology.

7.4.5 Propose roadmap for delivering a zero carbon fishery port

with an energy community

The EU played an important role in the development of energy systems policies
for EU countries, which directly reflects on a number of developed and develop-
ing countries, and even adopted a number of international policies at the United
Nations towards the modernisation of energy systems, which are directly aimed at
reducing dependence on fossil fuels and reducing carbon emissions. Through its
three main objectives, which it aims to achieve by the year 2050, the EU aims to
preserve the environment, create a fair and affordable energy market and finally
ensure the viability, reliability and security of energy supply for all.The industrial
sector is responsible of high percentage of carbon emissions from burning fuels.
Despite the stimulus measures that have been put in place to reduce emissions
from factories, there is still a long way to go to achieve a total reduction of carbon

from the industrial sector. Some EU countries have begun extensive and qualita-
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tive processes to convert energy systems to a cleaner, smarter and higher quality
state. Seaports are vital centers that are highly focused on the development of
transition energy systems that are in line with the EU’s vision targets for energy
systems. However, a number of studies in the field of energy systems in seaports
have focused on more than one factor, including the calculating and measuring the
amount of emissions from the port and commercial vessels through different pro-
posed methodologies, while a number of studies have focused on studying the fea-
sibility of converting energy systems in ports to be more environmentally friendly.
A review of the previous studies has previously been presented and discussed in
Chapter Two.

Through the PhD journey with the piSCES project, a road map to convert fishing
ports into carbon-free ports has been developed and implemented using a num-
ber of techniques and methodologies. Figure 7.1 demonstrates the main stages of
the proposed roadmap. This research began by understanding the nature of con-
sumption in the port. It then built and developed a model to simulate the energy
systems. A micro-grid was then developed and implemented. This network was
expanded to include the local community. Finally, a smart decision-making system
that contributes to reducing energy dependence from the national grid and takes
advantage of the electricity produced locally from solar energy is developed. The

next section will discuss this roadmap in more detail.
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7.4.5.1 Conducting an audit of the fishery port’s energy systems

The first action to start the process of transitioning to a zero carbon fishery port
is to visit the port and understand the nature of its operations. In addition, it is
crucial to meet the energy manager and the staff who are working permanently at
this location. This step is known as a site visit in the procedure of energy auditing
methodology. This action will help to gather information about energy systems
and understand the behaviour of energy consumption in these systems. Next, it is
important to get access to the energy utility bills and analyze them in a 24 months
period to understand the behaviour of energy consumption in different seasons. In
addition, it will help to investigate the hot seasons that have high levels of energy
consumption. Therefore, it is vital to get data for 2 to 3 years of energy consump-
tion, which will help to build an accurate analysis for the ports premises.

The port authority should provide requirement data sheets for energy appli-
ances and the operation times on a daily basis, which will help to analyse the en-
ergy use and compare it with utility bills to determine the high energy consumption
appliances and the hot periods. The final stage in the energy auditing process is to
analyse and recommend opportunities to save energy by replacing inefficient ap-
pliances, which will help to reduce energy consumption in the building.

It is crucial during an energy audit to investigate the awareness of carbon emis-
sion at the seaports and understand its impact in the total lifecycle. This will also
help to identify the level of preparation to accept updates in the overall energy
system at this seaport. In addition, will help to introduce key workers and port’s

members to the importance of the transition of energy systems.

7.4.5.2 Development of a simulation model for energy systems at a fishery port

The role of modeling and simulation of energy system is not only to understand
the behaviour of energy in period of time but also to save the time and money that
could be spent in real-life investigation of energy usage. The new energy simulation
tools help us to identify the areas of high energy consumption at a specific time. In
addition, it will help you to model the exact geometry of real life buildings, including
their components. It will also build a similar environment for the target building.

Energy simulation tools offer a smart platform that will help to propose differ-
191



7.4. FUTURE WORK

ent scenarios of energy saving without effect the overall system. It can also help
to investigate different scenarios by changing the input variables to see the impact
on the overall system. This will help to determine opportunities of promising ar-
eas to save energy and reduce cost and carbon emission. However, a simulation
is a virtual environment and it cannot change energy consumption in real life. It
can only help to understand the nature of energy consumption in the buildings and
find the main parameters that effect the overall energy system. In addition, energy
simulation will help to investigate the capability of local energy demand to be meet
proposed local energy supply, such as solar, wind or tidal.

