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ABSTRACT  

South west interconnected system (SWIS) is an isolated network which has many long spurs 

running hundreds of kilometers supplying rural areas. Large numbers of assets are approaching 

end of useful service life with high costs to maintain and replace network infrastructure. The 

loss of single transmission line causes outages thus customers experience lower reliability of 

supply. A possible solution is to operate microgrid with battery energy storage systems (BESS) 

to help attenuate poor reliability during upstream fault events. The design and optimization of 

trial projects will help to understand the implications and suitability of this new technology for 

sites in an isolated network that has no interconnection capabilities. Integrating batteries into 

microgrid system helps to combat system strength issues which is present at the fringes of 

network. 

 

The energy market is also undergoing unprecedented change as the geographic diversity of 

supply resources are shifting. There is a need for strategic direction to understand the value 

stream that microgrid could bring by deferring huge transmission investment cost which 

otherwise would be constructed for traditional power system. Battery storage costs are coming 

down though it is still more expensive than old network solutions. Utilities now-a-days are 

taking the lead and exploring safer alternatives than network renewal to help improve reliability 

to remote rural communities. Hydro, solar, wind and other emerging technologies are changing 

the way the network is being used. One of the major scope of work for utilities is to assess new 

technologies to develop non-traditional, cost-effective rural reliability improvement options for 

customers thus supporting and improving network’s performance.  

 

This research aims to optimize sizing and perform feasibility study for the proposed Kalbarri 

microgrid project which would be the biggest of its kind in Australia. It will focus on the 

development of algorithm, modelling and simulation of microgrid model in MATLAB. 

Reliability and economic indices are used to model a resilient rural microgrid system. The 

dispatchability of generator depends on the ability to manage generator output to keep the 

power system in balance. As renewable energy resources are intermittent source of supply 

hence deriving data from energy demand, generation profile, power network flow, and 

operating schedule becomes challenging. Projected power system forecast defines modelling 

parameters which is critical for analysis. Therefore one-year hourly historical data from the 

network service provider has been consolidated to estimate future network constraints. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Project Background 

 

Kalbarri is a coastal town located in the mid-west region, 592 km north of Perth in Western 

Australia. It has poor reliability performance due to frequent power outages which pose great 

implications on local customers and existing tourism. The long high voltage (HV) feeder that 

supplies Kalbarri traverses farming area which makes it quite challenging to identify and access 

faults. Existing and forecasted capacity limitations is continuously increasing major and minor 

network failure events which heavily affects customer supply interruption resulting in outages 

especially during peak load conditions. This impacts reliability target performances which is 

quite concerning for power utilities [1]. 

 

The current transmission network is an extensive lengthy interconnected grid. Load 

connections are concentrated in major town centers. Huge coal thermal power fired stations 

and hydro generation were developed far away to connect demand centers. However it is 

evident that the Australia’s power system and network is changing because of different 

generation mix to provide sustainable generation of supply. There is growth from wind and 

rooftop solar photovoltaics (PV). This change is likely to bring about a host of changes in how 

the power system is managed, including new resource adequacy, variable resource energy 

firming, frequency and inertia management, system strength enhancement and system 

restoration capabilities. Battery storage is a technology that is likely to contribute to many of 

these systems change requirements.  

 

Emerging technology is being looked for long term solutions for all edge of grid areas where 

feeder performance is low. It is a steep learning curve for industry in general as initial 

investments are large therefore economical evaluation of microgrid is critical. The subsequent 

proliferation of stand-alone power has apparently solved many of the reliability issues in the 

past. The onset of solar and wind generators results in system strength risks which amplifies 

network instability risks. It might have adverse effects on power stability, system voltage and 

https://en.wikipedia.org/wiki/Mid_West_(Western_Australia)
https://en.wikipedia.org/wiki/Perth,_Western_Australia
https://en.wikipedia.org/wiki/Perth,_Western_Australia
https://www.aurecongroup.com/markets/energy/transforming-energy-market-australia
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network security. Hence reactive plants and network assets like synchronous condensers are 

required to improve system stability and strength performance. Microgrid therefore is a great 

platform where all the distributed generations (DGs) technology can be integrated and 

implemented in the distribution network.  

 

Distributed energy resources can be independently connected to the utility distribution and 

transmission network or they can be grouped in the form of microgrids and nanogrids. New 

generators are heavily connecting at the fringes of the transmission network where renewable 

energy can easily get access as huge land areas and resources are available yet network is weak 

and far away from load areas. This additional generation has resulted in increasing transmission 

losses. All generators located in vicinity with same generation profile generate power into the 

lines during same period of time hence limiting transmission capacity. This can be offset if 

generation is diversified and located close to major loads to minimize transmission losses.     

 

Historically the network has been designed and optimized to reduce the construction and 

management of new assets using net profit and benefit realization to minimize capital costs. 

This approach has resulted in overloading of the meshed high voltage network under contingent 

events which leads to increased loss of line. Generally, disturbance to one part of the electricity 

grid affects the flow of electricity to all points and creates a bottleneck. Therefore, a microgrid 

would be able to support Kalbarri whether power was being received from the wider network 

or not. If a microgrid was successfully developed for Kalbarri, it would be the biggest of its 

kind in Australia. Kalbarri is supplied from the Geraldton zone substation (GTN ZS) through 

33kV single distribution HV feeder. The Kalbarri town connection point is approximately 140 

km from the GTN ZS. Step down transformers located at the end convert the voltages from 

33kV to 6.6kV so the town site is supplied at 6.6kV. The microgrid will operate as a power 

station in continuous grid-parallel operation mode while exporting energy into the 33kV 

network. The proposed solar thermal generator will be powered by solar towers which stores 

energy as heat to produce steam. Microgrid will be potentially connected through cut-in (T-

off) or loop in and out to the existing feeder as shown in Figure 1. 

 

The electrical system in Western Australia is independent and centralized however with the 

augmentation of future DGs within the SWIS network, it will move towards a decentralized 

system which makes power flow bidirectional. Battery Energy Storage System (BESS) plays a 

crucial role in the operation of microgrids as it stores and dispatches energy when required. 



13 | P a g e  
 

This certainly needs accurate modelling hence BESS sizing and duration of supply is important 

for the efficient and effective operation of microgrids. A lot has been done in this area however 

every project is unique. This project could be further used as a prototype to develop other 

renewable generation in regional towns located near weak electricity grid.  

 

 

 

Figure 1:  Kalbarri region network diagram 

 

Recently microgrids have started playing a significant role in sustaining transmission of power 

supply in current network. If the load is located in close proximity of new generation, power 

system losses can be reduced. The DERs can be efficiently staggered together as microgrids 

and strategized to be located at customer’s premise. Technically, a microgrid is an autonomous 

group of controllable plug-and play microsources (energy resources) and energy storage 

devices that are optimally placed and operated for the benefit of the customers [2].  
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Network power quality, reliability and operability can be considerably improved through stand 

alone and grid connected DERs which requires transmission and distribution augmentations. 

This could be further accelerated by creating open market for distributed generators through 

new market mechanisms.  

 

Batteries provide flexible power to balance power flow, dispatching precisely as required 

within fractions of a second to help maintain grid stability. Batteries are flexibly sized for both 

power and energy to meet specific project requirements. These can be quickly deployed to 

provide range of benefits and due to the changing needs of the power system as it transitions 

to high levels of renewable energy, storage usage will exponentially increase in the next few 

years. The lack of defined standards and federal policies poses great limitations in strategic 

deployment which restricts unlocking greater resource potential. Network resiliency needs to 

be achieved using fast frequency response of batteries so power could be quickly recovered 

during contingency events. Large scale application of batteries should be realized and 

implemented to understand the implications of battery operation across the whole grid. 

 

1.2 Problem Objective and Scope 

 

Small scale network like microgrids are emerging which function as an independent entity or 

work in parallel with grid power when it is available is unavailable. Nowadays integration of 

storage into the microgrid is indispensable for strengthening power stability and reliability. 

Therefore, investigations of various methods of optimizing microgrid operation has become 

critical because of changing mix of generation components. 

 

The main goal of this research is to solve and assess the optimal battery sizing ensuring 

reduction of generation costs while managing the constraints and load demand for the town of 

Kalbarri. Huge challenge exists as generator mix has diverse range of embedded resources. 

Microgrid performance is considerably governed by increase in capital costs.  Therefore an 

enhanced algorithm is deployed to reduce generation cost. The underlying assumption here is 

that the renewable generation model has a lifetime benefit of twenty years.  

