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Abstract

The increased adoption of renewable energy sources in modern power systems is mainly

driven by their sustainable solutions for clean energy and potential to reduce energy

costs. However, the intermittent and non-dispatchable nature of common renewable

energy sources, such as photovoltaic energy systems, may restrict the ability to fully

exploit their benefits. Energy storage systems are used to overcome these challenges

efficiently. Community energy storage systems (CESSs) are an emerging type of energy

storage system that can trade energy with multiple stakeholders, including prosumers,

consumers, and the grid, thereby generating techno-economic benefits. The benefits of a

CESS can be further enhanced by optimising its planning aspects, namely its location,

size, and rated power.

In this thesis, we propose novel optimal CESS planning frameworks to benefit multiple

stakeholders in low-voltage distribution networks. First, we develop a multi-objective

CESS planning framework to deliver technical benefits to the network, and economic

benefits to the CESS provider and prosumers. The results demonstrated that our model

generates enhanced techno-economic benefits compared to models that do not utilise a

CESS, and models that optimise only the CESS operation. Then, we present a multi-

objective stochastic optimisation framework to optimally plan CESSs under different

energy pricing schemes (EPSs) of the CESS provider, thereby producing economic ben-

efits for a community of prosumers and the CESS provider equitably. The optimisation

framework minimises the investment and expected operating cost of the CESS provider,
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and the expected operating costs of prosumers. Our experiments show that under the

EPS where the CESS provider trades energy with prosumers at the average grid en-

ergy price, and the objective of the CESS provider is traded-off moderately to improve

the objective of prosumers, spreads the economic benefits for both beneficiaries most

equitably. Next, we propose a multi-objective stochastic optimisation framework that

can be used by governments to run auctions and select the best CESS project to fi-

nancially support. So, CESS providers and energy community members can equitably

benefit from the economic value generated by CESSs. Our experiments demonstrate

that government financial support can accelerate the installation of CESSs and enhance

their business viability. This can be achieved by boosting the economic benefits shared

between CESS providers and communities, and ensuring these benefits are distributed

equitably. Finally, we evaluate how the economic benefits for prosumers can be improved

through optimal CESS planning under different energy trading schemes (ETSs). The

results demonstrate that the ETS enabling prosumers to trade energy with both the grid

and the CESS maximises their economic benefits.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Global Demand for Renewable Energy and Energy Storage Sys-

tems

Climate change is one of the most pressing challenges of our time, manifesting through

a range of global environmental issues, including rising sea levels, increasing global tem-

peratures, and the prevalence of extreme weather events. These challenges are primarily

driven by greenhouse gas emissions resulting from the combustion of fossil fuels to meet

energy demands. As the urgency to address climate change escalates, it is imperative to

shift towards clean energy solutions that can mitigate its adverse effects.

In recent years, renewable energy sources such as solar photovoltaic (PV) and wind power

systems have garnered significant attention from both the industry and the research

community [Shang et al., 2024; Virah-Sawmy and Sturmberg, 2024]. These sources

present cleaner and more sustainable alternatives to traditional fossil fuel-based energy

generation, offering the potential to reduce greenhouse gas emissions and promote energy

security. Moreover, the integration of renewable energy sources into the energy mix aligns

with global efforts to combat climate change and meet international climate agreements.
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However, despite their benefits, the intermittent and non-dispatchable nature of renew-

able energy sources presents challenges in fully leveraging their benefits. The variability

in energy generation due to factors such as weather conditions and time of day compli-

cates the reliability of renewable energy systems. Therefore, addressing these challenges

is essential for optimising the utilisation of renewable energy sources and ensuring a

stable and resilient energy supply.

Energy storage systems (ESSs) play a key role in overcoming the aforementioned chal-

lenges as they can store the surplus energy of renewable energy sources and release

energy when it is required. ESSs have a wide range of power systems applications, and

they are described in detail in Chapter 2.

1.1.2 Community Energy Storage Systems

Community energy storage systems (CESSs) also known as ”Shared battery energy stor-

age systems” and ”Neighbourhood battery energy storage systems”, are an emerging type

of energy storage system, that can serve an energy community of multiple prosumers and

consumers with in a low-voltage (LV) distribution network [Shaw et al., 2020; Dai et al.,

2021; Mediwaththe et al., 2019; Mediwaththe and Blackhall, 2020b]. In other words,

CESSs enable communities to collectively store surplus energy from their renewable en-

ergy sources, and use that stored energy when needed, thereby improving the flexibility

and efficiency of local energy use. CESSs can also render benefits to its provider and

the grid. Some of the CESS benefits gained by all these stakeholders can be mentioned

as follows [Walker and Kwon, 2021a; Mohanty et al., 2024; Csereklyei et al., 2024; Yang

et al., 2024b].

• Reduce or completely remove the need for individual prosumers to invest in their

own batteries, making energy storage more accessible and cost-effective for an

energy community.

• Help to reduce the peak energy demand from the grid by supplying stored energy

during high consumption periods. This alleviates stress on the grid, leading to cost
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savings and reducing the risk of grid overload conditions.

• Absorb excess PV generation during periods of low energy consumption and release

the stored energy to prosumers and consumers when the energy consumption is

high. This smoothens energy supply and demand fluctuations, enhancing grid

stability.

• Increase the network hosting capacity without degrading the grid performance.

• Manage peak loads and help to defer the need for costly infrastructure upgrades,

such as transmission line enhancements or grid expansion.

• Contribute to maintain stable voltage levels within the distribution network by

absorbing excess energy during high generation periods, and supplying energy

during high consumption periods.

1.1.2.1 Importance of Planning Community Energy Storage Systems

To fully leverage aforementioned benefits, it is essential to optimise the planning of

CESSs together with their operation. Optimal CESS planning involves determining the

best size, rated power, and the location. Optimised CESS planning ensures that the

storage size matches the community’s energy needs, minimises costs, and effectively in-

tegrates with renewable energy sources. Some of the possible CESS planning approaches

are given below, highlighting their importance.

• Multi-Objective CESS Planning: In communities with CESSs, multiple stake-

holders having competing objectives are often involved. Thus, a multi-objective

CESS planning framework is essential as it can accommodate the diverse interests

of stakeholders, enabling to evaluate trade-offs among various objectives. Nev-

ertheless, planning of CESSs in a multi-objective setting is challenging as it is

important to maximise the overall benefits of the CESS while ensuring a balanced

distribution of benefits for all stakeholders.

• Multi-Year CESS Planning: Planning of CESSs in a multi-year period is impor-
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tant for effective integration and sustainable energy management. However, this

approach requires a thorough analysis of the long-term cost-benefits of CESSs, and

understanding the business viability of CESS investments. Additionally, CESSs

can be planned better in a multi-year setting, as it facilitates modelling the long-

term changes of some factors such as energy demand, energy prices, and the growth

of renewable energy resources installations. However, planning CESSs combining

all of these uncertainties is challenging due to the high computational burden.

• CESS Planning Under Uncertainty: In the real-world, factors such as renew-

able energy generation, energy consumption (both real and reactive), energy prices,

and the growth of renewable energy sources are subject to significant uncertainty.

Incorporating uncertainty into the CESS planning enables decision-makers such as

governments, community leaders and energy regulators to develop resilient CESS

management strategies that can adapt to fluctuations of aforementioned factors.

• CESS Planning Through Auctions: Additionally, as the demand for renew-

able energy solutions rises, multiple CESS providers are competing to install and

operate CESSs. Therefore, it is essential for decision-makers to have a proper ap-

proach, similar to that of auction mechanisms, to manage the installation of CESSs.

In this thesis, we refer to the term ”Auction” as the process where multiple CESS

providers interested in installing and operating CESSs submit project offers to the

auction, and a regulatory body selects the best project. Managing CESS instal-

lations through auctions is challenging as they require identifying the best CESS

project among multiple project offers. However, selecting the best CESS project

is further challenging, as project offers are subject to the uncertainties discussed

earlier.

• CESS Planning Under Different Energy Trading Schemes: Typically, in

CESS-integrated networks, prosumers trade energy with the grid and the CESS.

Nevertheless, due to network infrastructure, regulatory, policy, technical, and ge-

ographical limitations, prosumers may not be able to trade energy both with the
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grid and the CESS. To address this issue, it is required to have flexible energy

trading schemes. Moreover, prosumers with residential batteries may also want to

benefit from CESSs. Hence, it is essential to investigate how the CESS planning

can benefit a community of prosumers, both with and without residential batteries

under different energy trading schemes.

In this context, CESS planning needs to be done balancing multiple objectives of differ-

ent stakeholders, maximising the overall benefits of CESSs. Moreover, CESS planning

needs to account for short-term and long-term uncertainties, enabling CESSs to adapt to

changing conditions and ensuring their long-term sustainability. Another essential con-

sideration is that how to manage the CESS installations of competing CESS providers,

where auction mechanisms serve as a structured approach to identify the most benefi-

cial projects. Furthermore, the diversity of prosumers and their energy trading schemes

with the grid and/or the CESS needs to be accounted in CESS planning. Given these

considerations, this thesis aims to address the following research questions:

• How can a CESS planning framework generate techno-economic benefits for mul-

tiple stakeholders?

• How to plan CESSs under a multi-objective setting and the uncertainty of multiple

aspects including real and reactive energy consumption and PV generation, while

valuing the energy trade through a CESS to generate a balanced distribution of

economic benefits among multiple stakeholders?

• How to manage CESS installations through auctions to select the best CESS

project that can economically benefit multiple stakeholders in balance?

• How does the CESS planning under different energy trading schemes impact the

economic benefits for prosumers with and without residential batteries?
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1.2 Thesis Objectives

The primary objective of this thesis is to develop CESS planning optimisation frame-

works for benefiting different stakeholders in LV distribution networks. This primary

objective is divided into the following sub-objectives:

• To formulate a multi-objective CESS planning framework that generates techno-

economic benefits for multiple stakeholders.

• To develop a multi-objective CESS planning framework that incorporates the CESS

provider’s energy trade valuation, generating equitable economic benefits for mul-

tiple stakeholders under multiple aspects of uncertainty.

• To manage CESS installations through government-run auctions and select the

best CESS project, ensuring a balanced distribution of economic benefits among

multiple stakeholders

• To evaluate the impact of CESS planning under different energy trading schemes on

the economic benefits for prosumers, both with and without residential batteries.

1.3 Thesis Contributions

The main contributions of this thesis can be summarised as follows:

1. In Chapter 3, we propose a multi-objective framework to plan CESSs for gener-

ating technical benefits for the network, and economic benefits for prosumers and

the CESS provider. Through extensive simulations, we show that our optimisa-

tion framework outperforms models that optimise only the CESS operation, and

generate improved benefits for all stakeholders.

2. In Chapter 4, we present a multi-objective stochastic optimisation framework to

plan CESSs under different energy pricing schemes for the CESS provider. Our

model can be adopted by decision-makers, including energy regulators, utilities,

and community leaders to select the best CESS solution (i.e., the optimal CESS
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planning aspects and the energy pricing scheme of the CESS provider) that delivers

the most equitable outcome to the competing economic objectives of the CESS

provider and prosumers.

3. In Chapter 5, we propose a multi-objective stochastic optimisation framework to

manage government-run auctions and select the CESS projects that can generate

an equitable distribution of economic benefits between CESS providers and com-

munities of prosumers and consumers in a multi-year horizon. This model can be

adopted by government agencies to select the best CESS projects to financially

support, generating an equitable distribution of benefits among all stakeholders.

4. In Chapter 6, we propose a CESS planning framework to benefit a community

of prosumers with and with residential batteries under different energy trading

schemes. This framework enables to identify the best energy trading scheme that

promotes community engagement in CESS energy management.

1.4 List of Publications

The list of publications produced by the research of this PhD thesis is given below:

[P1] Anuradha, K. B. J.; Mediwaththe, C. P.; and Mahmoodi, M., 2023. A multi-

objective planning and scheduling framework for community energy storage systems in

low-voltage distribution networks. In 2023 13th International Conference on Power,

Energy and Electrical Engineering (CPEEE), 379–385. IEEE, Tokyo, Japan.

[P2] Anuradha, K. B. J.; Iria, J.; and Mediwaththe, C. P., 2024. Multi-objective plan-

ning of community energy storage systems under uncertainty. Electric Power Systems

Research, 230 (2024), 110286.

[P3] Anuradha, K. B. J.; Iria, J.; and Mediwaththe, C. P., 2025. A Multi-objective

stochastic optimization framework for government-run community energy storage sys-

tems auctions. Under minor revisions at Journal of Energy Storage, (2025).

7



Optimal Planning of Community Energy Storage Systems in Low-Voltage
Distribution Networks

[P4] Anuradha, K. B. J.; Iria, J.; and Mediwaththe, C. P., 2023. Evaluation of the

economic benefits of community energy storage systems for prosumers. In 2023 IEEE

Region 10 Symposium (TENSYMP), 1–6. IEEE, Canberra, Australia.

The chapters corresponding to these publications are mentioned in Table 1.1.

Table 1.1: Thesis chapters and their associated publications.

Thesis chapter Publication

Chapter 3 [P1]

Chapter 4 [P2]

Chapter 5 [P3]

Chapter 6 [P4]

1.5 Thesis Structure

The thesis is structured as follows.

Chapter 2 presents a background study about energy storage systems followed by an

extensive literature study on community energy storage systems. The chapter concludes

outlining the potential research gaps of CESS energy management that need further

investigation.

Chapter 3 proposes a CESS planning optimisation framework to enhance techno-economic

benefits of multiple stakeholders. The proposed framework benefit the network by min-

imising network real energy loss, prosumers by minimising their energy trading costs

with the grid, and the CESS provider by minimising their investment cost and energy

trading costs with the grid. Simulations are carried out to test our model against the

models that do not have a CESS, and models that optimise only the CESS operation.

Chapter 4 presents a multi-objective stochastic optimisation framework to select the best
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CESS solution that delivers the most equitable outcome to the competing economic ob-

jectives of the CESS provider and prosumers. Our optimisation framework minimises the

investment and operating cost of the CESS provider, and operating costs of prosumers.

Simulation experiments are performed on a LV distribution network to optimally plan

a CESS and identify the energy price from the CESS provider, so the economic benefits

are distributed equitably among all stakeholders.

Chapter 5 demonstrates a multi-objective stochastic optimisation framework that can

be used by governments to run auctions and select the best community CESS projects

to support. This framework enables CESS providers and energy community to equitably

benefit from the economic value generated by CESSs. Simulation experiments are con-

ducted on an Australian LV network having a community of prosumers and consumers

to evaluate our optimisation framework.

Chapter 6 evaluates the economic benefits for prosumers with and without residential

batteries gained from CESS planning under different energy trading schemes. Simula-

tions are carried out to identify the best energy trading scheme in a CESS planning

framework that generates the highest economic benefits for all prosumers.

Chapter 7 concludes the thesis with a summary of key findings and possible future

developments.
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Chapter 2

Background and Literature Review

Optimal planning of CESSs has been generally regarded as a complex task as it involves

interactions among multiple stakeholders such as its provider, prosumers, consumers,

and the grid. In this thesis, we examine how different stakeholders can benefit from

optimising CESS planning. This chapter presents the background and literature review

conducted as a part of the thesis research. It is primarily divided into three sections.

The first section is a background study of energy storage systems. The second section

presents an extensive review of existing studies on optimal CESS operation, optimal

CESS planning, and auction-based CESS energy management under several taxonomies.

Finally, we conclude the chapter by highlighting the potential research gaps in CESS

planning optimisation studies that were addressed by this PhD research.

2.1 Background

In this section, first, we provide a general overview of different types of ESSs. Then, we

narrow down our discussion to electro-chemical ESSs, and describe about their different

types based on their scale of use in power systems as utility, community and residential

electro-chemical ESSs with real-world examples. Finally, we compare and contrast these
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electro-chemical ESSs considering their characteristics.

2.1.1 Energy Storage Systems

As mentioned in Chapter 1, ESSs can store the excess energy from renewable energy

sources and release the energy back to the grid and/or prosumers when required. Table

2.1 provides a list of various energy storage system types and technologies, along with a

brief description of their storage methods.

Table 2.1: Different types of energy storage systems [Arani et al., 2019; Rahman et al.,
2020; Zhang et al., 2021; Hannan et al., 2021].