For this study, a simulation of energy systems at a fishery port was the core
element to develop a smart energy system at a fishery port. The port consists of a
group of buildings with different functions, some of which are used for commercial
purposes and some have been leased to companies operating in the fish industry.
Buildings leased by fish factories are considered to be among the most energy-
consuming buildings, and the goal was to analyze and understand the amount of
consumption per building. However, one of the challenges that was faced during
data collection is the lack of sufficient data to build the simulation model, such
as drawings of the building, as well as the nature of energy consumption during
different time periods. The data needed have been collected to build a simulation
model of the buildings used by the fish factories. The results were then analysed
and compared with monthly utility bills. Some of the buildings that provided us
with the data to compare with the simulation results have been verified and the
ratio was very high in an approach to actual consumption on the ground. This will
contribute significantly to the design of future scenarios to raise energy efficiency,
as well as to study the possibility of meeting the need for energy locally through

renewable energy systems.

7.4.5.3 Design and implementation of a micro-grid for a fishery port

After | had developed simulation model using DesignBuilder and EnergyPlus pro-
grams, the third stage investigated the deployment of a micro-grid at a fishery
port. This will help to determine the capability of a micro-grid to meet local en-

ergy demand. The most robust simulation platform to develop a micro-grid is
192



7.4. FUTURE WORK

MATLAB/SIMULINK. There are many requirements to develop a micro-grid model
platform, including an energy generation system, energy demand system, energy
storage, energy management control and grid system. Each system has to be built
separately and then tested as standalone system.

After developing a model for each component, the next step is to integrate
all items in one platform as a virtual micro-grid. Graphs are then added to see the
operation of energy usage. This will help to determine how much power the system
receives from the grid and how much power is generated in a 24 hour period. It will
also help to identify the capacity of defined energy storage systems. The proposed
control energy strategy will help to enhance the flow of energy, which gives a clear
understanding of energy management in a 24 hour period. The grid model was
considered as a finite grid model to maximise the power flow in the system and
avoid blackout during operations. A finite grid is able to meet unlimited power
demand and accept unlimited surplus power from the system,

Once the proposed micro-grid model has been developed, itisimportant to test
the micro-grid under different scenarios for the system to identify the optimum
amount of energy storage to build a standalone system. In addition, the system
must be tested under different variables and conditions, such as seasons, maximum
load and minimum power production. This will help to build a robust model that
can be expanded under different conditions.

It is important to run the micro-grid model in a robust computer with a maxi-
mum amount of ram memory and smart specification to increase the model’s reli-
ability. This will lead to a model that is largely identical to the one that will be built

on the ground.

7.4.5.4 Expanding the community’s energy sharing around fishery port

The micro-grid in the port has been expanded to include the group of five buildings
that workin the fish industry and also a number of residential buildings surrounding
the seaport. This move enhances the potential of the micro-grid to meet the energy
needs of the port and the surrounding homes by taking advantage of the port-
owned solar farm, with an estimated capacity of about 5 MWp.

The expansion model was built on the prototype that had previously been built
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for the port’s micro-grid on the basis of only one expandable building. Electric-
boats have also been introduced into the grid circle, and utilised as an energy stor-
age system when needed and as a source of consumption when used.

More than one control model has been developed for the extended network
to determine the extent to which the network can handle the demand and save lo-
cally generated electricity from solar energy, as well as to determine the required
capacity of storage units, both for the port buildings and for the residential build-
ings surrounding the port.

The results of the expansion of the network have greatly enhanced the effective
role that the smart grid approach will play in seaports and coastal cities, and even
contribute significantly to enhancing the role of locally generated solar energy to
meet the need for electric power. This will be directly felt by the local community
and the marine activities at the port.

Here, the community surrounding the port can be called net-zero carbon, which
is an ideal model that many countries seek to reach by reducing dependence on
fossil fuels. The developed model is one of the first to use solar energy in fishing

ports and to have developed a smart energy community around a fishery port.