 

Research significance of Kalbarri project is essential as this will define new standards and 

technology to improve rural network while using existing network assets. Kalbarri is located 

near coastal line and the pole top insulators are affected due to dust and other particles which 
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often results in pole top fires.  Therefore, the objective of the research programme is to 

determine optimisation of the BESS for Kalbarri microgrid. To achieve the main goal of 

evaluating operational characteristics of batteries and its sizing through sensitivity analysis, 

different phases of this research have been outlined as follows:  

 Review various solar-wind-battery microgrid operation, economic evaluation, optimization 

techniques and limitations for reliability enhancement. Comparison between various 

deterministic and stochastic optimization algorithms will help to focus on application of 

suitable algorithm for cost minimization.  

 Develop set of rules and defining constraints (state of charge, round trip efficiency, 

charging and discharging rate) for the successful operation of BESS in islanded and grid-

connected mode. 

 Develop an algorithm through a step by step procedure incorporating all energy balance, 

charging and discharging equations that governs dispatch process and can be utilized for 

establishing standard operating procedures.  

 Build the case study for Kalbarri model in MATLAB incorporating all specifications and 

operating procedure of BESS.  

 Verify and validate operation of Kalbarri microgrid through performing extensive 

simulations. The optimal results will be categorized based on the sensitivity of selected 

variables as per the following key steps: 

1) Simulate and run the model in MATLAB version R2013b. 

2) Dispatch based on export limits of wind turbine plants, solar thermal, battery and 

diesel generator. 

3) Explore and study the algorithm process, performance and attributes related to 

output characteristics and convergence of battery costs.  

 

1.3 Project Methodology 

Following methodology grouped in stages has been used to achieve the objectives of this study, 

for project execution:  

 Stage 1: Study different research topics related to microgrid operation and its optimization 

based on the optimal design which is driven by load, generation dispatch and power flow. 

Previous research papers and proven theories and practical microgrid case studies will 

determine research gap and objective formulation.  

 Stage 2: Gather all the real-time data and events through enterprise infrastructure to extract 
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all 1-minute data for generation and load requirements. Wind/solar parameters from bureau 

of meteorological website will be extracted to forecast generation profile. Data will be 

consolidated to provide input into the algorithm to formulate the load flow equations. All 

information available to all DGs and BESS will be defined i.e. generation costs and 

capacity, output profile of wind turbine and solar thermal/PV, info of BESS’s size, charge 

and discharge efficiency.  

 Stage 3: Develop an algorithm in MATLAB for two scenarios: 

1. BESS without initial charge, state of charge = 0%, depth of discharge = 100% 

2. BESS fully charged, state of charge = 100%, depth of discharge = 0%.  

 

Initial stage will involve programming the algorithm in MATLAB command. Then a few 

modification codes will be imposed for solving optimization problem. Identification and 

compilation of the program function, fitness function attributes, input/output parameters 

and constraint equations will be formulated into the programming to achieve minimum cost 

operation for microgrid.  

 Stage 4: Analyze the performance from simulation results and perform sensitivity analysis 

to investigate the algorithm performance to find out the optimal sizing of battery.  

 

1.4 Thesis Organization 

 

This thesis contains 7 chapters. The topics covered in each chapter is summarized as follows: 

 Chapter 2: discusses other previous research work related to economic cost optimization 

theories applied in real life projects. The chapter explores microgrid operation, BESS sizing 

issues, current challenges, regulatory market, development of renewable energy zones, cost 

and time implications of renewable projects.  

 Chapter 3: discusses overview of optimisation techniques, reliability and economic 

indicators, deterministic, stochastic and metaheuristic algorithms for efficient economic 

dispatch. Advantages and disadvantages of various algorithms has been evaluated to 

understand the application of algorithms.  

 Chapter 4: presents the methodology that is designed to accomplish this project. 

Development of microgrid model architecture, battery sizing algorithm, potential battery 

locations and calculation procedure is discussed in detail.  

 Chapter 5: presents optimization methodology and cost optimization using generator, 
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battery and load data through implementation of firefly algorithm. 

 Chapter 6: discusses the microgrid model studies, parameter settings, simulation results 

and plots to find the optimal solution.  

 Chapter 7: summarizes conclusions, suggest recommendations and future work associated 

with Kalbarri microgrid is proposed. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Microgrids operation 

 

A microgrid is a group of interconnected loads and distributed energy resources (DERs) within 

clearly defined electrical boundaries that act as a single controllable entity with respect to the 

grid [3]. The existing energy network is going through phenomenal transformation. The influx 

of distributed generation has been induced by sudden growth in global demand, environmental 

factors, changes in market regulation and government funding. Distributed generation provides 

reliability improvements, power quality enhancement and addition of energy resources to 

provide frequency support in deregulated market. The distribution of increasing energy 

resources has resulted in collection of these generation, storage devices and local distribution 

in form of microgrid. This helps to attain reliable standards and efficient power supply with 

network augmentations and improved grid technologies.  

 

However, distributed generation can adversely affect system stability & security, voltage levels 

and primary/secondary control [4]. Microgrids are becoming more powerful and cost-effective 

than previously designed traditional network which was more centralized. They depict an 

escalation and rise of integrating renewable resources in future power system design that would 

be critical to solve growing risks associated with reliability and practice sustainability in best 

possible way [5-6].  

 

A microgrid is often referred as small scale localized grid network. Microgrid can either operate 

in islanded mode or grid connected mode. When utility grid has outages, constant power is 

supplied to customers instantly through islanded mode otherwise it continues to operate in 

parallel with the upstream grid [4].  Microgrids has emerged as a big platform where DG 

technology can easily be consolidated and operated to work in parallel or in island mode 

condition. Resources normally comprise of diesel generators, solar panels, wind and gas 

turbines.  

 

 



19 | P a g e  
 

2.2 Battery Energy Storage System (BESS) operation 

Energy storage plays a major role in microgrid operation to facilitate renewable energy 

integration into the existing ageing network. Storage systems provide great benefit in terms of 

storing excess energy from renewable sources when it is available and dispatching it during 

peak load conditions. BESS can actively participate in the national electricity and power 

ancillary market to provide frequency/voltage support by taking advantage of tariffs. BESS can 

easily buy power from grid during light load conditions and sell excess power during peak load 

hours. Therefore battery sizing is a crucial step in attaining the required microgrid performance.  

 

In parallel operation, main grid provides additional support to balance the supply and demand 

requirements by maintaining frequency and voltage. However in islanded mode different 

strategy is required to provide governing frequency and voltage. BESS can successfully supply 

this required support for power balancing. Fast frequency services provided by batteries can 

significantly reduce stability and inertia issues which is often created due to slow responses of 

distributed generation.  

 

During power disturbances and islanding condition which requires immediate frequency 

support during short interval of time. BESS can contribute to this shortage through easy 

integration into microgrid. However the overloaded disruptive power created during this short 

interval should be first carefully studied to optimize the correct sizing instead of focusing just 

on total battery capacity. The BESS overloading characteristics, charging and discharging rates 

can support more output power instead of it nominal power rating. Cost formulations 

incorporating capital and operational management information is typically used to run the 

overall optimized system. The final microgrid design solution is governed by assessment of 

capital expenditure costs [7]. 

 

2.2.1 BESS operation 

BESS is composed of static elements and has a very fast dynamic response compared to typical 

generators or other energy storage devices [6]. Battery energy storage systems (BESS) can be 

easily integrated as shown in Figure 2 and 3 to incorporate diverse range of applications starting 

from energy system management and power quality improvements. BESS typically 

implements peak load shaving and backup generation functionality to provide seamless supply 

of electricity. BESS helps to improve voltage, frequency and inertia stability which is often 

supplied by other expensive assets like statcoms and synchronous condensers [8].  
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Figure 2:  Typical microgrid with BESS 

 

Figure 3: Typical optimization algorithm 

 

2.2.2 BESS sizing issues 

Storage system sizing has been earlier studied in the literature using optimal scheduling of the 

battery and further applying stress tests to evaluate results of changing battery ratings. The 

sizing studies normally explore impact on reliability standards, a key performance indicator to 

record and measure network performance benchmarking. Objective functions also use other 

metrics like net profit based on capital expenditure and benefit realization. This will also assist 

in optimal planning and scheduling of BESS. 

 

This transformation in energy network has great potential to install battery technology 

supplying power to balance power constraints for intermittent energy. However this also needs 

to be economic viable for batteries to progress through large scale implementation. The rate of 

return needs to be quantified maybe in terms of service target incentive schemes which is 

imposed by energy regulators. Also, given that the energy storage system (BESS) must be rated 
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both in terms of power and energy capability, and that wind energy is a stochastic energy 

source, increases the dimensions of the problem [10]. 

 

 

Figure 4:  Typical microgrid interfacing  

An optimization algorithm needs to be built to minimize total capital and operation cost of 

microgrid which comprise of different elements and associated constraints to match the perfect 

load and supply requirements for specific locations. For Kalbarri a constrained optimization 

solution is required to compute sizing with focus on reducing total cost.  