Type of

energy storage
Technology Description

Mechanical

storage

Pumped-hydro

storage

Stores gravitational potential

energy by pumping water to higher

elevations

Compressed-air energy

storage

Compresses air and stores it in

underground caverns to generate

power later

Flywheels
Rotational energy stored in a

high-speed rotor for rapid discharge

Electro-chemical

storage

Li-ion batteries Has a high energy density

Lead-acid batteries
Low-cost but limited life cycle

and energy density

Flow batteries
Energy stored in liquid electrolytes

and scalable for large energy storage

Thermal

storage

Molten salt Stores heat for electricity generation

Phase change materials
Stores energy by changing the

material state

Chemical

storage
Hydrogen

Electricity converted to hydrogen

through electrolysis

Electrical

storage

Super capacitors
Stores energy electrostatically

for immediate release

Superconducting

magnetic energy

storage

Stores energy in magnetic fields

in superconductors

These different types of ESSs are used in a wide range of power system applications. In
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this background study, we focus only on electro-chemical storage systems with battery

technologies, classifying them into three categories based on their scale of use in power

systems as follows: (i) utility energy storage systems (UESSs), (ii) community energy

storage systems (CESSs), and (iii) residential energy storage systems (RESSs). Typi-

cally, large-scale and medium-scale UESSs used in generation and transmission level of

power systems are batteries that operate at high-voltage (HV) levels, whereas medium-

scale UESSs used in distribution level are the ones that operate at medium-voltage

(MV) levels. CESSs are medium to small-scale batteries installed and operated in LV

distribution networks, while RESSs are small-scale batteries used by prosumers in LV

distribution networks. In the next section, we discuss about the aforementioned types

of ESSs, along with their applications and real-world examples.

2.1.2 Utility Energy Storage Systems

These are are large-scale or medium-scale energy storage solutions, typically owned by

utilities that operate at generation, transmission and distribution levels of power systems

for many applications [Hameer and van Niekerk, 2015; Nguyen et al., 2020]. For instance,

utilities in generation and transmission level exploit UESSs for energy arbitrage. Here,

UESSs play a key role in energy arbitrage by storing energy when energy prices are low,

and dispatching it back to the grid or using it internally when energy prices are high

[Hameer and van Niekerk, 2015; Nguyen et al., 2020]. This strategy allows utilities to

maximise their revenue, while enhancing grid stability and accommodating higher shares

of renewable energy.

Generation and transmission utilities may use UESSs for network frequency regulation

[RAO et al., 2020; Akram et al., 2020; Hosseini et al., 2022; Das et al., 2020]. Frequency

regulation is essential for maintaining the stability and reliability of the power system,

ensuring that the supply of electricity matches demand in real-time. Typically, UESSs

with battery technologies are fast-responding, and hence, can respond almost instanta-

neously to changes in grid frequency. This rapid response is essential for stabilising the
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grid, following sudden changes in demand or generation. In the context of frequency

regulation, UESSs can provide frequency control under two phases as primary and sec-

ondary [Rajan et al., 2021]. In primary control, UESSs can automatically respond to

frequency deviations within a very short time, providing immediate support to maintain

the grid stability. As the secondary control, they can be dispatched by utilities to fine-

tune frequency adjustments after the initial response, ensuring long-term stability.

UESSs may also provide congestion management services within transmission networks

[Tarashandeh and Karimi, 2021; Zhang et al., 2020]. Transmission network congestion

occurs when the demand for electricity exceeds the capacity/limits of transmission lines,

leading to potential overloads and reliability issues. Hence, transmission utilities may

exploit UESSs to alleviate congestion by storing energy during low-demand periods and

releasing it during high-demand periods, thus optimising the flow of electricity and

enhancing grid reliability. Moreover, the use of UESSs for congestion management not

only helps to defer costly transmission infrastructure upgrades, but also improves the

operational flexibility of the grid, accommodating fluctuating demand more effectively.

The distribution network service providers (DNSPs) may also use UESSs for network

applications. For instance, similar to that of transmission utilities, DNSPs may use

UESSs for managing the distribution network congestion as described before [Iria et al.,

2019; Oskouei and Gharehpetian, 2024; Pantoš, 2020]. Additionally, UESSs can support

in network voltage regulation [Iria et al., 2019]. UESSs having the reactive power control

capability can provide reactive power support, which is essential for voltage control in

power systems. By injecting or absorbing reactive power as needed, UESSs can stabilise

voltage levels. During low voltage situations at high energy consumption periods, UESSs

can inject reactive power into the grid to raise voltage levels. Conversely, when the

voltage levels are too high at low energy consumption periods, UESSs can absorb reactive

power, helping to lower voltage levels. Moreover DNSPs are also benefited from UESSs,

as UESSs can alleviate network energy losses and demand side management [Jokar et al.,

2022]. In this context, UESSs support in levelling out the peak demand, leading to more
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efficient operation of the network and reducing energy losses.

2.1.2.1 Real-World Installations of Utility Energy Storage Systems

Table 2.2 summarises a list of real-world UESSs utilising battery technology used in HV

and MV networks.

Table 2.2: Different utility energy storage systems projects in the world.

Utility Energy Storage System Technology

Large-scale

UESSs

Hornsdale power reserve (Australia)

[Reserve, 2023]
Li-ion battery

Tesla Megapack at Moss Landing

(USA) [Tesla, 2023]
Li-ion battery

Fairbanks energy storage system

(USA) [ABB, 2023]

Nickel-cadmium

battery

Dalian energy storage system

(China) [DICP, 2022]

Vanadium redox

flow battery

Wiltshire energy storage system

(UK) [SSE Renewables, 2024]
Li-ion battery

Medium-scale

UESSs

Okinawa NaS battery energy

storage system (Japan)

[Data Center Dynamics, 2024]

Sodium-sulphur

battery

”RedoxWind project” battery energy

storage system (Germany)

[ICT, 2024]

Vanadium redox

flow battery

2.1.3 Community Energy Storage Systems

As mentioned before, CESSs are medium to small-scale batteries (typically in the range of

100 kWh-5 MWh size) that can trade energy with different stakeholders such as multiple

prosumers and consumers, and the grid to economically and/or technically benefit them

including its provider [Shaw et al., 2020]. Usually, CESSs are available in LV distribution

networks as in-front-of-the-meter energy storage systems. Recent research show a CESS
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of the equivalent size of multiple residential batteries may provide better benefits to the

community and network [Walker and Kwon, 2021a; Zhang et al., 2022; Scheller et al.,

2020].

As shown in Figure 2.1, a CESS charges by importing energy from multiple prosumers

and the grid, and it discharges by exporting energy to the grid, prosumers and consumers.

In the presence of a CESS, prosumers may import energy from the grid and/or the CESS

if their PV generation is not enough to fulfil energy demand, and export energy back to

them when the PV generation is high. Moreover, consumers satisfy their energy demand

by importing energy from the grid and the CESS. Additionally, the grid may trade energy

with the CESS and prosumers and consumers (see Figure 2.1). The flexibility gained

by prosumers, consumers, the grid and the CESS to trade energy with multiple entities

allow them to enhance their individual benefits compared with an energy trading setting

in the presence of RESSs.

Figure 2.1: Operation of a CESS with energy imports and exports marked.
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Similar to that of UESSs, CESSs also provide a wide range of benefits. For instance,

CESSs increase the community’s access to renewable energy sources as they can serve

multiple prosumers and consumers [Shaw et al., 2020; Li et al., 2022b; Koirala et al.,

2018]. Prosumers may store their excess energy from renewable sources such as PV

systems during the day time, and use that energy when their energy consumption is

high or PV generation is low. On the other hand, consumers who do not have individual

renewable installations to benefit from shared renewable energy projects.

Investing in individual energy storage systems can be financially challenging for individ-

ual households. CESSs offer a solution to this by allowing those communities to share

the costs of battery installations, maintenance, and operation among them. This collec-

tive approach reduces the financial burden on individuals, making energy storage more

accessible [Chreim et al., 2024].

CESSs can help to accommodate the peak energy demand of the network, as they can

discharge their stored energy during high energy consumption periods [Mediwaththe

et al., 2019; Alam and Jang, 2023; Elio et al., 2021], thereby reducing strain on the

network. By discharging energy to the network when needed, CESSs can reduce the

necessity for utilities to rely on expensive peaking power plants, thereby lowering overall

energy costs for community members.

CESSs can also enhance the network’s hosting capacity by managing the variability of

generation from renewables [Fatima et al., 2020]. By smoothing out the supply from these

intermittently available resources, CESSs help to ensure that more renewable energy can

be integrated into the network without causing system instability or congestion.

Additionally, upgrading network infrastructure to accommodate increased energy de-

mand or to integrate more renewable energy sources can be costly [Zhao et al., 2023;

Garg and Niazi, 2022]. CESSs can defer the need for such upgrades by effectively man-

aging local demand and supply. Moreover, they can alleviate the stress on the existing

infrastructure, allowing utilities to postpone expensive upgrades.
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2.1.3.1 Real-World Installations of Community Energy Storage Systems

Several significant CESS installation projects have been undertaken globally, and a few

key examples are described below.

• Brooklyn-Queens Neighbourhood Program in USA. This project, imple-

mented by Con Edison, uses a battery system in Brooklyn and Queens to reduce

demand on the local grid, improve reliability, and defer network upgrades. The

CESS is a Li-ion battery of 12 MWh size [Strategies, 2023].

• Yackandandah CESS in Australia. A CESS with a size of 274 kWh installed

in Victoria, Australia to enhance the local renewable energy usage and promote

energy independence within the community [Yack, 2023].

• Bondi CESS in Australia. This is a CESS project in Bondi, New South Wales,

Australia, aimed at improving local energy resilience and promoting the use of re-

newable energy. The CESS has a capacity of 412 kWh to accommodate the surplus

PV generation of communities in Bondi. Figure 2.2 shows the CESS installed in

Bondi [SolarQuarter, 2024].

Figure 2.2: The CESS in Bondi, Australia [SolarQuarter, 2024].
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• Tesla PowerBank CESS in Australia. A CESS of a 474 kWh size is installed in

Perth to serve residential communities across Maddington and Beechboro, Western

Australia [Power, 2023b].

• Stafford Hill Solar and Storage Project in USA. The Stafford Hill project

combines PV generation with battery storage capabilities, aiming to create a re-

liable and sustainable energy solution for the local community in Vermont, USA.

This project features a CESS of 1.2 MWh size complemented with a solar array

size of around 2.2 MW [Group, 2023].

• CESS project in Rijsenhout, Netherlands. This project features a storage

capacity of 128 kWh, which serves a community of 35 households. The primary

goal of the Rijsenhout project is to maximise the PV self-consumption of locally

generated renewable energy [NL4WorldBank, 2017].

2.1.3.2 Current State of Community Energy Storage Systems Implementa-

tion and Regulatory Frameworks

In Australia, several pilot projects, such as the Flemington Community Battery in Vic-

toria and the Solar Banks Program, highlight efforts to integrate CESSs into local energy

markets. However, the regulatory landscape remains fragmented, as existing frameworks

primarily focus on household and utility-scale energy storage systems. The Australian

Energy Market Commission has introduced rule changes, such as the two-way electricity

market reform, but barriers remain in defining the role of CESS providers, tariff struc-

tures, and revenue mechanisms.

In addition to Australia, several European countries, particularly Germany and the UK,

have been at the forefront of CESS adoption. Germany’s KfW battery storage pro-

gram and the UK’s Smart Local Energy Systems initiative support decentralised energy

storage. Moreover, in the USA, CESS projects are emerging in states with ambitious

renewable energy targets, such as California and New York. The California Energy

Commission and the New York State Energy Research and Development Authority have

18



Optimal Planning of Community Energy Storage Systems in Low-Voltage
Distribution Networks

funded pilot projects to explore community battery benefits. However, the Federal En-

ergy Regulatory Commission is yet to establish clear guidelines on revenue stacking and

market participation for community storage. Also, despite strong policy support from

all these countries, the integration of CESSs in energy markets is still evolving.

2.1.4 Residential Energy Storage Systems

In practice, RESSs are also called as ”Residential Batteries”. These are small-scale

batteries typically installed at residences in LV distribution networks. They are owned

by prosumers who consume and produce energy (usually from rooftop PV). The excess

PV generation during the daytime is stored in RESSs, enabling their owners to use that

energy when the PV generation is low and during the times when the electricity demand

is high.

Figure 2.3 illustrates the typical operation of a RESS. A RESS charges from the excess

PV generation of the prosumer, and also from the grid (if grid connected). When the

prosumer has a deficit of energy, the RESS discharges by exporting its energy back to

the prosumer. Also, the RESS may discharge by exporting its stored energy back to the

grid as shown in Figure 2.3.

Figure 2.3: Operation of a RESS with energy imports and exports marked.
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As mentioned before, prosumers with RESSs use the stored energy during peak energy

consumption periods, reducing the reliance on grid electricity when prices are high,

and thereby lowering their energy bills [Khezri et al., 2022; Tan et al., 2021; Shaqsi

et al., 2020]. Additionally, RESSs are also useful in power outages, as they can partly

or fully meet the energy requirements of their owners, thereby improving the energy

reliability. Also, RESSs improve the PV self-consumption of prosumers lowering their

electricity bills [Yu, 2021; Lu et al., 2020]. In this context, prosumers store the excess

PV energy generated instead of exporting it to the grid. This self-consumption model

allows prosumers with RESSs to draw less energy from the grid during times of high

demand or low PV generation, further reducing their dependence on external electricity

supply and decreasing overall energy costs. In turn, this increased utilisation of self-

generated energy not only offers financial benefits, but also supports a more sustainable

and balanced energy system by minimising grid demand.

RESSs can provide distribution network services through operating envelopes [Iria et al.,

2021, 2023; Choudhury, 2022]. Operating envelopes are predefined limits set by the net-

work operator for energy imports and exports at individual connection points, allowing

RESSs to function within safe and optimal parameters. Some of the network services

provided through operating envelopes include voltage and frequency regulation, local

network congestion relief, and demand management. By controlling the export of stored

solar energy, RESSs prevent excessive voltage rise, particularly in areas with high PV

penetration. Controlled discharge of RESSs ensures that voltage remains within ac-

ceptable limits, enhancing the stability and efficiency of the network. Operating within

defined envelopes, RESSs can quickly respond to grid frequency deviations by adjust-

ing their charge/discharge rates, aiding in overall grid stability. In areas with network

congestion, operating envelopes help to manage the export capacity of RESSs. By co-

ordinating energy export across multiple RESSs, the distribution network can avoid

overloads in constrained areas, optimising energy flow and preventing congestion-related

issues. Moreover, by adhering to operating envelopes, RESSs can charge and discharge

to reduce peak demand on the grid.
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2.1.4.1 Real-World Installations of Residential Energy Storage Systems

This section presents real-world examples for RESSs utilised in LV distribution networks.

• Authors of [Iria and Soares, 2023] propose an energy-as-a-service business model

to maximise the economic benefits for prosumers and the aggregator. In this

study, a real-world community of prosumers with RESSs in Australia are used

for simulations. Additionally, authors of [Iria et al., 2023] compare and contrast

five bidding optimisation strategies, and authors of [Iria et al., 2021] propose a

bidding optimisation strategy for an aggregator, enabling it to make network-

secure, real-time bidding decisions in energy and reserve markets. In these studies

also, the aforementioned community members with RESSs are used for simulation

experiments.

• An energy management project is implemented in Netherlands by interconnecting

RESSs to enhance the PV self-consumption of prosumers as mentioned in [Brouwer,

2018].

• The Vermont Green Mountain Power company provides subsidy schemes for pro-

sumers to invest on RESSs, and enhance the energy reliability through a project

called ”Resilient Home” [Power, 2023a].

• The New York utility Con Edison uses RESSs for capacity reserves and defer

network expansion. The utility provides subsidies for prosumers to install RESSs

under the ”Reforming the Energy Vision Initiative” [Coddington et al., 2017].

• The UK Power Networks in collaboration with Powervault aims to install RESSs

at residential places in London to satisfy the network peak demand in Winter,

to minimise the reliance on conventional fuel-based generation and reduce carbon

emissions. The pilot project was implemented in 2018 [GOV.UK, 2023].
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2.1.5 Comparison of Utility, Community, and Residential Energy Stor-

age Systems

In this section, we compare and contrast utility, community, and residential energy

storage systems. In addition to the operational difference, there are several key features

that distinguish UESSs, RESSs, and CESSs. They are succinctly listed in Table 2.3.