7.4.6 Develop a smart decision making system to deliver a zero car-

bon fishery port

After completing the study and analysis of the micro-grid system, and knowing the
extent of the ability of the network to achieve local energy sufficiency at the port
level, the control systems within the network are developed and optimised. This
will contribute significantly to raising the efficiency of the systems and make the
most efficient utilisation of locally produced solar energy. This study developed a
smart decision-making system that is based on control-based pricing and P2P con-
trol strategies. Both smart decision systems achieve a nearly zero carbon fishery
port.Control-based pricing is based on the total energy production of the PV panels,
the battery capacity, and/or the electric boats to consider the price of electricity
to decide between buying or selling energy. This will contribute to the direct in-
teraction with energy prices in the energy market, which benefits the port directly

by taking advantage of the cost of selling electricity at a high price or indirectly by
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supplying to clean, locally produced solar energy to the local community.

The P2P decision support system aims to share the surplus power that has been
produced from Agent A to Agent B to meet local power demand from clean energy.
P2P energy sharing could be implemented based on price or based on sharing,
which will gain more benefits to the local consumers. It will also help consumers
to become prosumers and trade surplus energy inside the community.

Smart decision making systems within the micro-grid aims to increase depen-
dence on locally produced clean energy through an energy department that allows
for the benefit of both the producer and the consumer. This will directly affect the
energy markets and society by increasing the production of clean energy, activating
the role of the customer, as well as facilitating the customer’s access to the energy

markets.
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Questions for the staff in Milford haven port related to pack way building in MHP

L 0N EWNPR Y

P wWN P Y

©owoNow

Questions for fishers and the staff

When do fishers start use pack way building every day?

What type of equipment’s that fisher use daily in Pack way building?

How long that fishers stay in pack way building every day? Why?

Does fishers come to the building in two separate shifts?

What is the hot season for fishers to work annually?

To what extend fishers are aware of power conservation in the building?

Do the fishers has the ability to contribute for energy saving approach in MHP?
How fishers can be an effective to reduce power consumption in the building?
What fisher’s ideas to optimize power consumption in the building?

Questions for the electrician staff
What is the most power consumption equipment in the pack way building?
What is the department plan maintenance for equipment? Is it regularly?

How do you calculate the power efficiency for the equipment?

Do you think that power produced from PV panel can meet the demand of power
consumption in pack way building?

From your technical experience how could optimise power consumption in the building?
To what extend that decarbonisation of the building will protect environment?
How could we reduce power consumption for cold storage unit?

How could we reduce power consumption for flake ice unit?

Do you usually check the calibration of smart meter in the Pack way building?

Questions related to the equipment in Pack way building

flake Ice

1- How long flake ice machine work on every day?

2- How much the power capacity of flake ice?

3- Is there an accurate reading of the daily quantity of ice that produce?

Cold Storage

1- Does cold storage operation (on) for 24 hours a day?

2- Which period in day fishers use cold storage continuously? (morning / afternoon/ night)
What was the total power consumption of cold storage in 2016?

3- What is the most power consumption part in cold storage?

4- Is there an accurate reading of the daily quantity of ice that fishers use from cold
storage?

5- Is it possible to make cold storage works as (work based order)?

Box washing machine

1- How usually fishers use box washing machine? ( daily- weekly- monthly)

2- What is the most power consumption part in box washing machine?

Lighting system

1-  Which period of day that fishers use lighting system?

2- How much the total power consumption of lighting system?
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Data available from Savenergy online related to packaway building

Type of data available Units
Annual profile of electricity consumption by daylight in two shifts ( daylight/ | kWh/ month/year
night)
w
| Annual profile of electricity generation from PV and solar irradiance /m?
_ OC
°C
Multi utility summary ( electricity — gas — water ) kWh — kWh - m3
| Annual energy consumption kwh
Annual CO2 emissions Kg CO2
Data available from Savenergy online related to Flake Ice PV generation
Type of data available Units
Annual profile of electricity consumption by daylight in two shifts ( daylight/ | kWh/ month/year
night)
w
' Daily power consumption ( every 30 min ) /m?
w
' Daily power generation ( every 30 min) /m?
| Monthly data of power consumption and generation kwh/ month
Data available from Savenergy online related to cold room PV generation
Type of data available Units
Annual profile of electricity consumption by daylight in two shifts ( daylight/ | kWh/ month/year
night)
w
' Daily power consumption ( every 30 min ) /m?
w
' Daily power generation ( every 30 min ) /m?
“Wionthly data of power consumption and generation W month
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144

The main appliances in Pack way building in Milford haven port

Appliance

How it is works

1- Box washing machine

The box washing machine has the power capacity
50 Kw. And it works only when the fishers want
to clean the boxes after use it which is very short
time a day.