 

The coordination of electrical generators involves large mathematical set of optimization 

equations, often referred to as “unit commitment” which requires efficient techniques that 

should be solved to reduce total operating costs microgrid [11]. Unit commitment rules 

comprise of assessing available capacity and limitations of various network elements to serve 

customer demand through satisfying load and generation curves. Economic dispatch forms a 

major component in overall coordination and matching of generation and demand through 

economic analysis. The upfront capex costs which is required to install and deliver storage 

system establish the basis of economical parameters. Therefore capital cost is of utmost 

importance to calculate and evaluate total microgrid operating costs. For batteries, state of 

charge (SOC) and number of cycles defines the lifecycle hence they are major attributes in 

deciding battery sizing [12].  

 

Energy management system has been designed to model unexpected variations often 

experienced in wind farms output and PV system load demands. The dispatch engine cost 
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formulations for microgrid included a various fuel cells power plants connected in parallel. The 

optimum size of storage devices like were successfully determined through scheduling of the 

committed generation to satisfy power limitations and load demands through time steps [13]. 

 

Assessment of storage usage on renewable energy resource curtailment has to be studied in 

detail. New generation connected in proximity often leads to curtailment issues as voltage and 

transmission line constraints emerges. The information on time step changes of load and 

generation data is quite useful as battery energy is dependent on previous battery operation. 

Hence time interval of recorded data is critical as it drives battery control mechanism, charging 

and discharging.  

 

Optimal sizing is normally a tradeoff between capital costs of overall construction and 

maintenance of storage facility versus curtailed energy. Different combinations of storage 

capacities is therefore studied which sometimes becomes challenging as the horizon of 

potential battery sizes is unlimited. Load demand and generation profile is often used to 

calculate optimal energy battery size. Single or multi objective cases has been deployed to find 

power capacities. Microgrid management system is often designed to manage supply demand 

costs at all intervals. BESS could easily integrate battery management system shown below to 

measure, control, supervise and act upon all the operations safely. This will require series of 

command logic based on grid rules, battery condition and real data from grid communication 

and generating system. 

 

Figure 5:  Conceptual illustration of Battery Management Cycle 
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2.3 Regulatory Scan 

 

Australian Energy Market Operator has released an integrated system planning report which 

states coordination and development of future network through medium and long term planning 

in consultation with state transmission network service providers to create a roadmap and ease 

the regulatory process for early construction and design of major projects. Figure 6 shows the 

pipeline of committed, emerging and new generation which indicates rapid growth of 

renewables.  

 

Figure 6:  Growing renewable projects in NEM, 2019 

2.4 Cost and time implications of renewable projects 

 

The historical generation mix and location was driven by the availability of coal, whereas the 

future mix will be driven by the alignment of solar and wind resources within the grid. The 

strongest renewable resources are typically remote from load centres. Therefore, delivering 

renewable energy to market relies on having a strong grid network close to the project. The 

relatively fast development of solar PV and wind power is followed by 12 – 24 month of 

construction timeframes after financial close of projects. Siting of dispatchable renewable 

technologies (solar thermal, biomass and hydro) is also driven by renewable resources, but 

costs are higher. Market activity is primarily driven by government support, due to the higher 

costs and longer delivery timeframes from approvals to execution as shown in Figure 7. 
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Figure 7:  Indicative timeline of renewable projects (New Energy Finance Limited) 

As renewable projects are often remote from load centres, so grid access is important, and 

dispatchable renewables in particular are higher cost and have longer lead times to commercial 

operation. Over time, cost reductions for batteries will see them become highly complementary 

to wind in a load following or ‘firming’ capacity. Before then, gas is expected to play this role. 

Construction capex for wind farms is relatively stable for average sites or decreasing slightly 

for sites with the best wind resource. A relatively large proportion of the installed cost is 

imported hardware (generators, nacelles, blades) that is exposed to exchange rate risk. Wind 

farms have limited requirements for additional capital over the operating life. Most turbine 

components and balance of plant are designed for 30-year life with no major maintenance 

required. Some control systems and switchgear items have shorter life expectation due to 

requiring updating but cost is not significant. Optionally, turbine supplier takes risk of 

operating costs over project life through fixed O&M fees. As battery storage is emerging 

rapidly to support short term security and reliability over time, cost reductions for batteries will 

see them become highly complementary to wind in a load following or ‘firming’ capacity. 

 

 

Figure 8:  Battery market prices (New Energy Finance Limited) 
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Figure 9:  Wind turbines design 

2.5 Renewable Energy Zone – Emerging concept in eastern states 

Australia is quite a big nation with huge landscape and network running across thousand miles 

with concentrated uneven load distribution located far from each other. The existing national 

electricity market (NEM) has been specifically designed to cater for connection of large coal 

power fired stations and hydro power to carry extensive power to load centres. Substantial 

amount of solar and wind resources exists across NEM. Recent studies on market modellings 

suggests that approximately ~40GW of new renewable connection will rise in next 20 years. 

Current statistics shows 5 GW of renewable generation is already connected, 4 GW is 

committed while 30GW of upcoming renewable generation is going through connection 

application process [14]. 

 

Numerous REZs (Renewable Energy Zones) has been formed and mapped on network to 

access cheaper resources. The idea of designing these REZs is to replace ageing power stations 

which are on verge of retirement. Therefore a diverse range of strong interconnected grid needs 

to be built and tested: 

 Give network access to huge capacity of existing generation, renewable resources and 

battery storage to meet load demand.  

 Provide transmission line capacity to spot best area with resources  

 Make use of geography, timeline of other renewable projects, resource diversity to 

ensure efficient operation of existing and future generation.  

 Continuous improvement of system reliability and resilience through allowance of 

resources across all regions to participate collectively to fulfill customer demands 
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In order to develop REZs, long term planning of system strength and inertia in a coordinated 

way through collaboration with various network service providers is important to realize 

economic benefits. A single solution is better than multiple solutions as it provides efficient 

results and cheaper access to network. This implies that network in future needs to be driven 

by generation location. It might be worthwhile to identify potential resources in Western 

Australia and develop concepts of REZ for prudent transmission network augmentations.  
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CHAPTER 3 

 

OVERVIEW OF OPTIMIZATION TECHNIQUES 

 

3.1 Optimization algorithm 

 

Optimization problems are generally nonlinear with numerous constraints. Such nonlinear 

problems requires efficient optimization algorithms to find optimal solutions. Optimization 

algorithms are divided into two major classifications; deterministic and stochastic. 

Deterministic algorithms generate same solutions even if it starts from same initial assumptions 

and inputs. However stochastic algorithm creates different solutions using same initial inputs. 

While deterministic algorithms follow a rigorous procedure, stochastic algorithms always have 

randomness. Deterministic methods requires that wind generation characteristics, solar 

irradiance and load data remains constant over period. 

 

Stochastic algorithms has both deterministic and random parts. Both the formulations can be 

used for scheduling of power system. Stochastic method can use either actual or 

forecast/artificial data which is used as input for solar sizing data.   

 

Firstly, linear programming (LP) is an old and simple optimization process that uses linear 

constraints. This approach was introduced in power system history to solve generation dispatch 

process for decision making. Assessment of power system security, reliability scenario studies, 

planning, optimization and design of transmission network and system load management. 

Finally, stochastic programming was developed which is often called dynamic programming. 

Although this method is widely used for optimization problems, the numerical solution requires 

a more computational process, which increases the probability of suboptimal results because 

of the dimensionality problem [15]. BESS allocation is of important consideration when 

considering the storage in microgrid. Two-staged stochastic optimization process has been 

utilized to solve sizing issues for wind-solar-diesel systems. 

From another perspective an intriguing method was proposed for an uncomplicated economic 

feasibility assessment of smaller battery storage systems [16]. It calculated extra cost added to 

kwh energy that is accumulated, reserved and returned later when required. An optimal 
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participation strategy was selected for the generators that deploy energy storage device in unit 

commitment process. Cost–benefit tools has been implemented to assess feasibility of BESS 

integration in island and grid connected mode.  

 

The aim of optimization is creating set of input and output variables and design efficient 

process that results in optimal solutions and satisfy power limitations. Meta-heuristic is a 

higher-level method which generates, find and choose a path that may provide correct solution 

based on the level of information which might be incomplete, typically nature-inspired 

algorithm. Therefore it might result in different solutions depending on initialization of input 

elements. Some of the examples of meta-heuristic includes Genetic Algorithms (GA), Particle 

Swarm Optimization (PSO), Bat Algorithm (BA) and Firefly Algorithm (FA). These 

algorithms showcased extreme success to solve diverse complex issues in electrical 

engineering. However the original algorithms often needs to be modified in order to design an 

improved version to produce better results. Some commonly used population-based algorithms 

are the GA and PSO as shown in Figure 10, and the recently developed FA shows a lot of 

potential. 