Table 2.3: Comparison of UESSs, RESSs and CESSs [Hameer and van Niekerk, 2015;
Shaw et al., 2020; Li et al., 2022a; Chatzigeorgiou et al., 2024].

Attribute UESSs CESSs RESSs

Ownership
Utilities or

energy companies
Third party or
a community

Individual
prosumers

Connection
location

To the transmission
or distribution network

To the distribution
network in-front-of-the-
meters of prosumers

and consumers

To the behind
the meter of a

prosumer

Main
Beneficiaries

Serve a transmission
or a distribution network

Serve multiple
prosumers and
consumers

Serve individual
prosumers

Size
Large scale and
medium-scale

Medium scale
to small-scale

Small-scale

Number of
units

Typically, a single
UESS in a network
(But can be multiple

at times)

Typically, a single
CESS in a network
(But can be multiple

at times)

Typically,
multiple RESSs
in a network

2.2 Literature Review

There exists a vast literature on ESSs, including utility, community, and residential

batteries discussed in the previous section. In this section, we specifically focus on the

literature related to CESSs in LV distribution networks, as this thesis investigates how

the optimal CESS planning can benefit LV stakeholders.

The benefits of CESSs can be further improved by optimising their operation (i.e., the

charging and discharging schedule of the CESS) and planning (i.e., the CESS integra-

tion location, size, and its rated power including the charging and discharging schedule).
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Therefore, the existing literature on optimal CESS energy management in LV distribu-

tion networks propose models to (i) optimise the CESS operation, and (ii) optimise the

CESS planning. In this thesis, we synthesise the literature survey of those two under

different categories namely; (a) the type of CESS optimisation model as deterministic

models vs stochastic models, (b) the number of objective functions in the CESS optimi-

sation model as single objective function vs multi-objective function, and (c) the analysis

time of the CESS optimisation models as single-day vs multiple-days (for CESS opera-

tion) and single-year vs multi-year (for CESS planning). In addition to that, we explore

the literature on auction-based models for CESS management. An extensive literature

survey on optimal CESS energy management under the aforementioned categories are

detailed in this section.

2.2.1 Optimal Operation of CESSs in Low-Voltage Networks

This section presents an extensive literature survey on studies that optimise the CESS

operation based on the four different criteria mentioned above.

2.2.1.1 Deterministic versus Stochastic Optimisation Models

Although there are many well-established optimisation techniques, such as stochastic op-

timisation, robust optimisation, and chance-constrained optimisation, available to model

uncertainties in CESS energy management problems, this literature survey focuses solely

on stochastic optimisation due to its prevalent application in CESS management models.

Additionally, while deterministic frameworks are also utilised in CESS operation studies,

they often do not adequately address the uncertainties present in energy systems. In this

section, we compare and contrast different studies on CESS operation that are proposed

as deterministic and stochastic frameworks.

2.2.1.1.1 Deterministic Optimisation Models In deterministic optimisation mod-

els, it is assumed that all input data, including objective functions, constraints and pa-

rameters are known ahead from their forecasts [Boyd and Vandenberghe, 2004; Bazaraa
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et al., 2006; Bertsekas, 1999; Hillier and Lieberman, 2014]. Ease of implementation and

reduced computational burden are some of the key advantages of deterministic optimi-

sation models [Birge and Louveaux, 2011; Shapiro et al., 2009].

Several studies are proposed in the literature to deterministically optimise the CESS op-

eration and maximise economic benefits for various stakeholders. For instance, a method

built up on game theory concepts to maximise the revenue of the CESS provider and

to minimise energy costs of prosumers and consumers is discussed in [Mediwaththe and

Blackhall, 2020b]. In this study, the CESS operation is optimised in coordination with

demand-side management to maximise the economic benefits for all stakeholders. In

[Wang et al., 2018], a CESS operation optimisation model to accommodate the high

PV generation by prosumers, and thereby, minimise the energy costs of prosumers is

presented. Here, the optimal operation of the CESS contributes in maximising the PV

self-consumption, reducing prosumers’ reliance on grid energy and regulating voltage

levels of the network. An optimisation model to optimise the CESS operation to max-

imise the economic benefits of prosumers and the energy service provider is proposed

in [Oh and Son, 2019]. In this paper, both aforementioned beneficiaries are benefited

from the CESS through peak shaving and energy arbitrage. A framework for optimising

the charging and discharging schedule of a CESS based on real-time market prices is

mentioned in [Arghandeh et al., 2014]. This work aims to minimise the operating costs

of prosumers and consumers including the CESS provider.

A common feature of [Mediwaththe and Blackhall, 2020b; Wang et al., 2018; Oh and

Son, 2019; Arghandeh et al., 2014] is that the PV generation by prosumers and real

energy consumption by prosumers and consumers are assumed to be known ahead from

their forecasts. In contrast to these works, some studies consider the reactive energy

consumption by prosumers and consumers is also known, so the the CESS operation can

be better optimised. For instance, authors of [Zhang et al., 2023] propose a method to

optimise the CESS real and reactive power dispatch schedule to minimise the operating

costs of the CESS provider and the distribution network service provider in the day-ahead
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electricity market. An energy cost sharing mechanism in a community of prosumers to

promote the effective management of reactive power within a peer-to-peer energy sharing

framework is explored in [Gu et al., 2023]. In this work, authors optimise the operation

of a CESS to improve its reactive power support, and thereby economically benefit

prosumers.

In addition to enhancing the economic benefits for CESS beneficiaries, several studies

investigate ways to improve technical aspects, such as voltage regulation, load manage-

ment, and overall system stability, through the optimisation of CESS operation. A study

on the use of a CESS for load shifting in a residential community is mentioned in [Parra

et al., 2020]. A similar study is presented by the same authors in [Parra et al., 2021] to

perform load management in a community of energy users using a CESS. In [Yang et al.,

2020], a transactive control strategy combined with an optimised CESS charging and

discharging schedule is discussed. This proposed model is capable of adjusting network

voltage levels based on real-time network conditions, enhancing the grid stability. More-

over, a comprehensive discussion on how the network power quality and the reliability of

smart grids can be improved by optimal CESS operation is given in [Singh et al., 2018].

In the literature, certain studies including [Mediwaththe and Blackhall, 2020a; Nick

et al., 2014] propose CESS energy management frameworks to improve techno-economic

benefits of different stakeholders. In [Mediwaththe and Blackhall, 2020a], authors opti-

mise the CESS operation to minimise the energy loss of the network and to minimise

the energy costs of prosumers, consumers and the CESS provider. Moreover, authors

of [Nick et al., 2014] suggest a CESS operation optimisation model to minimise voltage

deviations of nodes, energy loss, and maximise the profits of the CESS provider. Addi-

tionally, authors of [van der Stelt et al., 2020; Dong et al., 2021] analyse how the optimal

energy management of a CESS can economically benefit prosumers with smart appli-

ances, and technically benefit the network through demand-side management. Addition-

ally, certain studies propose frameworks to optimise the CESS operation and generate

techno-economic-social benefits. For instance, the authors of [Hou et al., 2024a] propose
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a CESS management framework to minimise energy costs and maximise the operational

safety of prosumers, while minimising carbon emissions.

2.2.1.1.2 Stochastic Optimisation Models All the aforementioned studies are

built as deterministic models without modelling uncertainty. However, in reality, fac-

tors such real and reactive energy consumption, PV generation, energy prices are often

subject to significant uncertainty. Neglecting the uncertainty of these factors may lead

to inefficient CESS energy management, as the forecast errors can be high. According

to [Boyd and Vandenberghe, 2004], there are several types of optimisation approaches

to deal with uncertainty including stochastic optimisation, robust optimisation, and

chance-constrained optimisation. In stochastic optimisation it is assumed the uncertain

parameters follow a known distribution and the objective is to find the expected value of

the objective function [Birge and Louveaux, 2011; Hillier and Lieberman, 2014; Shapiro

et al., 2009]. In contrast to stochastic optimisation, robust optimisation works on the

principle assuming the uncertainties lie within uncertainty sets and aims to find solu-

tions that are feasible and perform well for any realisation of the uncertainties within

those sets [Birge and Louveaux, 2011; Hillier and Lieberman, 2014; Shapiro et al., 2009;

Ben-Tal et al., 2009]. In chance-constrained optimisation, constraints are only required

to be satisfied with a certain probability. This allows some degree of risk or violation

of constraints but ensures that violations occur infrequently [Birge and Louveaux, 2011;

Hillier and Lieberman, 2014; Shapiro et al., 2009].

In the literature, there are several stochastic optimisation studies proposed to optimise

the CESS operation under uncertainty. For instance, a method to minimise the en-

ergy costs of prosumers and maximise the profits of the CESS provider is mentioned in

[Gu et al., 2023]. In this work, the uncertainties of real energy consumption and PV

generation are modelled using a data-driven stochastic approach. Authors of [Walker

and Kwon, 2021b] address the minimisation of energy costs for prosumers, taking into

account the uncertainties of PV generation and real energy consumption. In [Li et al.,

2022a], a CESS operation optimisation framework under the aforementioned uncertain-
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ties is proposed to minimise the energy costs of prosumers and the CESS provider based

on an asymmetric Nash bargaining model. A machine-learning technique to model the

uncertainty of real energy consumption is exploited in [Giraldo et al., 2021]. Here, the

authors optimise the CESS operation to minimise the network real energy loss. All these

studies discuss either economic or technical benefits gained by optimising the CESS op-

eration under uncertainty.

In this branch of literature, some studies propose models to improve techno-economic

benefits through optimal CESS operation. For instance, authors of [Pezeshki et al.,

2014] investigate how to minimise the energy costs of prosumers and consumers, and the

CESS provider, and to maximise the CESS lifetime by optimising the CESS operation

under uncertainty. Here, a model-predictive control approach is exploited to optimise the

CESS operation under the uncertainty of real energy consumption and PV generation.

An energy sharing model in the presence of a CESS to minimise energy users (i.e., both

prosumers and consumers) from optimal CESS operation is mentioned in [Dorahaki

et al., 2023a]. In this article, the uncertainty of PV generation is stochastically modelled

to reduce the energy bills and power interruptions for prosumers efficiently. In addition

to that, a Markov- modulated rate process to model the uncertainties associated with

wind energy production and optimise the CESS operation is suggested in [Wang et al.,

2016]. These studies highlight the role of optimal CESS operation in enhancing techno-

economic outcomes for different stakeholders under uncertainty.

2.2.1.2 Single-Objective versus Multi-Objective Optimisation Models

This section presents a comprehensive study of optimal CESS operation models cate-

gorised under single-objective and multi-objective frameworks.

2.2.1.2.1 Single-Objective Optimisation Models In this branch of literature,

authors propose optimal CESS operation frameworks that aim to minimise a single

objective. For instance, [Tucker and Alizadeh, 2022] the CESS operation is optimised to

maximise the economic benefits of prosumers gained from the CESS. In this paper, the
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uncertainty of real energy consumption and weather conditions are also accounted. The

same objective in [Tucker and Alizadeh, 2022] is considered by the authors of [Chang

et al., 2022], and it is achieved by optimising the CESS energy allocation to all prosumers.

Moreover, the authors of [Luo et al., 2020] investigates how the optimal CESS operation

can minimise the overall operating cost of a microgrid. Here, the operation of a CESS

in a microgrid is optimised under the uncertainty of energy consumption, and PV and

wind energy generation. Also, an optimisation framework to maximise CESS provider’s

economic benefits through optimal CESS operation is mentioned in [Ma et al., 2022].

There are few studies in the literature that aim to optimise the CESS operation to

generate technical benefits. For instance, a CESS management framework to minimise

network congestion is discussed in [van Westering and Hellendoorn, 2020]. Furthermore,

a CESS operation optimisation model to mitigate voltage excursions in unbalanced LV

networks is proposed in [Alam et al., 2015]. In this study, a dynamic energy trading

mechanism with the grid in all three phases by the CESS is proposed to minimise the

neutral current and voltage deviations.

2.2.1.2.2 Multi-Objective Optimisation Models In multi-objective optimisa-

tion two or more conflicting objectives are aimed to be optimised simultaneously, en-

abling to value trade-offs of each objective. In this context, there are many ways to

model multi-objective problems including the weighted-sum method, hierarchy method

(epsilon-constraint method) [Grodzevich and Romanko, 2006], and multi-objective evo-

lutionary algorithms [Zhou et al., 2011]. In the weighted-sum method, all objective

functions are weighted according to their importance, and the weight factors are com-

puted from the analytic hierarchy process [Grodzevich and Romanko, 2006]. In the

hierarchy method, objective functions are first ranked according to their importance to

the decision-makers. Then, each objective is minimised sequentially subject to a set of

constraints of the optimisation problem, along with extra constraints defined by a trade-

off threshold ϵ based on the optimal values achieved for the higher-priority objective

functions. This process is repeated until the problem is solved for all objectives [Grodze-
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vich and Romanko, 2006]. Multi-objective evolutionary algorithms rely on improving

the quality of a population of solutions through iterations. Some of the widely used

muli-objective evolutionary algorithms are NSGA-II (Non-dominated Sorting Genetic

Algorithm II) and SPEA2 (Strength Pareto Evolutionary Algorithm 2) [Zhou et al.,

2011]. These algorithms are particularly effective in exploring large, complex solution

spaces and are often used to find a diverse set of Pareto-optimal solutions.

In the literature, a number of papers discuss optimal CESS operation to achieve multiple

objectives of different stakeholders. For instance, authors of [Jo and Park, 2020] propose

an optimal CESS operation scheme to maximise the revenue of the CESS provider and

demand-side management. In [Houwing et al., 2023], the CESS operation is optimised

to maximise the energy bill savings and fair access to CESS energy by prosumers. The

economic benefits for peer-to-peer energy trading prosumers and the CESS provider are

enhanced simultaneously through optimal CESS operation in [Gokcek et al., 2022]. An

investigation on how the optimal CESS operation impacts the network voltage profile

and the real energy loss is done in [Mahmoodi et al., 2020]. A multi-objective stochastic

optimisation framework to optimise the CESS operation and thereby, minimise the ex-

pected energy imports from the grid by prosumers and maximise the use of renewable

energy resources is presented in [Alam and Jang, 2023]. A case study on maximising the

CESS provider’s profits while minimising the curtailment of renewable energy resources

in a German LV network is discussed in [Safarazi et al., 2020]. Moreover, a model that

can minimise the energy costs and maximise the PV self-consumption of prosumers is

suggested in [Hou et al., 2024b], by optimising the CESS operation. Also, an optimi-

sation model capable of minimising the real energy loss, voltage deviations, and the

ageing of the distribution transformer through a properly managed CESS is explored in

[El-Batawy and Morsi, 2018]. Additionally, certain studies present multi-objective opti-

misation frameworks to generate environmental and economic benefits. For instance, the

authors of [Schram et al., 2020; Wang et al., 2023] propose multi-objective optimisation

frameworks to minimise carbon emissions and prosumers’ energy costs through optimal

CESS operation.
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2.2.1.3 Single-Day versus Multiple-Days Optimisation Models

In general, operation problems are investigated as short-term problems, typically for

a duration of one day or few weeks. In this section, we present a literature survey of

optimal CESS operation models, focusing on both single-day and multiple-days analyses.

2.2.1.3.1 Single-Day Analyses In [Gerdroodbari et al., 2023], a study on bene-

fiting both the distribution network service provider and prosumers by optimising the

CESS operation is presented. Here, the authors have done the analysis for a period of

one day, using the PV generation and energy consumption profiles of a community of

prosumers obtained on a clear-sky day. Another study on optimal CESS operation to

economically benefit a remote community of prosumers in Indonesia is mentioned in [Asri

et al., 2023]. In this study, the operation of a CESS is optimised over a period of 24 hours

to minimise the operating cost of prosumers in a microgrid. Moreover, authors of [Yang

et al., 2024a; Abraham et al., 2022; Hou et al., 2024b] have also presented CESS oper-

ation optimisation frameworks to enhance the technical and economic benefits gained

from a CESS considering an analysis period of one day. Also, the authors of [Wang

et al., 2021a] propose an optimal CESS operation framework to minimise prosumers’

operating costs. This study uses three energy consumption profiles namely, electricity

consumption, cooling consumption, and heating consumption and PV generation profile

of prosumers on a typical summer day for the analyses. In [Dorahaki et al., 2023b], the

authors propose a CESS energy management mechanism to enhance economic benefits

and comfort level of prosumers considering an analysis period of one day.