Optimization solution

Scheduling is the useful solution in order
to optimize the power consumption in
pack way.

2- Lighting system

Lighting system in this building is about 17
double tubes lighting which is 25 W each. And
according to staff that fishers doesn’t use it in
day time due to day light accessibility to the
building from the ceiling and the might use it in
the night which is very short period based on the
system

Change double tube lambs by LED which
is more efficient.

Install sensors in the main hall which will
help to save energy.

3- Flake ice

Flake ice consumed about 32 Kw of power and it
produce the ice for fishing purposes, it produces
the ice as small pieces and then move it to the
cold storage.

Based on the scheme of flake ice, we
might add a special device known as
variable speed drive (VSD) which will
help to reduce power consumption for
the machine.*

Scheduling could be effective based on
an accurate data of fisher’s period to
collect the ice.

4- Cold storage

Cold storage is under the operation all the time
to meet the demand for fishers with the quantity
they need. Also, it consider the most power
consumed device in the building that is because
of cold temperature need to be -5 degree.

Based on cold storage cycle, an
optimization could be done based on the
type of device such as (air flow pattern,
variable speed drive, minimizing heat
transmission load and create control
system). **

Scheduling could be effective based on
an accurate data of fisher’s period to
collect the ice




Data available from Savenergy online related to packaway building

Type of data available Units
Annual profile of electricity consumption by daylight in two shifts ( daylight/ | kWh/ month/year
night)
w
| Annual profile of electricity generation from PV and solar irradiance /m?
_ OC
°C
Multi utility summary ( electricity — gas — water ) kWh — kWh - m3
| Annual energy consumption kwh
Annual CO2 emissions Kg CO2
Data available from Savenergy online related to Flake Ice PV generation
Type of data available Units
Annual profile of electricity consumption by daylight in two shifts ( daylight/ | kWh/ month/year
night)
w
' Daily power consumption ( every 30 min ) /m?
w
' Daily power generation ( every 30 min) /m?
| Monthly data of power consumption and generation kwh/ month
Data available from Savenergy online related to cold room PV generation
Type of data available Units
Annual profile of electricity consumption by daylight in two shifts ( daylight/ | kWh/ month/year
night)
w
' Daily power consumption ( every 30 min ) /m?
w
' Daily power generation ( every 30 min ) /m?
“Wionthly data of power consumption and generation W month
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%% Initialize Data %%

clear

load ("V2G") ;

load('PC_1l.mat')
load('PC_7.mat"')

load('PG 1l.mat')
load('Date Jan 30.mat')
load('Price Buying.mat')
load('Price Selling.mat')
%date = cellZmat (Date Sec )
$x= datetime (date, 'InputFormat', 'yyyy-mm-dd HH:MM:SS')
To_seconds = 3600;

14 solar_generation = PG_1*1000;

G s W N

el
WN R OW®-Io

15 consumption total = PC 1*1000;

16 consumption total 2 = PC_7*1000;

17 solar = timeseries(solar_generation);

18 consumption = timeseries (consumption total);

19 consumption 2 = timeseries(consumption total 2);

20 price buying = timeseries (Price Buying);

21 price selling= timeseries(Price Selling);

22 load pattern.time=consumption.Time; % Correcting data time
23 load pattern.signals.values=[consumption total , O*consumption totall;
24 load pattern.signals.dimensions=2;

25 isoc = 50;

26 sec_per_step = 1;

27 steps_per hr = 3600;

28 price max buying =1;% Above this price secondary battery will discharge
29 price min selling=7; % below this price secondary battery will charge
30 hold on;

31 plot(PC_1);

32 plot (PC_7);
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