 

 

Figure 10:  Classification of heuristics 
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Genetic algorithm is the prototypical evolutionary algorithm. It was founded in 1975 and is 

designed after the biological process of natural selection of genomes [17]. The GA encrypts the 

defined, objective criterion function into a chromosome, which correlates to a single possible 

solution. Many chromosomes come together to form population which constitutes the genome. 

For initial starting population, random chromosomes are created and calculated utilizing fitness 

function of the problem that needs to be optimized. Afterwards, the algorithm excites the 

population so that only the strongest ones survives, and new generation tries to continuously 

improve than the predecessor.  

 

GA has been successfully implemented to investigate the economic generation scheduling for 

microgrid. GA has been proposed to explore enhanced methods to optimize microgrid 

operation for reduction of operational costs and pollution treatment. It was employed to lower 

the capital and operating cost of existing microgrid with an integrated battery system to 

calculate optimal results for output power of total microgrid.  

 

Particle Swarm Optimization imitates its nature after the crowd or swarming behavior of 

insects/animals. PSO comprise of particles that forms the population. It deviates from the genetic 

algorithm as the particles are not picked based on who survives the strongest but particles are 

selected based on mutation. Individual particle moves towards new location through applied 

mutation process. It is found that PSO is easier to implement as less parameters exists, which is 

easily calibrated and tuned.  

 

PSO is more compelling and generates better outcomes as every particle remembers its previous 

and neighbor’s last position so it can be easily updated. This further increases efficiency as the 

swarm takes into latest information to progress through communal support as GA ignores any 

solution other than the best ones. Since PSO is a population-based search method, every particle 

proceeds from its position by updating its corresponding velocity accordingly based on its 

initial starting point. PSO is a simple method that has been successfully used to reduce carbon 

emissions and operating costs for various microgrid case studies.  

 

Cuckoo search algorithm (CSA) is another population-based searching process to compute 

non-linear, complicated non-convex optimization problems. This method is developed on the 

behavior of cuckoo which lays eggs on other bird’s nest. CSA has been utilized to optimize 

daily generation cost and emission of the microgrid to achieve load and supply balance while 
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maintaining network system limitations. The results produced are far efficient than PSO 

algorithm.  

3.2 Firefly algorithm 

The storage sizing issue for remote location and towns has always been a prototype model and 

baseline for a typical microgrid design with different energy mix to reduce supplied energy 

cost. These have been applied to solve multiple problems in network planning to understand 

unpredictability of microgrid characteristics. The firefly algorithm is a swarm intelligence 

algorithm which is inspired by the behaviour of the fireflies [18]. This smart algorithm is 

compelling as it is quite faster than traditional techniques and produces improved and 

consistent outcomes. Firefly algorithm has been successfully used to assess and find solution 

to various optimization problems since its invention. It is evident from previous research papers 

that FA is efficient and effective in demonstrating robust results which converges pretty 

quickly.    

 

The Firefly Algorithm (FA) was encouraged through the flashing of fireflies in natural habitat. 

There are around 2000 species of fireflies which reacts into bioluminescent enzyme producing 

bright light. The flashing light helps to attract mate although the complete functionality of 

flashes is not yet known. Each species of firefly produce distinguished pattern of flash lights. 

The male species if often attracted to inactive female. Sometimes the female species can imitate 

signals in a way to lure male and preys on. The flashing is typically a signal that can send 

information. The attractiveness and passing on information within fireflies has inspired and led 

into integrating FA methodology [19].  

 The fireflies are unisex, and so therefore possibly be attracted to any of the other 

fireflies.  

 The attractiveness is explicitly regulated by brightness; a brighter firefly will move 

towards a less bright firefly.  

 The firefly brightness is directly proportional to the function value being maximized.  

α is a parameter to control the level of randomness. The randomness parameter often lies in 

the range [0, 1]. The symbol, r is defined as the distance between two fireflies, β represents 

the attractiveness, γ is absorption coefficient and δ is to generate random distances to move 

with a uniform distribution. Combining all the factors together, the firefly state and position 

is updated using following equation for fireflies being attracted to each other: 
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𝑥𝑖 =  𝑥𝑖 +
𝛽

(1+𝛾𝑟𝑖𝑗2)(𝑥𝑗−𝑥𝑖)
+ 𝛼𝛿(𝑅 − 0.5)                  (12) 

Where R refers to uniformly distributed random numbers ranging between 0 and 1. R in the 

above equation is not defined. The objective function incorporating all the power equations 

and constraints is used to determine the brightness of a firefly.  

FA was used to solve Economic Dispatch (ED) engine to minimize fuel cost through examining 

transmission line loss factors and generator output limitations. Multi dimension objective 

Firefly Algorithm (MOFA) has been implemented for provision of Economic/Environmental 

Dispatch (EED). This has helped to control and overcome differences to solve non-convex, 

region with multiple local optimal options required for transmission development planning.  

  

Fundamentally any optimization problem that can be evaluated using particle swarm 

optimization and genetic algorithm can be successfully solved through firefly algorithm 

application.  

3.3 Economic, Reliability and Environmental indicators 

A set of indicators exist to compute and solve optimization problem objectives which forms 

the basis for modelling assumptions and constraints. These can be categorized as reliability, 

economic and environmental indicators which are used to analyze economic feasibility of 

overall system. These indicators are defined as [20]: 

 System Total Cost (STC): Consists of overall total costs including solar and wind 

technology, which comprise of installation cost, equipment and energy storage cost, 

capital, replacement cost, operation and maintenance costs over the project lifecycle.  

 Annualized Total Cost of the System (ACS): Comprise of the annualized capital cost, 

replacement and maintenance cost. 

 Levelized Cost of Energy (LCOE): Specified as the ratio of total annualized system cost 

to the annual energy dispatched by the system. This represents steady unit price of energy 

produced in a defined period of time, 

 Net Present Value (NPV): One of the most outstanding financial method to measure 

economic parameters for project evaluation. The preferred option is usually the one with 

highest NPV to reduce the risk to an acceptable level. It is normally based on capital costs 

on cash flow basis (i.e. year in which incurred) 
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Environmental indicators exist to interpret environmental consequences of microgrid system. 

CO2 emissions is a commonly used indicator which measures system impact in response to 

climate changes efficiently. Reliability indicators has been conventionally used to measure 

system resilience in response to load demand changes. The stochastic nature of wind and sun 

drives microgrid system reliability. The reliability indicator is expressed mathematically and 

is assessed using defined set of data over a time interval. For better performance a big data set 

is essential as stochastic algorithm takes in random characteristics of input data to start 

initialising point. This also helps to predict estimated output power. Artificial data can be 

consolidated to generate wind and solar data using probabilistic models to understand different 

variables and calculate output power.  

 

Stochastic methods like Loss of Load Probability (LLP), Loss of power supply probability 

(LPSP) and Expected Energy Not Supplied (EENS) has been used by researchers to analyze 

the reliability of these systems due to the stochastic behavior of the sun and wind. LPSP is the 

sum of time recorded when the available supply is not able to satisfy the required load demand 

during certain interval. LPSP can also be defined as fraction of forecasted energy deficit over 

total estimated energy demand calculated during total operating duration [20] 

 

Life Cycle Cost (LCC) has been used to calculate the suitable sizing of PV system 

development. Optimization has been accomplished based on energy pay back analysis and 

using Cost of Energy (COE) in their study. Design space approach has been selected for 

choosing optimum PV-battery system configuration. The selected size has been evaluated 

using design space approach through LPSP, Capital Cost, Life Cycle Cost (LCC) and excess 

energy value as design criteria. 
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CHAPTER 4 

 

KALBARRI MICROGRID MODEL 

 

4.1 Rural Microgrid Model 

The existing connection applications for DGs as per Australian Energy Market Operator 

generation data is located at fringes of network where connection to solar and wind resources 

is extremely high however network capacity seems limited for output power. Replacing the 

current ageing network is not an economic viable decision as load are less intensive and 

geographically dispersed. It requires great consideration to develop and design a network that 

can completely adjust and accommodate future pipeline of extensive renewable resources. 

Large amount of generator connection to network far away from the load centre results in 

network instability issues. This creates power system security issues and generation might be 

reduced to limit full capacity until additional investments are made to de-risk network system 

strength. 

 

It is important to understand the value proposition of microgrids and how effectively it could 

be used to solve reliability, power quality issues, peak demand load and network support 

services. Network service providers normally uses both top down and bottom up approach to 

estimate and integrate renewables to provide better reliability and resiliency in power system.  

Microgrids could be used as a substitute for traditional delivery models by network service 

providers.  

 

The Kalbarri town site is only supplied via 33kV radial Kalbarri feeder spanning 150km from 

Geraldton substation. The Kalbarri feeder experiences major pole top fires as it is exposed to 

environmental factors like wind-borne marine salt and dust pollution. This leads to extended 

outages on the line due to the feeder’s length and remoteness. Hence this transmission line is 

unreliable and classified as one of the worst performing feeder. The most practical way to 

enhance power reliability at Kalbarri is to produce local generation which can successfully 

supply the town if there is loss of supply from Geraldton substation as shown in Figure 11.  