2.2.1.3.2 Multiple-Days Analyses In addition to the CESS works that are based

on single-day analyses, there are some studies that have considered multiple-days in

CESS modelling. For instance, authors of [Duque et al., 2022] aim to maximise the

CESS provider’ energy benefits while satisfying the technical limits of the network. In

this paper, they optimise the CESS operation considering the real energy consumption

and PV generation data for a period of one week. The authors of [Reddy and Padhy,
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2024] propose a CESS operation optimisation method to enhance the network voltage

profile while maximising the use of the CESS. Here, seasonal weather data of some

selected days in a year are used for simulations. Additionally, authors of [Ho et al.,

2016] propose daily and weekly optimal CESS operation modes, and selects the best

mode that minimises the operation cost of the CESS provider.

2.2.2 Optimal Planning of CESSs in Low-Voltage Networks

This section presents a comprehensive study of literature on CESS planning. First,

research works on deterministic and stochastic CESS planning optimisation models are

presented. Next, CESS planning models classified as single-objective and multi-objective

is given. Finally, the single-year and multi-year CESS planning models are compared

and contrasted.

2.2.2.1 Deterministic versus Stochastic Optimisation Models

In the literature, there are significant number of studies on CESS planning that model

uncertainties. However, in this thesis we focus only on the ones that use stochastic op-

timisation techniques due to its vast use in energy management problems. Additionally,

there are some studies that utilise deterministic approaches to plan CESSs. Therefore, in

this section, we review different studies on deterministic and stochastic CESS planning

models.

2.2.2.1.1 Deterministic Optimisation Models This branch of literature is about

CESS planning optimisation models that do not model uncertainties, including factors

such as real and reactive energy consumption, PV generation, and energy prices. The

authors of [Nazari et al., 2021] discuss a CESS planning model to joinlty invest on a CESS

in a microgrid by the distribution network service provider and the microgrid operator.

This framework allows to distribute the high CESS investment cost and increase the

financial benefits for the investors. A similar work is mentioned in [Yang et al., 2021]

to cooperatively invest on the installation of a CESS in a residential community by its
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community members, and thereby reduce their energy costs from sharing the CESS. A

CESS planning scheme is suggested in [Xie et al., 2019] for load shifting by using a CESS

to reduce the energy costs of prosumers.

There are few studies that aim to improve the technical benefits from a CESS by opti-

mising its planning. A study on planning of CESSs is presented in [Alrashidi, 2022] to

regulate the voltage levels of a LV network. A method to maximise the hosting capacity

of a distribution network in the presence of a CESS is proposed in [Divshali and Söder,

2019]. In this study, a CESS that can store reactive energy in addition to real energy is

considered. Additionally, studies in [Böhringer et al., 2021; Hung and Mithulananthan,

2011] explore analytical methods to plan CESSs and enhance techno-economic benefits

of multiple stakeholders.

All these studies have proposed deterministic optimisation models to plan CESSs with

no uncertainty. However, as mentioned before, these models may not provide best CESS

outcomes as forecast errors of deterministic parameters such as PV generation, and real

and reactive energy consumption can be significantly high.

2.2.2.1.2 Stochastic Optimisation Models In contrast to [Nazari et al., 2021;

Yang et al., 2021; Xie et al., 2019; Alrashidi, 2022; Divshali and Söder, 2019; Böhringer

et al., 2021], some papers have accounted for the uncertainties mentioned above in CESS

planning. For instance, a multi-stage stochastic CESS planning model to economically

benefit an energy using community is given in [Hafiz et al., 2019]. This study aims to

minimise the energy costs of prosumers and consumers under the uncertainty of real

energy consumption, PV generation, and grid energy prices over different seasons in a

year. In this work, the authors utilise a multi-stage approach for CESS energy manage-

ment, and the economic savings of prosumers and consumers are calculated using the

net present value (NPV) approach. A research article on optimising the CESS planning

under the uncertainty of PV and wind power generation, and real energy consumption

of consumers and prosumers is discussed in [Wang et al., 2022]. In this paper, the un-

certainties of aforementioned factors are accounted to better plan CESSs, and maximise
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the economic benefits for prosumers, consumers, and the CESS provider. Additionally,

a game-theory approach for optimising the CESS planning considering the uncertainty

of PV and wind power generation is discussed in [Liu et al., 2023]. In [Mahmoodi et al.,

2020], authors have investigated how the CESS location impacts the voltage profile and

energy losses in LV networks under the uncertainty of real energy consumption and

PV generation. Here, the uncertainties are modelled using the monte-carlo simulation

(MCS), which is one of the most adopted method to model uncertainties.

Optimisation models that model uncertainties in terms of scenarios are often compu-

tationally exhaustive. Therefore, it is imperative to reduce the number of scenarios

by removing less probable outcomes and aggregating similar outcomes using scenario

reduction techniques such as K-Means clustering method [Scarlatache et al., 2012]. Au-

thors in [Pamshetti and Singh, 2022] have discussed a method to plan a CESS to exploit

the high PV generation, and thereby, minimise prosumers’ energy costs, CESS invest-

ment and operating cost, and carbon emissions concurrently. Here, the authors have

exploited a normal distribution to model uncertainties of PV generation and real energy

consumption, and then the roulette wheel mechanism to generate scenarios. Eventually,

the K-means clustering method is used to keep the problem tractable while sustaining

a fair approximation for uncertainties.

2.2.2.2 Single-Objective versus Multi-Objective Optimisation Models

This section presents a series of studies that optimise the CESS planning to achieve a

single objective or multiple objectives together.

2.2.2.2.1 Single-Objective Optimisation Models In this context, the literature

discusses optimal CESS planning models to achieve a single objective. A CESS planning

approach to maximise the economic benefits of the retailer is explored in [Liu et al.,

2021]. The research work in [Hossain et al., 2020] aims to achieve the same objective by

accounting for the uncertainty of energy consumption and PV generation of prosumers.

Moreover, a single-objective CESS planning model to reduce network real energy loss is
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suggested in [Ma et al., 2017]. In [Liu et al., 2024], a CESS is planned to minimise the

carbon emissions. Also, the authors of [Hafiz et al., 2019] plan a CESS under uncertainty

to maximise the energy savings of a community of prosumers. Additionally, a CESS is

planned in [Glücker et al., 2024] to minimise the CESS provider’s annual operating cost.

However, some studies on CESS planning have considered multi-objective frameworks as

multiple objectives of different stakeholders can be achieved simultaneously. A detailed

description of the existing literature on multi-objective CESS planning models is given

below.

2.2.2.2.2 Multi-Objective Optimisation Models In [Terlouw et al., 2019], a

multi-objective CESS planning optimisation framework is developed to benefit a commu-

nity of energy users by reducing their energy costs, and the environment by alleviating

the carbon emissions. The authors of [Wu et al., 2021] propose a CESS planning model

to economically benefit prosumers and the CESS provider. In this paper, the benefits

are shared using an asymmetric Nash bargaining model. Another study on CESS plan-

ning as mentioned in [Alam and Jang, 2023] is performed to benefit a community of

prosumers by minimising their energy costs and maximising the PV self-consumption.

Furthermore, an analytical approach to minimise the real energy loss of the network,

energy costs of prosumers and the CESS provider, and the voltage deviations of the

network is suggested in [Sardi et al., 2017]. The specialty of this model is that the three

objectives are achieved in three stages using analytical approaches. Authors of [Morcilla

and Jr., 2023] propose a method to increase the PV self-consumption and maximise the

network reliability by optimising the CESS planning. Also, in [Ma et al., 2022], a CESS

planning framework is proposed to minimise the solar and wind power generation cur-

tailment, deferring network upgrades, peak shaving, frequency regulation in addition to

maximising the economic benefits of the CESS provider. These studies demonstrate the

diverse approaches to plan CESSs, highlighting the potential for optimising both techni-

cal and economic outcomes while addressing the unique needs of different stakeholders.
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2.2.2.3 Single-Year versus Multi-Year Optimisation Models

Unlike operation problems, CESSs are typically planned over a long time period (at least

for one year). However, CESSs are also planned in a multi-year setting, as the impact of

interest rates can be factored in. This section presents different CESS planning studies

categorised under single-year and multi-year frameworks.

2.2.2.3.1 Single-Year Optimisation Models In this branch of literature, there

are studies that investigate how the CESS planning over a period of one year can benefit

multiple stakeholders. For instance, an approach to optimally plan a CESS, and thereby,

minimise the energy costs of an energy-using community is mentioned in [Nazari et al.,

2021]. The authors of [Chen et al., 2022] propose a CESS planning framework under the

uncertainty of PV generation to minimise the energy costs of prosumers. Furthermore,

the authors of [Rodrigues et al., 2020] propose optimal CESS planning frameworks to

economically benefit a community of prosumers and the CESS provider under three

different CESS ownership models. In all of these studies, the CESSs are planned for a

period of one year.

There are some studies that optimise the CESS planning to generate technical or en-

vironmental benefits in addition to the economic benefits. For instance, the authors of

[van der Stelt et al., 2020] propose a CESS planning model to benefit multiple stakehold-

ers by assessing the technical and economic feasibility of CESS installation. For this,

they utilise energy consumption and PV generation data of a community of prosumers

in Netherlands for a period of one year. A multi-objective CESS planning model to

minimise carbon emissions and operating costs of prosumers is presented in [Khan et al.,

2024]. Here, the authors test the developed CESS planning optimisation model using a

one year data of energy consumption and PV generation. Also, a CESS planning frame-

work aimed to maximise the economic benefits for the CESS provider while minimising

the peak demand to benefit the network is given in [Kang et al., 2023].
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2.2.2.3.2 Multi-Year Optimisation Models In this branch of literature, authors

propose CESS planning models that account for the depreciation of asset values over

a horizon with multiple years. For instance, authors of [Mahani et al., 2017] propose

a multi-year optimisation model to plan CESSs primarily for maximising the economic

benefits of the CESS provider. In [Ghaffari et al., 2022], a multi-year CESS planning

scheme is presented to maintain the network power quality. A game-theory based CESS

planning strategy to benefit a community of prosumers and the CESS provider in a

multi-year period is explored in [Xie et al., 2022]. Authors of [Böhringer et al., 2021]

propose an analytical method to plan a CESS to minimise the real energy loss in a multi-

year horizon in LV networks. Also, the CESS provider’s profit maximisation through

optimal CESS planning is presented in [Sardi et al., 2016] in a multi-year period.

In contrast to [Mahani et al., 2017; Ghaffari et al., 2022; Xie et al., 2022; Böhringer et al.,

2021; Sardi et al., 2016], authors of [To et al., 2022; Li et al., 2023] and [Saini et al.,

2023] propose multi-year CESS planning models under uncertainty. In [To et al., 2022],

the uncertainty of energy trading prices over a multi-year period is considered to plan

a CESS, and thereby, maximise the economic benefits of the CESS provider. A game-

theoretical approach to plan CESSs under the uncertainty of real energy consumption,

PV and wind power generation is described in [Liu et al., 2023]. Furthermore, a multi-

year CESS planning study to economically benefit its beneficiaries under the uncertainty

of PV generation, real energy consumption and energy trading prices is proposed in [Saini

et al., 2023].

2.2.3 Auction-Based Models in CESS Energy Management

In this branch of literature, researchers propose auction-based models to manage the

CESS operation and/or planning to benefit different stakeholders. For instance, in

[Thomas et al., 2020], an auction-based market mechanism is proposed to manage the

operation of a CESS and help prosumers and consumers reduce their energy costs, and

renewable energy providers increase their profits. In [Zhu et al., 2022], the authors pro-

pose a Lyapunov-based energy control and trading system to optimise the energy trade
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among prosumers having smart appliances in the presence of a CESS, enabling pro-

sumers to reduce their energy costs. Here, a double-auction mechanism is exploited to

determine the energy trading prices among prosumers. A combinatorial auction model

integrated with a CESS operation optimisation framework is proposed in [Zaidi et al.,

2018]. This study aims to minimise the energy costs of prosumers by allowing them to

access the CESS energy through an auction. A similar work is presented in [Tushar et al.,

2016] considering market dynamics, facilitating a community of energy users to access

the CESS energy through competitive bids. Moreover, authors of [Wang et al., 2021b]

propose to use auctions to decide how prosumers should share a CESS to economically

benefit both the CESS provider and prosumers.

2.3 Concluding Remarks

In this chapter, first, we have explored how different types of energy storage systems

are used in overcoming the challenges of renewable energy resources. Then, we have

narrowed down our study to electro-chemical storage systems with battery technologies

such as utility, community and residential energy storage systems. In this part, we have

compared them against different attributes and discussed their power systems applica-

tions and real-world installations. Next, we have reviewed the literature on CESS energy

management under different categories to understand the state-of-the-art of CESS util-

isation in energy management problems.

The literature reveals a growing recognition of the importance of CESSs in enhancing

renewable energy integration, yet significant gaps remain in the topic of optimising the

CESS planning in LV networks. These are the identified gaps in this PhD research:

• Numerous studies on CESS planning optimisation have focused on generating tech-

nical or economic benefits, though these often cater to a single type of stakeholder.

Additionally, techno-economic CESS planning frameworks in the literature are

mainly built to maximise benefits for only one type of stakeholder, often disre-

garding the broader interests of other involved parties. Furthermore, while some
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studies aim to optimise CESS planning to benefit multiple stakeholders, they often

do not take into account benefiting the network, the CESS provider, and commu-

nity members together. To address these limitations, Chapter 3 of this research

presents a multi-objective CESS planning framework aimed at generating techni-

cal benefits for the network, and economic benefits for the CESS provider and a

community of prosumers.

• In the literature, many CESS planning studies aimed at benefiting multiple stake-

holders are built as deterministic models. While some studies incorporate the

uncertainties of PV generation and real energy consumption to enhance CESS

planning accuracy, few works address the combined uncertainties of PV genera-

tion along with real and reactive energy consumption. Additionally, a common

limitation across these studies is the inadequate valuation of energy trade through

CESS, leading to a limited understanding of the overall economic benefits for stake-

holders. Ensuring a balanced distribution of benefits among stakeholders is also

crucial. Chapter 4 of this research builds on Chapter 3 to find an optimal CESS

solution (i.e., the optimal CESS planning combined with selecting the most suit-

able energy pricing scheme for the CESS provider) for distributing the economic

benefits among multiple stakeholders in balance.

• As discussed in the literature review section, many studies propose deterministic

and stochastic optimisation models to plan CESSs considering single and multi-

year frameworks. Stochastic models include the uncertainty of PV generation,

real and reactive energy consumption, and energy trading prices. Additionally,

the literature explores auction-based CESS-sharing models for operation purposes.

Nevertheless, none of these works has investigated how decision-makers, such as

governments, can use auctions to plan and select CESSs to financially support,

combining both multi-year uncertainties and the objectives of multiple stakehold-

ers. In Chapter 5, we address these research gaps and also extend the work in

Chapter 4 by planning CESSs in a multi-year period to benefit multiple stakehold-
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ers in balance considering the competition among CESS providers, and multi-year

uncertainties of the aforementioned factors.

• The existing research works on CESSs model the energy trade between prosumers,

the CESS, and the grid in a way that there is no restriction for energy trade between

each entity. However, due to policy, geographical, and network infrastructure

limitations, the energy trade between each entity may not be possible, forcing to

adopt different energy trading schemes. Moreover, the literature lacks discussion

about how prosumers with RESSs can also benefit from CESSs. These research

gaps are not addressed in Chapters 3, 4, and 5. In Chapter 6, we explore how

the CESS planning under different energy trading schemes can generate economic

benefits for prosumers, both with and without residential batteries.

This thesis seeks to bridge the identified research gaps by introducing innovative frame-

works, offering valuable insights for policymakers and practitioners to effectively plan

CESSs and optimise techno-economic benefits for diverse stakeholders.

39



Chapter 3

Multi-Objective Planning of Community

Energy Storage Systems in a

Deterministic Setting

In this chapter, we study the extent to which optimising the CESS planning generates

network and economic benefits for multiple stakeholders. Our optimisation framework

minimises real energy loss of the network, energy trading cost of prosumers and the

CESS provider with the grid, and the CESS investment cost.