 



34 | P a g e  
 

 

Figure 11:  Kalbarri microgrid model 

 

The SCADA network as shown in Figure 12 display the distribution power transformer feeding 

into Kalbarri town. It can be noted that only transformer T3 has recorded current and kW values 

as other transformers are under maintenance which are reaching end of life. Customers 

experience long outage durations normally longer than two hours while the fault crews are 

located far away from fault location. So any potential BESS would need to account for these 

factors, therefore resulting in far greater requirements and costs. 

 

 

Figure 12:  SCADA network 
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The distribution single line diagram as shown in Figure 13 represents how individual LV load 

feeders are connected to the main HV backbone feeder going from the substation. 

 

 

Figure 13:  Feeder connection - load distribution 

4.2 Potential battery locations 

Big businesses like tourism could be heavily impacted by network outages hence putting a 

battery next to sensitive critical business load might be an optimal solution as power supply to 

these loads should never be interrupted. Therefore, the following microgrid architecture option 

is presented as shown in Figure 14 to prioritize the location of DGs and sensitive loads. Here 

the DGs are connected to downstream feeder close to load centers. 

 

Figure 14:  Potential location for DGs on kalbarri feeder (option 1) 
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Another option is to connect the DGs to existing distribution HV feeder or maybe running a 

long feeder and cluster it together as shown in Figure 15 and 16: 

 

Figure 15:  Potential location for DGs on Kalbarri feeder (option 2) 

 

 

Figure 16:  Potential location for DGs on Kalbarri feeder (option 3) 

Another BESS opportunity is to provide hybrid non-network solution for transformers at end 

of life. The typical network solution is to replace both transformers to meet network reliability 

standards. A more cost effective “non-network” solution may be possible through installation 

of a battery which may provide an alternative to replacing transformers as shown in Figure 17.  

The battery would mitigate overload of the remaining in-service transformer for an outage of 

the second transformer and peak demand exceeding the rating of the remaining in-service 

transformer. The success factors depend on NPV (net present value) of battery which must be 

less than NPV cost of a second transformer. Additional battery value streams may be required 

to achieve required economics. 
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Figure 17:  Potential location for battery (option 3) 

The prospective location of windfarm and solar is subjective to land constraints and community 

engagement. In this study, option 2 has been identified as optimal spot for microgrid 

development as the battery can be effectively located close to distribution network and 

substation. This would help to alleviate system security issues.  

BESS sizing problem can be formulated as finding an optimal, fixed or variable size as 

follows: 

 Optimal size: function of achieving minimum operation cost throughout the lifetime of 

the project, without compromising safety and reliability of supply 

 Fixed size: To achieve operation requirements determined by power system studies (fault 

contribution, transient backup & ramping) 

 Variable size: To reduce operation cost determined by economic operation analysis 

(generation scheduling, plant thermal limits, generation capacity and battery operation 

rules) 

In this study a variable size approach has been utilised for microgrid optimisation as shown in 

Figure 18. The variable sizing process undertakes all the input DG characteristics, load profile 

and operating rules alongwith reliability constraints. The size is increased incrementally and 

annualized cost is further calculated to identify the battery size with minimum cost.  
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Figure 18:  Optimisation process map 

Figure 19 shows various inputs and outputs required for optimisation tool which is developed 

to best integrate Kalbarri microrgid.  

 

Figure 19:  Optimization tool 

4.3 Wind Power Turbines 

The verification and selection of required model for wind turbines is significant, as the behavior 

of the output power from turbines is governed by the turbine model. Enercon E48/800 (power 

800kW, diameter 48m) has been modelled for this prototype model. Capacity factor, ratio of 

average generated power divided by the rated peak power is an important element for economic 

decision of windfarm installment. This might not be an accurate measure of the site resource 

as predicted wind speed is uncontrollable. The output characteristic of E48/800 is shown in 
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Figure 18. The rated windfarm power is also arbitrary. Therefore, the historical output from 

nearby windfarms has been analyzed to understand the wind pattern.  

 

 Figure 20:  Wind power output characteristics 

Wind turbine characteristics of the output power (Pwg,t) is as follows [18]: 

   (1)  

  

Where,  is wind speed at defined time interval,  is cut-in wind speed which is fixed at 

2m/s for this model,  is cut out wind speed.  is wind rated speed (m/s).  defines 

the maximum power output and  is cut-out speed power (kW).  

4.4 Solar Thermal 

Solar thermal technology deploy mirrors that tracks sun position to reflect sun’s radiation. The 

reflector then absorbs the solar radiation which is channeled and transferred to produce steam. 

Heat transfer fluid could be indirectly used to exchange energy.  

 

Parabolic trough is a broadly installed solar energy technology. This system typically uses solar 

field land area multiplier of 1.06, which is evaluated to cost around ~50% including plant costs 

together with energy storage. Since installation of concentrated solar power is increasing in 

market, costs will be further reduced. Continuous production of equipment items, experience 

and shared knowledge in solar thermal technology by designers, engineers and manufacturers 

will ease future installation and integration of these equipment. It is anticipated that low-priced 
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transfer heat fluids will be accessible especially which can hold more heat to allow greater 

efficiency.  

  

In order to present a realistic view of available generation, maximum 90% generation from a 

1MW solar thermal plant is reasonable. Solar energy provides unlimited source of energy 

which is easily available locally and forms clean energy that is independent. Sun’s energy that 

is extending to earth’s surface have ~1000W/m2 intensity which is produced annually. The 

available energy changes with solar position during time of the day and year. It is important to 

note that energy transformation often referred to as conversion efficiency is a key economic 

performance indicator for thermal plants. A stable generation output profile with static values 

is considered for the analysis assuming an annual solar-to-electric efficiency of 12% and 

average solar irradiation data [21]. 

4.5 BESS charging and discharging 

Battery is a common electrical energy stored device that has been traditionally used to supply 

power during intermittent failures and has high output efficiency. It will supply the required 

load when available power is limited and battery energy will reduce to a minimum (depth of 

discharge) capacity. This relieve renewable resources integration in microgrids which 

alleviates the isolated nature of storage systems. The energy can be successfully stored when 

resource is available and utilized later when needed. This is driven by charging status which 

fills in the gap between generation and required load demand. The fundamentals of charging 

and discharging is directed by supply and load conditions [22].  

 

The assumption around battery operation is that power driven from battery is required when 

hybrid renewable generating units could not provide enough power to meet the load demand. 

When renewable resources produces excessive power than the necessary load demand, 

remaining extra power will be stored as backup energy. Battery charging status is a factor of 

its previous state for every time interval. Generation of energy absorbed/delivered through 

battery is described by the following equation (2) and (3). Battery capacity relies over 

maximum discharge level (DoD) which is taken between 50 and 80%. The BESS constraints 

therefore can be simplified as: 
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During charge: 

𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝑡) =  𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝑡 − 1) + 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝑡). ∆𝑡. 𝜂𝑐(𝑡)                                                        (2)                                      

During discharge:  

𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝑡) =  𝐸𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝑡 − 1) − 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝑡).
∆𝑡

𝜂𝑑(𝑡)
               (3) 

Pbattery(t) is battery output power at time t in kW, Ebattery(t) is amount of energy stored at time 

t, ∆𝑡 is duration of interval in kWh (1 hour for this microgrid). 

4.6 System Cost Analysis – Levelized cost of total energy 

The prime goal of this analysis is to focus on minimizing the overall cost objective function 

using firefly algorithm that comprise of investment and operation expenditures for changing 

battery sizes. Calculation of the unit system cost is conducted using Net Present Cost (NPC) 

method [23] that is widely used in utility industry to calculate the cost system. The final cost 

function is formulated as the following equation:   

𝑀𝑖𝑛 (∑ ∑ ∑ 𝑢𝑛𝑖𝑡𝑠𝑘 ∗ 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑘(𝑖) ∗ 𝑐𝑜𝑠𝑡𝑘(𝑖) + 𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑏(𝑖)𝑇
𝑖=0

𝐺

𝑘=0

𝐶

𝑏=0
∗ 𝑐𝑜𝑠𝑡𝑏(𝑖))                             (4)  

Where, 

i =0, 1, 2, 3….T every hour data for one year 

b = 0, 0.1, 0.2, 0.3…..5, where C is 5MWh (maximum battery capacity) 

G refers to count of renewable energy sources which normally includes solar, wind turbines 

and other resources. 𝑢𝑛𝑖𝑡𝑠𝑘 represents count of individual generating units that forms part of 

these renewable energy sources. Cost(i)($/unit) constitutes capital, operating and maintenance 

costs.  

 

The analysis of various energy costs is considered including all components to evaluate 

economic feasibility. LCOE is the frequently used technique to compare and measure 

generation cost of energy although it is based upon significant number of assumptions. LCOE 

is calculated through following equation which is used for further analysis [24]:  

 

𝐿𝐶𝑂𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 (𝑑𝑜𝑙𝑙𝑎𝑟𝑠/𝑦𝑒𝑎𝑟)

𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑙𝑜𝑎𝑑 𝑠𝑒𝑟𝑣𝑒𝑑 (𝑘𝑤ℎ/𝑦𝑒𝑎𝑟)
                                                                (5) 

  

The total value of the project net present value will get calculated into cash flows to finally 

calculate total annualized cost. Annualized costs is evaluated using following equation: 
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Total annualized cost ($/year) = Total NPC × CRF                                                  (6)  

CRF termed as capital recovery factor, normally expressed through the following expression:  

 Ir and n are defined in the formula below 

                                                (7)  

4.7 Loss of power supply probability (LPSP)  

LPSP is stated as the likelihood of inadequate supply produced from hybrid power generation 

that is not capable of satisfying load demand [25]. It is a statistical tool that measures system 

performance of future load forecast or existing load characteristics. LPSP=0 indicates that 

demand is fully satisfied while LPSP=1 indicates that insufficient supply exists i.e. load is not 

fulfilled.   

LPSP = 
∑ 𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑜𝑓 𝑝𝑜𝑤𝑒𝑟 𝑎𝑡 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑇

𝑡=0

𝑇
                                                                (8)                                                                 

Where T = Total no. of hours studied using weather information reported hourly. Failure of 

power is often defined as the time when the power availability from renewable energy is 

limited and battery storage is depleted.   

4.8 LPSP calculation procedure  

The hourly energy output is then calculated from individual wind and solar farm output for a 

given year utilizing wind speed and solar data at the site. Different combinations of wind 

generator and PV module are used to match generation against load for hourly load. The loss 

of power supply LPSP, calculated energy conception is defined as the factor of deficient power 

LPS(t) over sum of total demand for specified time interval Eload(t). 

 

Backup transformers normally provides insufficient power which cannot be supplied through 

grid or renewable generation. This can also be used to charge battery storage or charge both 

loads and batteries together. The energy storage control procedure will effectively determine 

the efficiency of battery charging, discharging and resource utilization. There will be energy 

deficiency during several hours and excess generation in between for individual combination 

of resources. This aggregated energy deficit cannot be always supplied from green energy. 

Power generated from combined wind generator and PV module is selected which will 

minimize the maximum deficit energy. Battery size is determined through the amount of 

maximum energy deficit. LPS are evaluated for all combinations using following: 
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LPS (t) = 𝐸𝑙𝑜𝑎𝑑(𝑡) − (𝐸𝑝𝑣(𝑡) + 𝐸𝑤𝑖𝑛𝑑(𝑡) + 𝐸𝑏𝑎𝑡𝑡(𝑡))     (9) 

 

LPSP =
∑ 𝐿𝑃𝑆(𝑡)𝑇

𝑡=1

∑ 𝐸𝑙𝑜𝑎𝑑(𝑡)𝑇
𝑡=1

              (10) 

 

LPSP = 
∑ 𝐸𝑙𝑜𝑎𝑑(𝑡)−(𝐸𝑝𝑣(𝑡)+𝐸𝑤𝑖𝑛𝑑(𝑡)+𝐸𝑏𝑎𝑡𝑡(𝑡))𝑇

𝑡=0

∑ 𝐸𝑙𝑜𝑎𝑑(𝑡)𝑇
𝑡=0

              (11) 

 

The data required in this analysis is recorded over a period of one year i.e. 8760 hours T is the 

number of hours, LPS(t) is lost power supply experienced over a day, Eload(t) is historical or 

forecasted customer load energy. In an ideal electrical power system where there will be no 

power outages such that the load demand is always satisfied, value of LPSP = 0. Therefore, 

when LPSP >0, that means the total customer load cannot be always supplied by hybrid 

renewable energy. Several service provider companies have approximate LPSP value of 0.0001 

for microgrid systems that operates independently [21]. The lower the LPSP, the better 

reliability performance is expected. In this paper we have used LPSP =0.01, henceforth optimal 

combination of resources will be specified based on evaluation of minimum total cost of the 

overall system.  
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CHAPTER 5 

 

Methodology 

 

5.1 Optimization Methodology 

Generating systems are designed to meet customers need in any electrical power system. 

Producers should generate enough power to meet load demands governed by reliability 

criteria’s normally regulated under the technical rules. In this study, LPSP being the power 

supply reliability index sets the criteria to compare the difference in energy supply and load 

requirements for one-year data.  The following operational schedule defines the supply and 

demand balance rules which forms the basis of overall optimization: 

 Solar and wind resources directly supplies power to lead through AC/DC converters 

normally referred to as rectifiers.  

 When the total power generated through microgrid is high, excessive power is stored in 

batteries such that energy is utilized unless the capacity of battery has achieved 100% state 

of charge level. 

 If the total generated energy is unable to satisfy demand conditions, battery is discharged 

to support deficient supply. 

 If the battery is fully discharged, the load will automatically starts shedding unless 

back-up generator is started which can only charge battery or directly supply the load 

without any interruption. 

 

The flowchart as shown in Figure 21 describes the steps required to initialize main and 

objective functions for firefly algorithm. The first step is to produce renewable generation 

profile to determine the expected capacity that can be generated hourly by renewable 

generation using historical data. LPSP will be calculated to enforce reliability threshold to 

minimize customer interruptions otherwise energy would be dispatched from diesel 

generators. The simulation iterates within a range (minimum to maximum battery size) to 

finally record the best size. 
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Figure 21:  Flowchart for cost optimization using firefly algorithm 

Firefly algorithm initialization and MATLAB code can be referred in Appendix A.1 and A.2. 

Figure 22 shows the battery sizing process and operational constraints required for charging or 

discharging battery.  

 

Figure 22:  Load, supply and battery constraints for microgrid operation 
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Following equation defines charging and discharging rules for battery operation under   

different scenarios: 

 

Figure 23:  Battery equations 

5.2 Input Data required for simulation 

5.2.1 Load Data for simulation 

Figures 24 and 25 shows the average hourly load demand during summer and winter 

respectively. Kalbarri microgrid has a peak load demand of 3.7 MW which only occurs for 

short period of time during Christmas and Easter holiday periods when the town’s population 

rises because of onset of tourists. In summer the load peaks during evening time from 5-8 pm. 

Winter load profile has two peaks which is less than summer peak load.  Future resource 

diversity of windfarm and solar would help to balance the supply and demand needs. Solar 

could potentially meet demand during the day time while wind coupled together with battery 

could support demand during night time. 

 

 

Figure 24:  Typical hourly profile curve for summer 
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Figure 25:  Typical hourly load profile curve for winter 

5.2.2 Wind Speed and Specification Data  

Figure 26 shows the average estimated windfarm output profile for an Enercon E48/800 turbine 

and Table 1 shows wind specification in Western Australia which has been used for the 

optimisation. As wind blows more at night, output power tends to increase during night time 

unlike solar which only operates during daytime. In the last two decades, there has been a leap 

forward in wind turbine performance. It is critical to monitor and assess windfarm output 

accurately as it always have a level of uncertainty (typically 5 to 10% in energy terms) so 

forecasting is challenging.  

 

 

Figure 26:  Hourly wind power in one year 

 

 

0

0.5

1

1.5

2

0
0

:0
0

0
1

:0
0

0
2

:0
0

0
3

:0
0

0
4

:0
0

0
5

:0
0

0
6

:0
0

0
7

:0
0

0
8

:0
0

0
9

:0
0

1
0

:0
0

1
1

:0
0

1
2

:0
0

1
3

:0
0

1
4

:0
0

1
5

:0
0

1
6

:0
0

1
7

:0
0

1
8

:0
0

1
9

:0
0

2
0

:0
0

2
1

:0
0

2
2

:0
0

2
3

:0
0

lo
ad

 d
em

an
d

Hourly load

Winter load (MW)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

1
1

8
0

3
5

9
5

3
8

7
1

7
8

9
6

1
0

75
1

2
54

1
4

33
1

6
12

1
7

91
1

9
70

2
1

49
2

3
28

2
5

07
2

6
86

2
8

65
3

0
44

3
2

23
3

4
02

3
5

81
3

7
60

3
9

39
4

1
18

4
2

97
4

4
76

4
6

55
4

8
34

5
0

13
5

1
92

5
3

71

W
in

d
fa

rm
 o

u
tp

u
t 

(M
W

)

Hours

Windfarm output



48 | P a g e  
 

 

 

 

 

 

Table 1:  Wind specification 

Figure 27 shows further reduction of LCOE values over the years. Table 2 shows the 

approximate windfarm economic metrics and description for a typical on-shore wind farm [19]. 