3.1 Introduction

As discussed in Chapter 2, CESSs can generate technical merits such as real energy loss

minimisation, and economic benefits including the reduction of energy purchase cost of

prosumers and consumers. Also, a CESS may be used in energy management problems

to earn technical and monetary benefits together. Those merits can be fully exploited if

the CESS planning is optimised simultaneously with its operation. In the literature, the

problem of optimal planning of a CESS is typically addressed from the perspective of

only one type of stakeholder. In this context, the result of this problem always maximises
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the benefits of only one type of stakeholder, leaving aside the other. A solution to address

this issue is to solve the problem in a multi-objective setting. Thus, a multi-objective

CESS planning optimisation formulation that can generate techno-economic benefits for

multiple stakeholders would be an effective alternative to overcome the challenges in the

literature.

This chapter presents a multi-objective optimisation framework to plan CESSs, and

thereby, minimise the real energy loss of the network, investment cost of the CESS

provider, and energy trading cost with the grid by prosumers and the CESS provider.

The optimisation framework is built as a mixed-integer quadratic model while taking

into account the distribution network limits. The analytic hierarchy process (AHP) is

used for fairly weighting the objective functions. Simulations are carried out to test our

framework against the models that do not have a CESS, and models that optimise only

the CESS operation.

The rest of this chapter is structured as follows. Section 3.2 presents the system models.

The proposed CESS planning optimisation framework is described in Section 3.3. Section

3.4 presents the numerical and graphical results. We conclude this chapter in Section

3.5.

3.2 System Models

In this section, we first describe the notations used in this chapter, followed by the

network power flow model, energy trade model and the CESS model, respectively.

3.2.1 Notations and Preliminaries

We consider a radial distribution network which is described by the graph G = (V, E),

where V = {0, 1, ..., N} is the set of all nodes, and E = {(α, β)} ⊂ V × V is the set of all

lines in the network. Zα represents the set of all nodes downstream of node α including

itself. Node 0 is the slack node which represents the secondary side of the distribution

transformer. The resistance and reactance of the line connecting α and β nodes are
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denoted by rα,β (in Ω) and xα,β (in Ω), respectively. The squared value of the voltage

magnitude of node α at time t∈ T is given by Uα(t) (in V 2). Here, T is the set of all

time intervals in the analysis period, and ∆t (in hours) is the difference between two

consecutive time intervals.

In this thesis, we consider the positive power absorption convention for all nodes. Real

power, reactive power and current flow from node α to β at time t are denoted by Pα,β(t)

(in kW), Qα,β(t) (in kVAR) and Iα,β(t) (in A), respectively. For node α ∈ V\ {0}, Vα(t)

(in V ), pα(t) (in kW) and qα(t) (in kVAR) represent the voltage magnitude, real power

absorption and reactive power absorption, respectively. Moreover, we assume V0 is

fixed and known. Also, eB,ch
α (t) (in kWh) and eB,dis

α (t) (in kWh) are the charging and

discharging energy of the CESS connected at node α at time t, respectively. In this

chapter, we consider that there are multiple prosumers at each node. Therefore, p ∈ Pα

and Pα ⊂ P, where p is a prosumer, Pα is the set of prosumers at node α, and P is

the set of all prosumers in the network. Additionally, we assume that the real energy

consumption eDp (t) (in kWh), reactive energy consumption eQp (t) (in kVARh) and PV

generation ePV
p (t) (in kWh) of each prosumer are known ahead from their forecasts.

The typical energy transactions that may ensue between prosumers, the grid and the

CESS provider in the presence of a CESS is shown in Figure 3.1. In this chapter, we

use the notation eBp (t) (in kWh) to denote the energy trade with the CESS by the

pth prosumer at node α at time t. When a prosumer imports energy from the CESS,

eBp (t) > 0, and when a prosumer exports energy to the CESS, eBp (t) < 0. The energy

trade by a prosumer with the grid, and the energy trade by the CESS with the grid at

time t are given by eGp (t) (in kWh) and eB,G(t) (in kWh), respectively. The same sign

convention used for eBp (t) is valid for eGp (t) and eB,G(t). The mathematical relationships

between energy trades shown in Figure 3.1 are described in Section 3.2.3.
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Figure 3.1: Energy trade between a prosumer, the CESS provider and the grid.

3.2.2 Network Power Flow Model

The relationship between the line power flows and node absorptions, as described by the

linearised Distflow model in [Baran and Wu, 1989; Lin and Bitar, 2018], is given by (3.1)

and(3.2).

Pα,β(t) = pα(t) +
∑

θ:β→θ

Pβ,θ(t) (3.1)

Qα,β(t) = qα(t) +
∑

θ:β→θ

Qβ,θ(t) (3.2)

The nodal real and reactive power absorptions are illustrated by the equations (3.3) and

(3.4). Additionally, we assume prosumers’ PV systems and the CESS operate at unity

power factor.
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pα(t) =
1

∆t

∑
p∈Pα

eDp (t)−
∑
p∈Pα

ePV
p (t) + eB,ch

α (t)− eB,dis
α (t)

 ∀α ∈ V\ {0} , t∈ T

(3.3)

qα(t) =
1

∆t

∑
p∈Pα

eQp (t)

 ∀α ∈ V\ {0} , t∈ T (3.4)

The linearised Distflow equations given in (3.1) and (3.2) can be written in matrix format

as (3.5),

U = U01− 2R̃p− 2X̃q ∀t∈ T (3.5)

whereU= |V(t)|2 is the vector of squared voltage magnitudes of nodes, 1 is a vector of all

ones and U0 = |V0|2 is the squared voltage magnitude of the slack node. Also, p and q are

the vectors of nodal real and reactive power absorption. The matrices R̃ and X̃ ∈ RN×N

have the elements Rα,β =
∑

(a, b) ∈ Lα ∩ Lβra,b and Xα,β =
∑

(a, b) ∈ Lα ∩ Lβxa,b,

respectively where Lα is the set of lines on the path connecting node 0 and α [Baran

and Wu, 1989; Lin and Bitar, 2018].

The squared voltage magnitudes at each node needs to be maintained within its allowable

voltage magnitude limits. This is guaranteed by the inequality given in (3.6). Here,

U = U1 and U = U1, where U (in V 2) and U (in V 2) are the minimum and maximum

squared voltage magnitude limits.

U ≤ U ≤ U ∀t∈ T (3.6)

3.2.3 Energy Trade Model

The equations (3.7) and (3.8) demonstrate how prosumers trade energy with the CESS

and the grid. When a prosumer experiences a deficit of its PV generation to balance

its real energy consumption, that deficit is fulfilled by importing energy from the CESS

and the grid as described by (3.7). On the other hand, if a prosumer has a surplus

PV generation, that prosumer exports the excess PV energy to the CESS and the grid
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as given by (3.8). The mathematical relationship between eB,G(t), eBp (t), e
B,ch
α (t) and

eB,dis
α (t) can be written as (3.9).

If eDp (t) ≥ ePV
p (t):

0 ≤ eGp (t) + eBp (t) = eDp (t)− ePV
p (t) ∀α ∈ V\ {0} , p ∈ Pα, t∈ T (3.7a)

0 ≤ eGp (t) ≤ eDp (t)− ePV
p (t) ∀α ∈ V\ {0} , p ∈ Pα, t∈ T (3.7b)

Otherwise:

eGp (t) + eBp (t) = eDp (t)− ePV
p (t) ≤ 0 ∀α ∈ V\ {0} , p ∈ Pα, t∈ T (3.8a)

eDp (t)− ePV
p (t) ≤ eGp (t) ≤ 0 ∀α ∈ V\ {0} , p ∈ Pα, t∈ T (3.8b)

eB,G(t) =
N∑

α=1

∑
p∈Pα

eBp (t) + eB,ch
α (t)− eB,dis

α (t)

 ∀α ∈ V\ {0} , p ∈ Pα, t∈ T (3.9)

3.2.4 Community Energy Storage System Model

The set of constraints (3.10)-(3.12) model the CESS planning aspects, and (3.13)-(3.17)

model the CESS operation, respectively. The equation (3.10) finds the optimal CESS

location, where Aα is a binary variable. Also, (3.10) ensures that only one CESS is

installed in the network. If Aα = 0, it implies that there is no CESS at node α. If

Aα = 1, then the CESS is connected to node α. To determine the optimal CESS size

EB,C
α (in kWh), the inequality given in (3.11) is utilised. For a case Aα = 0, (3.11)

makes EB,C
α also to be zero. When EB,C

α = 0, the values EB
α (t), pB,ch

α (t) and pB,dis
α (t)

in (3.15) and (3.16) also turn out to be zero, where EB
α (t) (in kWh) is the energy level

of the CESS at node α at time t. Also, EB and E
B

are the minimum and maximum

allowable CESS size, respectively. The inequality in (3.12) guarantees the rated power

of the CESS PB,P
α (in kW) is bounded by its minimum PB (in kW) and maximum P

B

(in kW) allowable values.
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N∑
α=1

Aα = 1 ∀α ∈ V\ {0} , Aα ∈ {0, 1} (3.10)

AαE
B ≤ EB,C

α ≤ AαE
B ∀α ∈ V\ {0} , Aα ∈ {0, 1} (3.11)

AαP
B ≤ PB,P

α ≤ AαP
B ∀α ∈ V\ {0} , Aα ∈ {0, 1} (3.12)

The equations (3.13) and (3.14) imply that the CESS charging and discharging energy

should not exceed the rated power PB,P
α of the CESS. The temporal variation of the

energy level of the CESS is expressed by (3.15), where µch and µdis are the charging

and discharging efficiencies of the CESS. Also, the CESS energy level at any time in a

day should be within its upper and lower state of charge limits. This is governed by

(3.16), and σ and σ are two percentage coefficients of the CESS size. The continuity of

the CESS operation over the next day is guaranteed by the inequality given by (3.17)

which is bounded by a small positive number ξ [Mediwaththe and Blackhall, 2020b,a].

Note that tc in (3.17) represents the day number of the year. Here tc ∈ TC , where

TC = {1, 2, ...., NT /24} and NT is the cardinality of set T .

0 ≤ eB,ch
α (t) ≤ PB,P

α ∆t ∀α ∈ V\ {0} , t∈ T (3.13)

0 ≤ eB,dis
α (t) ≤ PB,P

α ∆t ∀α ∈ V\ {0} , t∈ T (3.14)

EB
α (t) = EB

α (t− 1) + µcheB,ch
α (t)− 1

µdis
eB,dis
α (t) ∀α ∈ V\ {0} , t∈ T (3.15)

σEB,C
α ≤ EB

α (t) ≤ σEB,C
α ∀α ∈ V\ {0} , t∈ T (3.16)

∣∣EB
α (24tc)− EB

α (0)
∣∣ ≤ ξ ∀α ∈ V\ {0} , tc∈ T C (3.17)
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3.3 Optimisation Framework and Problem Formulation

In this study, we aim to minimise the real energy loss of the network, energy trading

costs of prosumers and the CESS provider with the grid, and to minimise the CESS

investment cost. Therefore, we formulate a multi-objective function by combining those

objectives, and its formulation is described in this section.

3.3.1 Objective Functions

In this section, we present the three objective functions and their corresponding math-

ematical equations.

3.3.1.1 Minimising the Real Energy Loss of the Network

The real energy loss in a network can be written as (3.19), in terms of (3.18), and by

taking Uα(t) ≈ U0(t) ∀α ∈ V\ {0} [Baran and Wu, 1989; Lin and Bitar, 2018].

|Iα,β(t)|2 =
P 2
α,β(t) +Q2

α,β(t)

Uα(t)
∀(α, β)∈ E , t∈ T (3.18)

fEloss =
∑
t∈T

∑
(α,β)∈E

rα,β |Iα,β(t)|2∆t (3.19)

3.3.1.2 Minimising the Energy Trading Cost of Prosumers and the CESS

Provider with the Grid

The first term of the objective function given in (3.20) relates to the energy trading

cost with the grid by prosumers, and latter for the CESS provider. In (3.20), λG(t) (in

AUD/kWh) is the grid energy price at time t. In this study, the cost of energy trading

between prosumers and the CESS is excluded, since the focus is solely on evaluating the

energy trading cost with the grid by prosumers and the CESS provider.

fEn,cost =
∑
t∈T

λG(t)


N∑

α=1

∑
p∈Pα

eGp (t) + eB,G(t)

 (3.20)
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For λG(t), we consider a one-for-one non-dispatchable energy buyback scheme such that

the same energy price for both imports and exports of energy from the grid by prosumers

and the CESS provider is used [Martin, 2012]. This kind of an energy pricing scheme

can effectively value the PV energy as being same as the energy imported from the grid,

which is usually generated by a conventional generation method.

3.3.1.3 Minimising the Investment Cost of the CESS Provider

The third objective is to minimise the investment cost of the CESS which is given by

(3.21) [Zheng et al., 2020]. The fixed CESS investment cost and the cost of the CESS

for a unit size are given by γCES (in AUD) and δCES (in AUD/kWh), respectively. Note

that, in this chapter we do not value the cost of CESS rated power, and this limitation

is addressed in Chapter 4 and 5.

fInv,cost = γB + δBE
B,C
α (3.21)

3.3.2 Problem Formulation

The three objective functions are normalised and weighted to form the multi-objective

function in (3.22), according to the techniques described in [Grodzevich and Romanko,

2006]. The normalisation guarantees the objective functions are converted into a form

that they can be added together (since fEloss is measured in kWh, and fEn,cost, fInv,cost

are measured in AUD).

x∗ = argmin
x∈X

w1

{
fEloss − futopia

Eloss

fNadir
Eloss − futopia

Eloss

}
+ w2

{
fEn,cost − futopia

En,cost

fNadir
En,cost − futopia

En,cost

}

+w3

{
fInv,cost − futopia

Inv,cost

fNadir
Inv,cost − futopia

Inv,cost

} (3.22)

In (3.22), x ∈ X is the decision variable vector of the optimisation framework, and X is

the feasible set which is constrained by (3.1)-(3.17), and wi is the weight coefficient of

the ith objective function. The decision variable vector constitute the vector of optimal
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CESS location, rated power, size, charging and discharging energy, CESS energy trade

with the grid, and prosumers’ energy trade with the grid, respectively.

futopia
Eloss = fEloss(x

∗
Eloss) (3.23a)

futopia
En,cost = fEn,cost(x

∗
En,cost) (3.23b)

futopia
Inv,cost = fInv,cost(x

∗
Inv,cost) (3.23c)

x∗
Eloss = argmin

x∈X
fEloss (3.24a)

x∗
En,cost = argmin

x∈X
fEn,cost (3.24b)

x∗
Inv,cost = argmin

x∈X
fInv,cost (3.24c)

fNadir
Eloss = Max

{
fEloss(x

∗
Eloss), fEloss(x

∗
En,cost), fEloss(x

∗
Inv,cost)

}
(3.25a)

fNadir
En,cost = Max

{
fEn,cost(x

∗
Eloss), fEn,cost(x

∗
En,cost), fEn,cost(x

∗
Inv,cost)

}
(3.25b)

fNadir
Inv,cost = Max

{
fInv,cost(x

∗
Eloss), fInv,cost(x

∗
En,cost), fInv,cost(x

∗
Inv,cost)

}
(3.25c)

x = (Aα,P
B,P
α ,EB,C

α , eB,ch
α , eB,dis

α , eB,G, eGp ) (3.26)

In summary, the optimisation framework is solved for the multi-objective function in

(3.22), subject to the constraints given by (3.1)–(3.17). Since (3.22) being a quadrati-

cally constrained convex multi-objective function, the problem is solved from the mixed-

integer quadratic program optimiser of the CPLEX Python-Pyomo.

3.4 Simulations and Results

In this section, first, we mention the details of data used for simulations, followed by the

results.
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3.4.1 Test Data

For simulations, a 7-node LV radial distribution network given in Figure 3.2 is used and

its line data can be found in [Zeraati et al., 2018]. Also, real energy consumption and PV

generation data of 30 prosumers in an Australian residential community were used for

simulations [sol]. Also, we randomly allocated multiple prosumers to each node. Hence,∑N
α=1 |Pα| = 30, and the number of prosumers at each node are marked in Figure 3.2. In

this study, reactive energy consumption of prosumers is not considered due to the lack

of sufficient real data. As the optimisation involves not only a scheduling problem but

also a planning problem, the optimisation is performed over a long time period. Thus,

we consider one year time period split in one hour time intervals (i.e.|T | = 8760 ) for

simulations.