Increased use of condition monitoring has provided improved understanding of component 

failure rates and preventive maintenance opportunities thus reducing future costs of windfarm 

installation.  

 

Figure 27:  Levelized cost of energy [19] 

Capital costs per kW $2,530 

Construction rate proportioned  13% 

Labour costs proportioned 15% 

Average capacity factor 38% 

Economic life (years) 20-30 

LCOE (from Fig.8.) 90 ($/MWh) 

 

Table 2:  Technology description for on-shore wind farm 

5.2.3 Solar Radiation and Photovoltaic Specification Data 

Figure 28 shows solar radiation data over the year (2016) which is derived from Bureau of 

Meteorology that captures all the weather statistics data. Australia has best average solar 

radiation recorded per square metre. Theoretically, only about 0.2% of total radiation can 

potentially being converted into useful energy at a conversion rate of 10-15%. 

Cut in Speed  velocitycutin  3(m/s)  

Cut out Speed  velocitycutout  34(m/s)  

Rated Speed  velocityrated  12(m/s)  

Rated power   Powermax  800(kW)  
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Figure 28:  Hourly solar radiation in one year 

Figure 29 shows a typical estimated solar output profile which has been adjusted for different 

seasons. A solar thermal plant of 1 MW peak capacity with 90% efficiency has been assumed 

for the case study.  

 

 

Figure 29:  Hourly approximate solar thermal output for one day 

Table 3 shows performance attributes and cost estimates of solar thermal plant [21]. 

Concentrated solar thermal plants requires large upfront capital investments. Operations and 

maintenance estimates are comparatively large but these can be reduced with improved asset 

management strategies. LCOE primarily depends on capital costs and the local solar resource 

availability.   
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Table 3:  Key performance indicator and associateded cost estimate for solar thermal 

 

 

 Figure 30:  Levelized cost of energy [19]  

5.2.4 Battery Specification Data 

 

As the battery capacity varies, LCOE of battery is applied to estimate approximate costs of 

battery for different battery sizes. The battery lifetime is assumed to be 20 years. Battery costs 

and other specification criteria are shown in table below [21]: 

Capacity specification Cbatt 0-5 MWh  

Charging Efficiency  ηcharge  0.8  

Discharging Efficiency  ηdischarge  0.8  

Lifetime  years  20  

Depth of discharge DoD  0.8  

 

Table 4:  Battery Specification 

Energy storage system are maturing at different stages of lifecycle currently at its peak which 

has high capital requirements and risk apetite that makes it challenging.  

 

Capital costs $/kW net  4,920 

Construction costs 25% 

Labour costs  20% 

Average capacity factor  22% to 24% 

Economic life (years) 30-40 

LCOE (from Fig.8.) 208 ($/MWh) 
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CHAPTER 6 

 

SIMULATION STUDIES 

 

 

The results obtained from the simulations provides valuable information on BESS 

dimensioning for microgrids. These results will help to foresee the final microgrid outputs and 

DG configuration. Firefly algorithm simulation files have been created and developed with 

MATLAB coding to calculate acceptable size of batteries for rural Kalbarri microgrid. Load 

profile for one year data was extracted through PI data link that directly integrates PI server 

data with excel to analyze all the operational data from SCADA system. LPSP (reliability 

indicator) and LCOE (economic indicator) calculations as discussed in previous chapters have 

been used for FA simulation program which is run based on parameter settings. 

6.1 Parameter settings 

There are several possible scenarios for BESS integration. With the help of the following firefly 

algorithm equation, options will be explored and used to obtain information. The parameters 

need to be defined, initialized and tuned accordingly. In FA, the attractiveness often referred 

as 𝐵𝑒𝑡𝑎 (𝜷) plays a major role. The attractiveness factor is dictated by two variables, firstly 

governed by light intensity and further driven by the distance between fireflies, r. As per the 

inverse square law, 𝜷𝟏(𝒓) = 𝑰𝟎 𝒓𝟐⁄ , 𝑰𝟎 being the intensity of firefly movement towards another 

firefly. As absorption through air is inversely proportional, 𝜷𝟐(𝒓) = 𝑰𝟎𝒆−𝜸𝒓, 𝜸 is the 

absorption coefficient, and 𝜸 ∈ [𝟎, ∞).  𝜸 = 𝟎 means no absorption with clear medium while 

𝜸 = ∞ means dense medium. Then to calculate estimated values for the final costs following 

equation expressed as: 𝜷(𝒓) =  𝑰𝟎𝒆−𝜸𝒓𝟐
 is obtained and formulated as 𝑰𝟎 (𝟏 +  𝜸𝒓𝟐)⁄  for easier 

calculations. Attractiveness of fireflies is directly related to intensity of light and considering r 

=0 scenario, 𝜷𝟎 =  𝑰𝟎, ranging between 0 to 1. Finally combining all the terms together, 

𝜷(𝒓) =  𝜷𝟎 (𝟏 +  𝜸𝒓𝟐)⁄ . 𝜷𝟎 determines desire for fireflies to move towards each other. Hence 

increasing or decreasing 𝜷𝟎 factor directly affects firefly movement. In metaheuristic 

algorithms as this is a stochastic algorithm, a random component is always required otherwise 

the algorithm will stuck at local optimums. An easy way to create random distribution is using 

uniform distribution in the range of [-0.5, 0.5] which can drive the firefly movement forwards 

and backwards.  
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The scale of the problem and its complexity is another crucial criteria. As discrete range of 

random numbers creates various level of randomness of individual dimension, the generated 

random number must be proportionally multiplied to produce values within the scale of the 

problem as per the following equation: 

𝑥𝑖 =  𝑥𝑖 +
𝜷𝟎

(1 + 𝛾𝑟𝑖𝑗2)(𝑥𝑗 − 𝑥𝑖)
+ 𝛼𝛿(𝑅 − 0.5) 

 

Where R is set of uniform generated distributed random numbers that exists between [0,1], 𝛼 

being the controlling parameter regulating randomness. The randomness is measured by 𝛼 lies 

inside [0,1], where 0 means absolutely no randomness and 1 indicates extremely high 

randomness. Table 5 shows the optimisation parameters that has been assumed for FA 

simulation program. The parameters have been initialized as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5:  FA simulation parameters 

6.2 Microgrid with fixed solar and wind size 

It is obvious that solar and wind could not satisfy the whole demand because of their 

intermittent nature. Under this scenario, a fixed solar thermal plant of 1 MW and Enercon wind 

turbine is modelled to understand the maximum battery size threshold. Figures 31 and 32 shows 

the required BESS power to meet summer (Nov-Feb) and winter (June-Aug) load demand. 

Further increase in solar and wind might result in curtailed energy as the excess energy would 

flow into the grid. It can be concluded that a maximum BESS size of 2.5 MW will be required 

MaxIt=20  

 

Maximum number of iterations 

nPop(population)=5 

 

Number of fireflies (Swarm Size) 

 

Gamma ( 𝛾 ) =1 

 

Light Absorption Coefficient 

 

beta0 ( 𝜷𝟎) = 2 

 

Attraction Coefficient Base Value 

 

Alpha (𝛼) = 0.2 

 

Amount of randomness 

alpha_damp=0.99 

 

Mutation Coefficient Damping Ratio 
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to supply deficit load for each time interval. However it might not be a feasible option as the 

BESS peak demand is only required for certain time periods during the day.   

 

Figure 31:  Load demand during summer 

 

Figure 32:  Load demand during winter 

6.3 Simulation studies 

FA simulation files are created using MATLAB coding to calculate the optimal size of batteries 

for the rural Kalbarri microgrid. Daily profile of load for one year data was extracted for 

Kalbarri load region to analyse all the operational data from SCADA system. Optimization 

cost is calculated through evaluation of the function and count of objective function runs that 

is maintained in main function as a performance criterion. Initially the results obtained had 

high convergence rate as the algorithm was converging to premature non-optimal solutions. 
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Therefore constant convergent criterion was set up but it requires high number of fireflies and 

large domain magnitude. Thereafter it was found that the convergence rate is too slow 

suggesting that fireflies could not find better solution as large number of fireflies could not 

focus the search around the correct optimal solution quickly enough.  

 

Changes in settings trade off accuracy for speed however does not significantly improve the 

speed of the simulation. The parameters were tweaked with smaller number of fireflies to 

approach consistent results. The convergence of algorithm was found to be directly 

proportional to count of fireflies i.e., less number of fireflies, less iterations are required to 

converge. The same parameter set was used to solve for all BESS sizes. Best outcomes were 

acquired with less number of fireflies as it is hard to find a group of unique attributes which 

can perform in all scenarios. 