Figure 3.2: 7-Node LV radial distribution network.

In this study, the voltage and power base are taken as 400 V and 100 kVA, respectively.

In addition to that, V0 = 1 p.u., U = 0.9025 p.u., U = 1.1025 p.u., σ = 0.05, σ = 1,

µch =µdis = 0.98, EB = 200 kWh, E
B
= 2000 kWh, PB = 20 kW , P

B
= 200 kW , ξ =

0.0001 kWh and ∆t = 1 h are used as the model parameters. The values of γB and δB are

taken as 24000 AUD and 300 AUD/kWh as specified in [Zheng et al., 2020]. Additionally,

the weighting factors w1, w2 and w3 were calculated according to the principles of analytic

hierarchy process (AHP) described in [Saaty, 2004]. We considered a moderate plus
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importance for both fEn,cost and fInv,cost compared to fEloss, and an equal importance

for fEn,cost and fInv,cost. Hence, based on the AHP method, the values of w1, w2 and w3

were calculated as 1/9, 4/9 and 4/9, respectively. Figure 3.3 depicts how the grid energy

price varies with the time of the day that follows a time-of-use tariff scheme. As seen

in Figure 3.3, the grid energy price is 0.24871 AUD/kWh during T1(from 12am-7am) &

T5(from 10pm-12am), 0.31207 AUD/kWh during T2(from 7am-3pm) & T4 (from 9pm-

10pm) and 0.52602 AUD/kWh during T3(from 3pm-9pm) [Origin, 2018].

Figure 3.3: Variation of the grid energy price λG(t) for a period of 24 hours.

3.4.2 Results

The first part of this section presents the results of our model, comparing it with models

that do not include a CESS and those that optimise only the CESS operation. In

the second part, we analyse the energy trade between different stakeholders, and the

temporal variation of the CESS energy in a typical day.

3.4.2.1 CESS Planning Results and Techno-Economic Benefits of Stakehold-

ers

We conducted a case study to understand how the network and economic benefits vary

with and without optimal CESS planning. For this, we compare the results of our model

with five cases, where in four cases, we arbitrarily chose the CESS locations (i.e. without

optimal CESS planning), and the other case without a CESS.
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In this study, we considered the case without a CESS as Base Case, our optimisation

framework as Case I, while the rest as Case II-V. The same optimisation framework

(except the constraint that finds the optimal CESS location), and the model parameters

as for Case I were used for Case II-V. A synopsis of the results for the six cases are

tabulated in Table 3.1.

According to Table 3.1, Case III, IV and V produce different optimal sizes for the CESS,

as different nodes produce unique optimal CESS sizes. Moreover, the results indicate

that the benefits are higher in Cases I-V, that incorporate CESSs, compared to the Base

Case with no CESS. This implies that the use of CESSs contributes to generate higher

techno-economic benefits for all stakeholders compared to models that do not utilise a

CESS. Moreover, Case I, that optimises all the CESS planning aspects, generates the

highest benefits, while Cases II-V, where the CESS locations are arbitrarily chosen,

result in lower benefits. In other words, our model in Case I, that optimises all the

CESS planning aspects, has produced the highest real energy loss and cost reduction

percentages, compared to all the other cases. Hence, it is clear that Case I yields the

minimum values for all the three objective functions, and this justifies the effectiveness

of our optimisation framework compared to the models that optimise only the CESS

operation.

3.4.2.2 Energy Transactions of Stakeholders

To understand the operation of the CESS and the energy trade of different entities, we

arbitrarily select a single day from Case I for our discussion. Figure 3.4 shows the vari-

ation of cumulative energy trade of prosumers with the grid. Since
∑N

α=1

∑
p∈Pα

eGp (t)

being a positive value approximately during T1, T3, T4, T5 time intervals, it implies that

prosumers tend to import energy from the grid to satisfy their real energy consumption

requirement during those time periods. On the other hand, during T2 (time period of

the day typically the PV generation is high), prosumers export some of their surplus PV

energy to the grid. This is evident as
∑N

α=1

∑
p∈Pα

eGp (t) < 0 during T2. This behaviour

guarantees a profit for prosumers for their exported energy.
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Table 3.1: Summary of case study results.

CESS

Location

Aα (Node)

Optimal CESS

Size

EB,C
α (kWh)

Real Energy

Loss

fEloss (kWh)

Energy Trading

Cost With

the Grid

fEn,cost (AUD)

CESS Investment

Cost fInv,cost

(AUD)

Base Case

(Without the CESS)
Not applicable Not applicable 110117 45585 Not applicable

Case I

(Proposed Model)
4 (optimal) 482

78201

(29%)1

38520

(15%)1
168645

Case II 3 (chosen) 601
80250

(27%)1

43362

(5%)1
204396

Case III 5 (chosen) 601
81961

(26%)1

43840

(4%)1
204396

Case IV 6 (chosen) 482
80761

(27%)1

44154

(3%)1
168645

Case V 7 (chosen) 548
86083

(22%)1

43625

(4%)1
188307

1 Percentage loss or cost reduction with respect to their corresponding values without a CESS.

Figure 3.4: Cumulative energy trade by prosumers with the grid.

Figure 3.5 depicts prosumers trade energy with the CESS provider in a day. During

T2, prosumers export a part of their surplus PV energy to the CESS. On the contrary,

during other time periods, prosumers import energy from the CESS for their real energy

consumption. This action results in reducing costs for prosumers as the amount of energy

imported from the grid is minimised.
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Figure 3.5: Cumulative energy trade by prosumers with the CESS.

Figure 3.6 illustrates how the CESS trades energy with the grid. As the grid energy

price during T1 being the lowest, the CESS tends to import energy from the grid (i.e.

eB,G(t) > 0) during T1. This guarantees that the CESS is charged with low-priced energy

from the grid. However, during T2, T3 and T4, it is seen that the CESS exports its energy

back to the grid (i.e. eB,G(t) < 0). This happens as the CESS provider maximises its

revenue by exporting energy back to the grid.

Figure 3.6: Energy trade with the grid by the CESS.

In Figure 3.7, it is observed that during T1, the CESS charges (from the low-priced grid

energy) and partially discharges by the end of T1. During T2, the CESS continues to

charge and by the end of this time period, it reaches its maximum energy level. The

stored energy in the CESS is fully utilised during T3 and T4 for partially supplying the

real energy requirement of prosumers. This facilitates economic benefits for prosumers as
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the amount of expensive energy imported by them from the grid is lowered. Additionally,

observing the temporal variation of the CESS energy level reveals that the peak value

of the CESS energy level corresponds to the optimal CESS size, which was determined

to be 482.15 kWh.

Figure 3.7: Temporal variation of the CESS energy level.

3.5 Concluding Remarks

In this chapter, we have explored how the multi-objective CESS planning can generate

enhanced network and economic benefits for multiple stakeholders. To this end, we de-

veloped a multi-objective mixed-integer quadratic optimisation framework to minimise

three objectives: (i) network real energy loss, (ii) energy trading cost of prosumers and

the CESS provider with the grid, and (iii) the CESS investment cost. Simulation re-

sults highlighted our multi-objective optimisation framework is competent in generating

improved techno-economic benefits compared with the case without a CESS, and opti-

misation models that optimise only the operation of a CESS.

This study has certain limitations that need to be addressed. For instance, the energy

trade of prosumers with the CESS was not valued as our focus was solely on valuing the

energy trade with the grid by prosumers and the CESS provider. However, this can lead

to limited understanding about the overall financial benefits gained by prosumers and

the CESS provider from a CESS. Therefore, it is important to value the energy trade
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through a CESS from a properly selected CESS provider’s energy price. Additionally, we

built our optimisation framework assuming parameters such as real energy consumption

and PV generation of prosumers are known ahead from their forecasts. In reality, these

parameters are often subject to uncertainty, so their forecast errors can be high, making

the CESS planning decisions ineffective. Hence, it is essential to account for the uncer-

tainty of energy consumption (both real and reactive) and PV generation to better plan

CESSs. Moreover, it is also important to distribute the CESS benefits in balance, so all

stakeholders are benefited equitably. In the next chapter, we address all these limitations

and extend our optimisation framework to plan CESSs with a properly selected CESS

provider’s energy pricing scheme to benefit all stakeholders equitably under uncertainty.
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Chapter 4

Multi-Objective Planning of Community

Energy Storage Systems Under

Uncertainty

In this chapter, we evaluate how the planning of a CESS under different energy pricing

schemes (EPSs) of the CESS provider can economically benefit prosumers and the CESS

provider equitably. By saying equitably, we mean a balanced distribution of economic

benefits between prosumers and the CESS provider. This chapter extends the work in

Chapter 3 to plan CESSs under the uncertainties of real and reactive energy consumption

and PV generation, and select the most suitable CESS provider’s energy price to generate

a balanced distribution of benefits among all stakeholders.

4.1 Introduction

As discussed in Chapter 3, it is imperative to optimise the planning aspects of a CESS

concurrently with its operation. Additionally, energy management problems involving a

CESS may have competing objectives among different stakeholders such as minimising

the investment and operating costs of the CESS for the CESS provider and minimising
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the operating costs for prosumers. Also, it is essential to value the energy trade by a

CESS to economically benefit its provider and/or prosumers suitably. Thus, a multi-

objective optimisation framework with a properly selected CESS provider’s EPS can help

decision makers such as utilities, energy regulators, and community leaders to identify

the trade-offs between those objectives, and thereby benefit both prosumers and the

CESS provider equitably.

In this chapter, we examine the extent to which the planning of a CESS can benefit

prosumers and the CESS provider equitably. To this end, we present a multi-objective

stochastic optimisation framework to size and place a CESS under three EPSs with

different energy pricing schemes for the CESS provider. This multi-objective stochas-

tic framework helps decision-makers to select the solution that delivers the most eq-

uitable economic benefits to prosumers by minimising their operating costs, and the

CESS provider by minimising the investment and operating costs of the CESS under

three EPSs. We exploit the hierarchical (ϵ- constraint) method to rank the objectives of

the CESS provider and prosumers based on their importance for decision-makers under

three EPSs. Furthermore, the uncertainties are modelled using the normal probability

distribution. Then, the roulette wheel mechanism (RWM) is exploited to formulate a

scenario-based stochastic program. The initial scenarios obtained from the RWM, are

then reduced using the K-Means clustering algorithm, to make the problem tractable.

We do simulation experiments on an LV distribution network with 30 real-world pro-

sumers from an energy community, to optimally plan a CESS and select the most suitable

CESS provider’s energy price that spreads the economic benefits among all stakeholders

equitably.

This chapter is structured as follows. The system models of this chapter are presented in

Section 4.2. The stochastic modelling is described in Section 4.3. The formulation of the

multi-objective stochastic optimisation framework is described in Section 4.4. Section

4.5 presents the numerical and graphical results, and Section 4.6 concludes the chapter.
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4.2 System Models

In this chapter, each entity namely, prosumers, the CESS provider, and the grid can

trade energy between them, as illustrated in Figure 4.1. This section details models of

energy trading of each entity, network power flow, the CESS, and the energy pricing.

Figure 4.1: Energy trade between prosumers, the grid, and the CESS provider.

4.2.1 Preliminaries

In this chapter also, we assume prosumers P have rooftop PV systems, and the CESS is

owned by a third party. All the analyses in this chapter are done at time t ∈ T , where

T is the set of time instances, and ∆t is the difference between two consecutive time

instances. Moreover, we consider the uncertainty of PV generation and the energy con-

sumption (real and reactive) of prosumers. To model uncertainties, we use two normal

probability density functions (PDFs) each for real energy consumption and PV gener-

ation of prosumers, which are then discretised to formulate a scenario-based stochastic

program. The uncertainty of reactive energy consumption is modelled assuming the real

and reactive energy consumption of prosumers are correlated. Due to the computational

complexity of such a stochastic program, it is imperative to use a scenario reduction

approach to reduce the number of scenarios to keep the problem tractable. For this,
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we use the K-Means clustering algorithm. In this study, the initial set of scenarios is

denoted by W, and the set of scenarios obtained after applying the K-Means algorithm

is given by S. Further explanation of the uncertainty modelling is given in Section 4.3.

4.2.2 Energy Trade Model

This section models how prosumers, the CESS provider and the grid trade energy. As

seen in Figure 4.1, ∀p ∈ P, t∈ T , s∈ S, prosumers trade energy eGp,s(t) with the grid, and

eBp,s(t) the CESS to balance the mismatch of their PV energy generation ePV
p,s (t) and real

energy consumption eDp,s(t). For prosumers’ energy imports from the grid, eGp,s(t) > 0,

and eGp,s(t) < 0 for their energy exports to the grid. The same sign convention is used

for energy trades between the CESS and prosumers.

When eDp,s(t) ≥ ePV
p,s (t), prosumers import energy from the grid and/or the CESS, as

described by (4.1).

If eDp,s(t) ≥ ePV
p,s (t)

0 ≤ eGp,s(t) + eBp,s(t) = eDp,s(t)− ePV
p,s (t)

(4.1a)

0 ≤ eGp,s(t) ≤ eDp,s(t)− ePV
p,s (t) ∀p ∈ P, t∈ T , s∈ S (4.1b)

When eDp,s(t) < ePV
p,s (t), prosumers export their excess PV energy to the grid and/or the

CESS, as is described by (4.2).

If eDp,s(t) < ePV
p,s (t)

eGp,s(t) + eBp,s(t) = eDp,s(t)− ePV
p,s (t) ≤ 0

(4.2a)

eDp,s(t)− ePV
p,s (t) ≤ eGp,s(t) ≤ 0 ∀p ∈ P, t∈ T , s∈ S (4.2b)

Note that, when eDp,s(t) ≥ ePV
p,s (t), energy trade between prosumers, the grid and the

CESS provider happen according to (4.1), and when eDp,s(t) < ePV
p,s (t), it is (4.2) that
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governs the energy trade of them.

The energy trade by the CESS with the grid is given by (4.3), where eB,G
s (t), eB,ch

α,s (t)

and eB,dis
α,s (t) are the energy trade by the CESS with the grid, the CESS charging energy

and the CESS discharging energy, respectively.

eB,G
s (t) =

N∑
α=1

∑
p∈P

eBp,s(t) + eB,ch
α,s (t)− eB,dis

α,s (t)


∀p ∈ P, t∈ T , s∈ S

(4.3)

4.2.3 Network Power Flow Model

In this study also, we consider a radial distribution network described by the graph

G = (V, E), where V = {0, 1, ..., N} is the set of all nodes, and E = {(α, β)} ⊂ V × V

is the set of all lines. The slack node represents the secondary side of the distribution

transformer. The resistance and the reactance of the line (α, β) are rα,β and xα,β,

respectively. For scenario s at time t, real and reactive power flows from α to β node are

represented by Pα,β,s(t) and Qα,β,s(t), respectively. Furthermore, ∀α ∈ V\ {0}, t∈ T ,

s∈ S, real power absorption, reactive power absorption, voltage magnitude are given by

pα,s(t), qα,s(t), and Vα,s(t), respectively. The linearised Distflow equations (4.4)-(4.6) are

used to model power flows in the radial network [Baran and Wu, 1989]. These linearised

Distflow equations compute good results in small LV networks since the relaxed losses

are small. Let Uα,s(t) = V 2
α,s(t).