 

Simulations were conducted for battery sizes between 0 and 5 MWh capacity for LPSP = 0.01 

as per the methodology described in sections 4 and 5. The program outputs the total annualized 

cost for one year which is calculated using the specification data. The number of solar farm is 

fixed at one however the number of wind turbines is optimized at every iteration. The best cost 

is optimized in every iteration which is further evaluated to obtain the minimum cost hence 

resulting in optimal solution. Figure 33-38 shows the convergence of simulation curves.  

 

The plot results show that the optimization simulations converge within 5-18 iterations. Best 

cost includes optimal combination of DGs as driven by the supply and demand constraints 

making sure that the system is not oversized. It can be seen that the differences between costs 

grows as the installed BESS capacity increases. The assumption underlines the fact that 

charging and discharging rates are constant which is considered for long term storage solution 

at an ambient temperature of 25 degrees.  
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Figure 33:  Battery size = 0.01 MWh 

 

Figure 34:  Battery size = 0.5 MWh 
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Figure 35:  Battery size: 0.8 MWh 

 

Figure 36:  Battery size: 1.2 MWh 
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Figure 37:  Battery size = 1.5 MWh 

 

Figure 38:  Battery size = 5MWh 

 

Table 6 shows the significant battery sizes and their associated cost after several simulation 

runs were conducted. The annualized best cost is calculated every year for comparing power 

generation costs. The annual load of Kalbarri was approximated to be 7354 MWh. LCOE has 

been further calculated for critical battery sizes. 
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No  Battery sizes  

(MWh) 

Nwind  

(number of wind 

turbines) 

Annualized  

 Best cost ($)  

LCOE 

 ($/kWh)  

1 0.01 2 489,261 0.067 

2 0.05 2 490,254 0.067 

3 0.08 2 490,988 0.067 

4 0.2 2 502,301 0.068 

5 0.5 2 502,355 0.068 

6 0.7 2 502,400 0.063 

7 0.8 2 361,427 0.058 

8 1 2 506,851 0.069 

9 1.2 2 524,547 0.071 

10 2 2 613,437 0.083 

11 5 2 1,080,670 0.147 

Table 6:  Levelized cost of energy 

 

Figure 39 shows the recorded LCOE values for increasing battery sizes. The curve is relatively 

flat for small battery sizes however grows exponentially as bigger battery sizes adds upon the 

total capital and operating cost without much influencing the load and supply demands. For 

battery size installed above 0.8 MWh, LCOE starts decreasing with increasing size up to 1 

MW. As the battery size increments progressively, capital cost unit rate ($/MWh) also increases 

extensively. This shows that excessive energy produced by BESS did not pay back for its initial 

capex estimate. The simulation results show that the battery size between 0.8~1 MWh provides 

the minimum cost (LCOE: 0.058~0.069) while satisfying all the power constraints.  
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Figure 39:  Levelized cost of energy for rural microgrid 

The optimization results in small number of wind generators since the wind farm installation 

cost is relatively high. The major assumption is based on the available energy resources 

parameters, load and meteorological data. Table 7 shows the output results and best 

configuration of the simulated hybrid system for Kalbarri microgrid. Being modular and 

scalable, batteries such as Lithium-ion ~1 MWh can maintain the power quality at a small-

scale power level. 

 

Number of wind turbines 2 

Number of solar thermal (fixed) 1 

Battery size (MWh) 0.8 

Annualized cost ($) 361,427 

LCOE 0.058 

Table 7:  Optimal solution for rural microgrid 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE WORKS 

 

7.1 Summary  

Numerous rural transmission assets are approaching end of life which requires upgrade of 

existing power lines and structures. Reliability, security and affordability of power supply 

depends on network reconfiguration and augmentation which is a key transmission planning 

issue. The rural suburbs can no longer be supplied from single source of supply as the assets 

are ageing which can subsequently fail anytime. Deploying microgrids would help to improve 

reliability during outages. However, in grid connected mode microgrids might experience 

curtailment risk through runback schemes if lower demand arises. Thermal constraints on 

existing feeder lines is a major setback for power flows. The excess generation from microgrid 

might not be utilized so careful location of microgrids becomes critical. The benefit of 

generation supplies closer to the load results in an efficient power flow. The tradeoff between 

replacing older assets versus allocation of local microgrids requires feasibility studies. Energy 

storage eliminates the risk of curtailment by accumulating additional energy when demand is 

low and releasing it during high demand. It can also participate in electricity market or provide 

ancillary services for frequency control. However big batteries tend to be expensive with large 

pay-back period. Therefore, the economical evaluation and optimization of energy storage is 

an important strategic decision for microgrids.   

 

In this research a hybrid energy system is proposed to supply an annual energy demand of 

7,354 MWh in a rural area for 20-year project lifetime. Being modular and scalable, Lithium-

ion batteries with capacity of 1 MWh can maintain power quality at small-scale power. The 

rural microgrid comprise of wind generation, solar thermal energy and battery storage. The 

feasibility study was conducted for the optimization on the number of wind turbine units 

through incrementally increasing battery size calculated from the unit time hourly load and 

meteorological data for one-year load and source data. Subsequently, firefly algorithm was 

used for optimization based on minimizing costs to meet the LPSP reliability index. In this 

utility microgrid scenario, the LPSP index was constant around 0.01 for all iterations.  
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7.2 Findings 

 Parameters that guarantee the performance of a battery include reliability, power and 

energy capacities, power consumption and efficiency, appropriate warranty structures and 

risk profiles. Of paramount importance is also a well-developed operating strategy to meet 

the needs of customers and extract maximum value from the battery. 

 Various optimization techniques were studied to model the microgrid. The advantages and 

disadvantages of particle swarm optimization (PSO), genetic algorithm (GA) and firefly 

algorithm (FA) were investigated. It was discovered that the self-adaptive FA has fast 

convergence rate which is simple, flexible and efficient in solving diverse range of wind 

energy-based operation problems. It can be easily applied to modulate the windfarm output, 

find realistic turbine number and estimate utilization rate.  

 Annualized cost was calculated to evaluate the LCOE values for varying battery sizes. It 

can be established that cost calculated using reliability index requires standard threshold 

value that needs to be achieved. Therefore, availability, capacity and pricing criteria of 

renewable energy sources hugely impacts battery size which is dependent on the expected 

power output curves for individual DGs. The curves decide generator dispatch and governs 

the overall reliability of the system hence is a crucial input to the optimization process. The 

accuracy of the curves is also influenced by the uncertainty of the meteorological data used 

for solar and wind DGs. Therefore, the uncertainties in the data restrict the conclusiveness 

of the results. 

 LCOE values tends to decrease around battery size of 1 MWh. Sensitivity analysis 

establishes that if the battery size is increased further, LCOE trend upwards while balancing 

the same power constraints and LPSP conditions. This is result of extensive capital cost 

associated with bigger batteries. Reduction of capital costs would significantly reduce 

LCOE to justify use of large batteries. LCOE tends to increase by 2% for every MW 

increase of battery sizes over 1 MWh. FA tends to successfully converge for this 

configuration within 20 iterations. LCOE values clearly indicates that the microgrid cost 

dips then escalate hence suggesting an inclusion of battery size around 1MWh would be 

sufficient to meet the peak demand.  

 The size of the BESS can vary depending on the economic indicator which is used as a 

priority. As BESS might need replacement after 10 years of operation, an increase of 

capacity is suggested since a decrease in lithium price is expected.  
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7.3 Future works  

 This thesis only considers NPV optimization however the study could be further assessed 

to evaluate sizes to calculate pay-back period or benefit to cost ratio. Other environmental 

indicators could be used to analyze the environmental aspects and impact on C02 reductions 

in Kalbarri model. Economic parameters like impact of tariffs on microgrid with varying 

discharge and charge efficiency could be studied as well. 

 The speed of convergence-robustness tradeoff could be further assessed with changing 

firefly numbers and decreasing value of α and γ. This might result in unexpected and 

divergent results. Hence different parameter sets should be studied to further understand 

the effect of randomness and convergence rate.  

 Metaheuristic techniques like GA, PSO, Cuckoo search (CS), Bat algorithm could be 

implemented to compare and benchmark the LCOE results. The microgrid model could run 

against different reliability limits to calculate the required BESS size. Different scenarios 

with varying solar capacity could be programmed to build a different microgrid system. 

 The concept of distributed energy systems (DERMS) and virtual power plants (VPP) is 

growing in the market. DERMS act as control system which facilitates enhanced grid 

control and DGs through active/reactive optimization, carries out quality management to 

coordinate DGs dispatch. DERMS controlled grid could be modelled to forecast and 

maximize the output and availability of DGs. 

 There is a need for further development and deeper understanding of the inertia and system 

strength support capabilities of batteries which requires better modelling of the capability 

of inverter-based generation and storage to support system security and stability in high 

variable renewable energy network.  
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9 Appendix A.1: Firefly Algorithm  

 

 

Figure 40: FA algorithm 
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10 Appendix A.2: Firefly algorithm MATLAB functions  
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