Pα,β,s(t) = pα,s(t) +
∑

θ:β→θ

Pβ,θ,s(t) ∀(α, β) ∈ E , t∈ T , s∈ S (4.4)

Qα,β,s(t) = qα,s(t) +
∑

θ:β→θ

Qβ,θ,s(t) ∀(α, β) ∈ E , t∈ T , s∈ S (4.5)

Uβ,s(t) = Uα,s(t)− 2(rα,βPα,β,s(t) + xα,βQα,β,s(t)) ∀(α, β) ∈ E , t∈ T , s∈ S (4.6)
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The real and reactive power absorbed by the node α at time t in scenario s can be

expressed by (4.7) and (4.8). Here, we assume there are multiple prosumers at each

node, and the CESS operates at a unity power factor. We denote prosumers at node α

by Pα ⊂ P. Let eQp,s(t) be the reactive energy consumption per prosumer.

pα,s(t) =
1

∆t
(
∑
p∈Pα

eDp,s(t)−
∑
p∈Pα

ePV
p,s (t) + eB,ch

α,s (t)− eB,dis
α,s (t))

∀α ∈ V\ {0} , t∈ T , s∈ S

(4.7)

qα,s(t) =
1

∆t
(
∑
p∈Pα

eQp,s(t)) ∀α ∈ V\ {0} , t∈ T , s∈ S (4.8)

We use (4.9) to guarantee the voltage magnitude of nodes are within lower (V ) and upper

(V ) bounds, where U = V 2 and U = V
2
. The line thermal limits are not explicitly

modelled, as they do not constrain the optimisation problems in our case study. However,

they can be easily added if required.

U ≤ Uα,s(t) ≤ U ∀α ∈ V\ {0} , t∈ T , s∈ S (4.9)

4.2.4 Community Energy Storage System Model

The CESS planning and operational aspects are modelled by (4.10)-(4.12) and (4.13)-

(4.16), respectively. The optimal CESS at node α is characterised by its size EB,C
α

and rated power PB,P
α . The binary variable Aα is 1 when α is the optimal CESS

node. The minimum and maximum CESS size limits and the maximum CESS power

are denoted by EB, E
B
and P

B
, respectively. The charging and discharging of the CESS

are modelled by (4.13a)-(4.13f). We use the binary variable Bα,s(t) and two continuous

variables xs(t) ∈ R+ and ys(t) ∈ R+ to make sure charging and discharging of the

CESS do not occur simultaneously. When the CESS charges, Bα,s(t) = 1, and thus,

0 ≤ eB,ch
α,s (t) ≤ xs(t) = PB,P

α ∆t ≤ P
B
∆t. When the CESS discharges, Bα,s(t) = 0, and

hence, 0 ≤ eB,dis
α,s (t) ≤ ys(t) = PB,P

α ∆t ≤ P
B
∆t. The variation of the CESS energy

level with time is modelled by (4.14), the CESS energy level is maintained within the
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minimum and maximum allowable energy levels by (4.15), and the CESS continuous

operation over the next day is facilitated by (4.16). In (4.14) and (4.15), EB
α,s(t) is

the CESS energy level at time t in scenario s. The parameters µch, µdis and σ, σ are

the charging and discharging efficiencies of the CESS, and the minimum and maximum

percentage coefficients of the CESS size, respectively. Also, ξ is a small positive number,

and tc ∈ TC where TC = {1, 2, ...., |T | /24}.

N∑
α=1

Aα = 1 ∀α ∈ V\ {0} , Aα ∈ {0, 1} (4.10)

AαE
B ≤ EB,C

α ≤ AαE
B ∀α ∈ V\ {0} , Aα ∈ {0, 1} (4.11)

0 ≤ PB,P
α ≤ AαP

B ∀α ∈ V\ {0} , Aα ∈ {0, 1} (4.12)

0 ≤ eB,ch
α,s (t) ≤ xs(t) (4.13a)

eB,ch
α,s (t) ≤ xs(t) ≤ P

B
∆tBα,s(t) (4.13b)

−P
B
∆t(1−Bα,s(t)) ≤ xs(t)− PB,P

α ∆t ≤ 0 (4.13c)

0 ≤ eB,dis
α,s (t) ≤ ys(t) (4.13d)

eB,dis
α,s (t) ≤ ys(t) ≤ P

B
∆t(1−Bα,s(t)) (4.13e)

−P
B
∆tBα,s(t) ≤ ys(t)− PB,P

α ∆t ≤ 0 ∀α ∈ V\ {0} , t∈ T , s∈ S (4.13f)

EB
α,s(t) = EB

α,s(t− 1) + µcheB,ch
α,s (t)− 1

µdis
eB,dis
α,s (t)

∀α ∈ V\ {0} , t∈ T , s∈ S
(4.14)
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σEB,C
α ≤ EB

α,s(t) ≤ σEB,C
α ∀α ∈ V\ {0} , t∈ T , s∈ S (4.15)

∣∣EB
α,s(24tc)− EB

α,s(0)
∣∣ ≤ ξ ∀α ∈ V\ {0} , tc∈ T C , s∈ S (4.16)

4.2.5 Energy Pricing Schemes

The CESS provider trades energy with prosumers at a price λB(t), and the grid trades

energy with prosumers and the CESS at a price λG(t). We adopt a one-for-one non-

dispatchable energy buyback method for both energy trading prices, to value the energy

imports and exports equally, from the CESS provider and the grid by prosumers [Martin,

2012]. Also, we assume there is no competition among prosumers to access the CESS.

Due to the limited availability of real data about EPSs for CESS providers, we exploit

three different EPSs for the CESS provider in terms of the grid energy price, and select

the EPS that delivers the most equitable economic benefits for prosumers and the CESS

provider. The relationship between λG(t) and λB(t) in each EPS is given by (4.17).

λB(t) =



λG,avg =
∑24

t=1 λ
G(t)

24 in EPS 1

δλG(t) for δ > 1 in EPS 2

δλG(t) for 0 < δ < 1 in EPS 3

(4.17)

4.3 Stochastic Modelling

In this section, we model the uncertainty of energy consumption and PV generation of

prosumers using the normal PDF. Also, we describe how we generate scenarios using the

RWM and how the K-Means clustering method is used to reduce the number of scenarios

and decrease the computational complexity of our optimisation problems.
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4.3.1 Uncertainty of Energy Consumption and PV Generation of Pro-

sumers

We model the uncertainty of real and reactive energy consumption and PV generation

using the normal distribution fN
D,PV,t(.) described by (4.18)1. Its mean, standard devia-

tion, and sample values as functions of prosumers and time are denoted by µt
p, Ψ

t
p and

Xt
p, respectively. For real energy consumption, µt

p = µD,t
p , Ψt

p = ΨD,t
p and Xt

p = XD,t
p ,

and for PV generation, µt
p = µPV,t

p , Ψt
p = σPV,t

p and Xt
p = XPV,t

p . As mentioned previ-

ously, the uncertainty of reactive energy consumption is obtained assuming a correlation

with the real energy consumption, which is described in the next subsection.

fN
D,PV,t(X) =

1

Ψt
p

√
2π

e
−0.5

(
Xt

p−µtp

Ψt
p

)2

∀p ∈ P, t∈ T (4.18)

4.3.2 Scenario-Based Stochastic Program

Since the normal distribution is a continuous PDF, it represents an infinite number of

realisations of the random variables. Here, a realisation refers to a sample energy con-

sumption or PV generation of a prosumer at a given time. A large number of realisations

can model the uncertainty better at the expense of a large computational burden. Hence,

we approximate the normal PDF from a set of discrete functions to have a finite number

of realisations for reducing the complexity of uncertainty modelling. Thus, we use the

RWM proposed in [Aghaei et al., 2015; Amjady et al., 2009] to approximate the normal

PDF by a set of discrete functions which are represented by seven intervals, each with

a width of a standard deviation σ, and centred around each realisation. Note that, we

specifically use seven intervals, as this enables us to approximate the normal PDF about

87% of its area. When the historical real energy consumption is µ, and its standard de-

viation is Ψ, intervals 1-7 of the normal PDF are centred around the seven realisations

µ, µ+Ψ, µ−Ψ, µ+ 2Ψ, µ− 2Ψ, µ+ 3Ψ and µ− 3Ψ as shown in Figure 4.2(a).

1In this study, we used normal distributions to derive stochastic features of PV generation and energy
consumption of prosumers as this approach has been extensively justified and used in the literature.
However, modelling the uncertainty of energy consumption and PV generation using non-parametric
distributions can be a good alternative solution to the use of normal distributions.
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Figure 4.2: (a) Discretisation of normal PDF into seven intervals, (b) Roulette wheel
partitioned into seven intervals, each with a width of the normalised proba-
bility of the corresponding energy consumption.

The same approach is used to model the uncertainty of PV generation by discretising

normal PDF. Additionally, we assume real and reactive energy consumption of prosumers

are correlated by a power factor of 0.9. Hence, the probabilities of the realisations of

reactive energy consumption are deduced from the probabilities of real energy consump-

tion. For these realisations of PV generation and energy consumption, we obtain their

corresponding probabilities and generate scenarios as follows.

• Do Step 1 to Step 4 ∀p ∈ P, t ∈ T

Step 1: Calculate the seven realisations for each real energy consumption and PV energy

generation. In this study, we assume Ψ = 0.02µ. The computed realisations are taken as

the midpoints of the seven σ-wide intervals in the normal distributions. In this way, the

continuous normal PDFs are discretised and approximated as discrete functions. Then,

the probability density for each realisation is calculated by (4.18). Once the probability

densities are available, the probability for the occurrence of each PV generation, real,

and reactive energy consumption are found by taking the product of probability density

and the width Ψ of each interval.

Step 2: Since the continuous PDFs are approximated by discretising them, the sum of
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probabilities obtained after the discretisation will only be close to unity but not exactly

equal to one. To have the sum of the probabilities equal to unity, we normalise the

calculated probabilities one by one, by taking the sum of probabilities and dividing each

probability by the sum. This is done for the seven realisations obtained from each PDF

separately.

Step 3: We exploit the RWM explained in [Aghaei et al., 2015] to construct three

roulette wheels in the range [0,1], each having seven intervals. Then, we assign the

normalised seven probabilities obtained from each PDF to the [0,1] range. Hence, each

interval has a width of the normalised probability of the corresponding real and reactive

energy consumption and PV generation. The construction of a roulette wheel corre-

sponds to the discretisation of the normal PDF in Figure 4.2(a), and a sample roulette

wheel obtained like that is shown in Figure 4.2(b).

Step 4: Generate Nw = |W| number of random numbers between 0 and 1, which follow

the uniform distribution, to guarantee the random numbers are generated without any

bias.

• Do Step 5 ∀p ∈ P, t ∈ T , m ∈ M

Step 5: Assign each random number to the two roulette wheels according to their mag-

nitudes. Select ϕD,t
p,w, ϕ

PV,t
p,w , eDp,w(t), and ePV

p,w(t) from the roulette wheels corresponding to

the value of the random number. Here, ϕD,t
p,w = ϕQ,t

p,w, e
Q
p,w(t) = 0.48eDp,w(t) (since power

factor is assumed to be 0.9), where ϕD,t
p,w, ϕ

Q,t
p,w and ϕPV,t

p,w are the normalised probabilities

of eDp,w(t), e
Q
p,w(t) and ePV

p,w(t), respectively. In this way, the set of initial scenarios is

obtained.

• Do Step 6 ∀t ∈ T , w ∈ W

Step 6: Using the values found in Step 5, calculate the overall probability Ωw,t in (4.19),

which gives the probability for the occurrence of scenario m at time t.

Ωw,t =

(∏N
α=1

(∏
p∈Pα

ϕD,t
p,wϕ

Q,t
p,wϕ

PV,t
p,w

))
∑Nw

w=1

(∏N
α=1

(∏
p∈Pα

ϕD,t
p,wϕ

Q,t
p,wϕ

PV,t
p,w

)) (4.19)
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• Do Step 7 ∀p ∈ P, t ∈ T , s ∈ S

Step 7: A scenario reduction approach is essential in scenario-based stochastic programs

to keep the problem tractable while sustaining a fair approximation for the uncertainty.

Thus, the initially generated scenarios W, are then reduced to S (Ns = |S|) using the

K-Means clustering algorithm mentioned in [Scarlatache et al., 2012]. For this, the K-

Means algorithm is applied to the sample values of real energy consumption and PV

generation of prosumers separately and obtains a new set of values for eDp,s(t), e
Q
p,s(t) and

ePV
p,s (t). Then, the new overall probability ωs,t for the occurrence of scenario s at time t

is computed by (4.20). The numerical values found for ωs,t, e
D
p,s(t), e

Q
p,s(t), and ePV

p,s (t)

∀p ∈ P, t∈ T , s∈ S are then fed into the system models and optimisation framework

discussed in Section 4.2 and 4.4.

ωs,t =
Ωs,t∑Ns
s=1Ωs,t

(4.20)

4.4 Multi-Objective Optimisation Framework

In this chapter, we aim to minimise the investment and the operating cost of the CESS

provider, and the operating costs of prosumers to benefit both stakeholders together.

This section describes the objective functions and presents a summary of the algorithm

of our optimisation framework.

4.4.1 Objective Functions

This section presents the objective functions of the CESS provider and prosumers, along

with their corresponding mathematical equations.

4.4.1.1 Objective of the CESS Provider

The objective of the CESS provider is given by (4.21). It aims to minimise the investment

cost of the CESS (first term of (4.21)), and the expected annual operating cost (second
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term of (4.21)).

fC = G(CB
P PB,P

α + CB
CEB,C

α ) +
∑
t∈T

Ns∑
s=1

ωs,t

−λB(t)
N∑

α=1

∑
p∈Pα

eBp,s(t) + λG(t)eB,G
s (t)


(4.21)

In (4.21), G = d(1+d)T

(1+d)T−1
, where G, d and T are the equivalent annualised cost of the

CESS, discount rate and the CESS lifetime, respectively. Also, CB
P and CB

C are the CESS

investment cost per kW (in AUD/kW ) and per kWh (in AUD/kWh), respectively.

The expected annual cost of operating the CESS is a combination of the cost of trading

energy with prosumers and the grid. The negative sign associated with the cost of

trading energy with prosumers is due to the sign convention described in Section 4.2.2.

Also, we impose the condition fC ≤ 0 in our optimisation program, such that a CESS

is only installed when it is profitable for the CESS provider.

4.4.1.2 Objective of Prosumers

The objective of prosumers is to minimise their expected annual operating costs given

by (4.22). The first term of (4.22) is the energy trading cost with the grid, and the latter

is the energy trading cost with the CESS.

fP =
∑
t∈T

Ns∑
s=1

ωs,t

{
λG(t)

N∑
α=1

∑
p∈Pα

eGp,s(t) + λB(t)
N∑

α=1

∑
p∈Pα

eBp,s(t)

}
(4.22)

4.4.2 Optimisation Framework and Solution Method

The optimisation problems involving multi-objectives can be solved using methods, such

as the weighted sum method and the hierarchical (ϵ-constraint) method. In this chap-

ter, we use the hierarchical method as it is the recommended method for optimisa-

tion problems with linear objective functions [Grodzevich and Romanko, 2006]. In this
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method, first, each competing objective function is ranked according to its importance.

Then each objective is minimised one by one subject to a set of constraints and addi-

tional constraints formed by a trade-off threshold ϵ of the optimal value obtained for the

higher-ranked objective functions. For instance, in case of a problem with two objective

functions written in descending order according to their importance as f1 and f2, we

first minimise f1 such that x ∈ X, where X is the feasible region. If the optimal value

of f1 is f∗
1 , we then minimise f2 such that x ∈ X and f1(x) ≤ f∗

1 (1 + ϵ). Here, ϵ is the

trade-off threshold of f∗
1 , which is the maximum that is allowed to be traded-off f∗

1 to

improve f2. Note that, the trade-off threshold ϵ is usually set by the decision-makers

to distribute benefits among stakeholders. This method overcomes the deficiency of the

weighted sum method which tends to give corner solutions of the Pareto-frontier, which

are not the practically desirable outcomes. Further explanation about the hierarchical

method can be found in [Grodzevich and Romanko, 2006].

In this study, we rank the objective fC as important than the objective fP . Let

x = (Aα,P
B,P
α ,EB,C

α , eB,ch
α , eB,dis

α , eBp , e
G
p ) be the decision variable vector with its el-

ements being the vector of optimal CESS node, rated power, size, charging energy,

discharging energy, prosumers’ energy trade with the CESS and the grid, respectively.

The feasible set is given by X. For EPS 1, we solve (4.23) subject to (4.1)-(4.16), (4.17a),

and (4.24). Here, f∗
C is the optimal value of fC obtained by solving (4.21) subject to

(4.1)-(4.16), and (4.17a). Similarly, we solve (4.23) subject to (4.1)-(4.16), (4.17b), and

(4.24) for EPS 2, and (4.23) subject to (4.1)-(4.16), (4.17c), and (4.24) for EPS 3. The

optimisation problems for each EPS are solved as separate mixed-integer linear programs

(MILPs) using the hierarchical method. Algorithm 1 summarises the solution method

for our optimisation problems.

min
x∈X

fP (4.23)

s.t. fC ≤ f∗
C(1 + ϵ), (4.24)
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Algorithm 1: Algorithm to Run the Multi-Objective Stochastic Optimisation
Framework.

1: Input µD,t
p , µPV,t

p ∀p ∈ P, t∈ T

2: Execute Steps 1 to 7 detailed in Section 4.3.2 to model the uncertainty of energy

consumption (both real and reactive) and PV generation of prosumers.

3: Return ωs,t, e
D
p,s(t), e

Q
p,s(t), and ePV

p,s (t) ∀p ∈ P, t∈ T , s∈ S.

4: Individually solve the optimisation problems under EPS 1-3, as MILPs.

4.5 Simulations and Results

This section begins with a detailed overview of the test data, followed by a comprehensive

analysis of the results.

4.5.1 Test Data

For simulations, a radial distribution network with 7 nodes given in Figure 4.3 was

considered, and its data can be found in [Zeraati et al., 2018]. The historical PV gener-

ation and real energy consumption data of 30 residential prosumers from an Australian

community, for 1 year, measured in 1-hour time intervals were used for simulations [sol].

Also, we randomly assigned the 30 prosumers to each node except for the slack node (see

Figure 4.3). Therefore,
∑N

α=1 |Pα| = 30. As model parameters, we assumed V0 = 1 p.u.,

V = 0.95 p.u., V = 1.05 p.u., P
B

= 200 kW , EB = 50 kWh, E
B

= 1000 kWh,

µch = µdis = 0.98, σ = 0.05, σ = 1, ξ = 0.0001 kWh, ∆t = 1 h, d = 0.1, and T = 12.5

years. We took CB
P = 463 AUD/kW , and CB

C = 795 AUD/kWh assuming Li-ion as the

CESS technology [Zakeri and Syri, 2015]. Also, the time-of-use grid energy price λG(t)

used in Chapter 3 was used to value energy trade with the grid by prosumers and the

CESS provider [Origin, 2018]. The energy prices of the grid and the CESS provider in

each EPS are shown in Figure 4.4. In EPS 1, λB(t) = λG,avg = 0.34180 AUD/kWh,

in EPS 2 we took δ = 1.5 since λB(t) > λG(t), and in EPS 3 we used δ = 0.5 as
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λB(t) < λG(t). Moreover, we considered 50 initial scenarios (i.e. Nw = 50), which were

then reduced to 10 (i.e. Ns = 10) by using the K-Means clustering algorithm to solve the

optimisation problem in each EPS. Simulations for the three EPSs were implemented in

Python-Pyomo and solved using the mixed-integer linear solver from CPLEX.

Figure 4.3: 7-Node LV radial feeder with the number of prosumers marked at each node.

Figure 4.4: Grid and the CESS provider’s energy prices in (a) EPS 1, (b) EPS 2, and
(c) EPS 3.
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4.5.2 Results

This section presents a detailed analysis of the results obtained from our model. We

first conduct a case study to understand the impact of EPS and the trade-off threshold

on planing and operational decisions. Then, we analyse the energy trade between stake-

holders for each EPS. Finally, we evaluate the quality of our stochastic solutions.

4.5.2.1 Identifying the Impact of Trade-off Threshold ϵ and EPS on Plan-

ning and Operational Decisions

We conducted experiments to understand how the value of the trade-off threshold ϵ

impacts planning and operational decisions, and thereby select the CESS solution that

provides the most equitable economic benefits for the CESS provider and prosumers.

For this, we considered Cases I, II and III. In Case I, we set ϵ = 25% to make a slight

trade-off of fC , in Case II, we enforce ϵ = 50% to make a moderate trade-off of fC , and

in Case III, we trade-off fC significantly by setting ϵ = 75% to improve fP . Table 4.1

summarises the planning and operational results obtained for each EPS in Cases I-III.

Table 4.1: Planning and operational results for each case under the three EPSs. Positive
monetary values are costs and negative ones are revenues.

Aα

EB,C
α

(kWh)

PB,P
α

(kW)

fC

(AUD)

fP

(AUD)

Case I

EPS 1 3 831 189 -162427 (74%)1 109287 (34%)2

EPS 2 3 831 189 -219496 166705

EPS 3 3 831 189 -169011 (77%)1 110224 (34%)2

Case II

EPS 1 3 819 183 -111492 (51%)1 68825 (59%)2

EPS 2 4 686 175 -146331 (67%)1 114224 (31%)2

EPS 3 3 810 181 -105619 (48%)1 58624 (65%)2

Case III

EPS 1 3 745 182 -50344 (23%)1 67216 (60%)2

EPS 2 7 543 184 -73165 (33%)1 85789 (49%)2

EPS 3 4 790 178 -52810 (24%)1 51036 (69%)2

1 Revenue percentage concerning the max. revenue. 2 Cost reduction percentage concerning the max. cost.
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In Case I, the optimal planning decisions (i.e., the CESS location, and size) are the same

for all EPSs. This happens because planning decisions are prevalent over the operating

decisions for the three EPSs in this case. This implies that a lower trade-off threshold,

such as 25% of fC , is not significant enough to change the planning decisions even under

different EPSs. Nevertheless, in Case II, when ϵ is increased to a moderate value of 50%,

it is observed that the planning decisions have changed, and also they are different for

each EPS. In Case III, we further increased the trade-off threshold ϵ to 75%, meaning

that the objective of the CESS provider is further traded-off to improve the objective of

prosumers. In this case also, the planning decisions are different for each EPS. In Case

II and III, it is observed that EPS 2 has produced the smallest CESS sizes, and EPS

1 and 3 have produced the largest CESS sizes. This implies that a higher value for ϵ

produces different planning decisions for each EPS.

In Case II, it is observed a decrease in the revenue of the CESS provider, and the

operating costs of prosumers compared to Case I. In Case III, the same trend as in

Case II is observed as the revenue of the CESS provider has further reduced, while

the costs of prosumers have further decreased under the three EPSs. The decrease in

the revenue of the CESS provider and the costs of prosumers in Case II and III is a

result of higher trading-off the objective of the CESS provider to increase the economic

benefits for prosumers. Additionally, in Case II and III, it is the EPS 2 that produces

the highest revenue for the CESS provider, while EPS 1 and 3 produce the least costs

for prosumers. In summary, the results show that for higher trade-off threshold values

of ϵ, both planning and operational decisions change based on the EPS.

To select the most equitable CESS solution for both stakeholders, we computed the

revenue percentage for the CESS provider concerning its maximum revenue, and the cost

reduction percentage of prosumers concerning their maximum operating costs. From the

results in Table 4.1, we select EPS 1 in Case II (i.e., when λB(t) = λG,avg and ϵ = 50%)

as the most suitable CESS solution to equitably spread the economic benefits of the

CESS provider and prosumers.
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4.5.2.2 Comparison of the Economic Benefits of Prosumers and the CESS

Provider for Different EPSs

In this section, we discuss how the economic benefits for prosumers and the CESS

provider change with the EPS. Also, we analyse how energy transactions between pro-

sumers, the grid, and the CESS occur under each EPS, considering Case II. For this, we

analyse a selected day with a duration of 24 hours.

EPS 1: When: λB(t)=λG,avg, ∀t∈ T ;

Figure 4.5 depicts how prosumers trade energy with the grid (blue plot) and the CESS

(orange plot), and the CESS energy level variation with time (red plot). In Figure 4.5,

the energy imports and exports by prosumers are seen as positive and negative values,

respectively. During T3, λ
B(t) < λG(t), and during T1, T2 T4, T5, λ

B(t) > λG(t). Ac-

cording to Figure 4.5, prosumers import energy only from the grid during T1. Since

λB(t) > λG(t) during this period, it is not economically beneficial for prosumers to

import expensive energy from the CESS. During T2, in the period with high PV gener-

ation, prosumers export the excess PV energy to the CESS, as λB(t) > λG(t), resulting

in higher revenue from the CESS provider. Since λB(t) < λG(t) during T3, prosumers

import energy from the CESS, so they have to pay less for the imported energy. During

T4 and T5, prosumers import energy only from the grid as λB(t) > λG(t). Considering

the temporal variation of the CESS energy level, it is observed that the CESS charges

during T1 from the low-priced grid energy, and it discharges partially by the end of T1.

The CESS continues to charge during T2 until it reaches its full capacity using the excess

PV generation of prosumers. This is evident as the CESS energy level has reached its

full capacity of 819 kWh during T2. During T3, the CESS exports its energy back to

prosumers, and at the end of the day, the CESS reaches its initial energy level.

EPS 2: When: λB(t)=1.5λG(t), ∀t∈ T ;

In EPS 2, as illustrated in Figure 4.6, prosumers import energy only from the grid

during T1, T3 T4, and T5, the times of the day in which the PV generation is insufficient
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Figure 4.5: Energy trade by prosumers with the grid and the CESS, and the temporal
variation of the CESS energy under EPS 1 in Case II when λB(t) = λG,avg.

Figure 4.6: Energy trade by prosumers with the grid and the CESS, and the temporal
variation of the CESS energy under EPS 2 in Case II when λB(t) = 1.5λG(t).

to fulfil the energy demand of prosumers and during T2, prosumers export their excess

PV generation to the CESS. Since λB(t) > λG(t), importing energy from the grid gives
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lesser costs, and exporting energy to the CESS generates higher earnings for prosumers.

In this EPS, the CESS charges from the grid energy and partially discharges by the

end of T1, and again charges from the excess PV energy of prosumers during T2, and

continues to discharge during T3, T4 and T5 until it reaches its initial energy level at the

start of the day.

EPS 3: When: λB(t)=0.5λG(t), ∀t∈ T ;

In contrast to EPS 2, prosumers import energy only from the CESS during T1, T3 T4, T5,

and during T2, prosumers export their excess PV generation to the grid. This is observed

in Figure 4.7. Since λB(t) < λG(t), importing energy from the CESS generates lesser

costs, and exporting energy to the grid provides higher earnings for prosumers. The

temporal variation of the CESS energy level is also shown in Figure 4.7.

Figure 4.7: Energy trade by prosumers with the grid and the CESS, and the temporal
variation of the CESS energy under EPS 3 in Case II when λB(t) = 0.5λG(t).

4.5.2.3 Evaluation of the Quality of the Stochastic Solution

To assess the accuracy of the solutions obtained from our stochastic programs, we used

the out-of-sample simulation method discussed in [Roald and et al., 2023]. For simplicity,
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we considered only the results obtained under EPS 1 in Case II. Then, we generated

another 20 scenarios and formed a new scenario set D such that W ∩D = Ø, S ∩ D =

Ø, and |S| < |D|. In the out-of-sample simulation method, we fixed the values of

the planning decision variables in (4.21) and deterministically solved for fC and fP

for 20 times excluding the scenario dependency of (4.1)-(4.16), (4.21), and (4.22), and

calculated the average of the objectives. The average investment and operating cost of

the CESS provider, and the operating costs of prosumers were found as AUD -115370

and AUD 73169, respectively. To measure the quality of the stochastic solution, we

used the Value of Stochastic Solution (VSS) metric, which gives the difference between

the deterministic and the stochastic solution of the objective function [Roald and et al.,

2023]. The calculated value of VSS is 5.94%, and lower VSS values imply a higher quality

stochastic solution.

4.5.2.4 Comparison of MCS and RWM for Scenario Generation

In this section, we compare the Monte Carlo simulation (MCS) method to our method

(RWM), considering EPS 1 in Case II. To compare these two methods, we generated

50 scenarios using the MCS and RWM methods, and afterwards, we used K-Means

clustering to reduce the number of scenarios to 10, in order to maintain stochastic

optimisation problems tractable.

The results of Table 4.2 show that our method (RWM + K-Means clustering) performed

slightly better than the MCS + K-Means clustering method. We used VSS to evaluate

the quality of the stochastic solutions obtained from the two scenario generation and

reduction methods.

Table 4.2: Value of the Stochastic Solution considering two scenario generation and re-
duction methods under EPS 1 in Case II.

Scenario generation and

reduction method
Value of the Stochastic Solution (VSS)

MCS + K-Means Clustering 6.78 %

RWM + K-Means Clustering 5.94 %
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4.5.2.5 Pareto-Frontier

In this work, we optimise the CESS planning and its operation to minimise prosumers’

operating costs while minimising the investment and operating costs of the CESS provider.

Hence, our work considers multi-objective optimisation, which generates a set of optimal

solutions instead of a single unique solution. The set of solutions obtained forms the

Pareto-frontier, and Figure 4.8 shows the Pareto-frontier under EPS 1 in Case II.

Figure 4.8: Pareto-frontier of the multi-objective stochastic optimisation model under
EPS 1 in Case II.

The corner points of the Pareto-frontier are the utopia (i.e., lower bounds of the Pareto-

frontier) and the nadir (i.e., upper bounds of the Pareto-frontier) values, which are

marked in Figure 4.8 [Grodzevich and Romanko, 2006]. We name the utopia and nadir

values of fC and fP as fUtopia
C and fUtopia

P , and fNadir
C and fNadir

P . Since we exploited

the hierarchical method to find the optimal solution of our multi-objective optimisation

framework, it gives a solution point on the Pareto-frontier avoiding the corner points as

the solution. In this work, we name this solution by the coordinates (fOpt
C ,fOpt

P ) on the

Pareto-frontier (see Figure 4.8). The obtained solution under EPS 1 in Case II for the

CESS provider’s investment cost and operating revenue and prosumers’ operating costs
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are AUD -111492 and AUD 68825, which balances benefits between prosumers and the

CESS provider.

4.6 Concluding Remarks

In this chapter, we have evaluated how the planning of CESSs under uncertainty impacts

the economic benefits for prosumers and the CESS provider. For this, we have proposed

a multi-objective stochastic optimisation framework to select the best EPS of the CESS

provider and optimise the CESS planning aspects, and thereby, deliver the most equitable

outcome to the competing economic objectives of the CESS provider and prosumers. We

model uncertainties of PV generation, and real and reactive energy consumption using

stochastic scenarios generated initially by a roulette wheel mechanism (RWM) and then

aggregated by the K-Means clustering algorithm to reduce the computational complexity

of our optimisation problems.

Simulation results indicated that optimal equity in benefits for both the CESS provider

and prosumers is achieved when energy trading occurs at the average grid energy price.

In this scenario, a moderate trade-off (ϵ = 50%) of the planning and operating objectives

of the CESS provider enhances economic benefits for prosumers, resulting in the most

equitable outcome for both stakeholders.

In the next chapter, we extend this work to run CESS auctions and select the best CESS

project that generates a balanced distribution of benefits among multiple stakeholders

under multi-year uncertainties.
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Chapter 5

A Multi-Objective Stochastic

Optimisation Framework for

Government-Run Community Energy

Storage Systems Auctions

This chapter proposes a multi-objective stochastic optimisation framework that can be

used by governments to run auctions and select the best CESS projects to support. From

this, CESS providers and energy community members can equitably benefit from the

economic value generated by CESSs. In this chapter, we extend the work from Chapter

4 by planning CESSs considering the competition among multiple CESS providers to

install and operate CESSs, and accounting for the combined uncertainty of real and

reactive energy consumption, PV generation, energy prices, and the number of PV in-

stallations in a multi-year period.
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5.1 Introduction

Australia aims to install more than 400 CESSs [Department of Climate Change and Wa-

ter, 2024]. To foster the installation of CESSs in LV networks, the Australian government

has been running auctions to provide support to the best CESS initiatives [Power, 2024;

Synergy, 2024]. Managing CESS installation auctions is challenging as they require iden-

tifying the best CESS project offers (i.e., the CESS provider, investment cost, energy

trading price, technology, location, size, and time to install). Additionally, these deci-

sions are subjected to the multi-year uncertainty of energy trading prices, the number

of PV installations, and the net load of prosumers and consumers in the community. It

is also important to distribute the economic benefits of CESSs between CESS providers

and the community equitably.

In this chapter, we propose a multi-objective stochastic optimisation model to help

governments run auctions to select the best CESS projects to support. The auction

accepts offers from competing CESS providers that constitute the data of the CESS

location, size, install time, technology, provider, investment cost, and energy trading

price. The auction is run by a government agency which selects CESS projects that

maximise the economic benefits and distribute them equitably among CESS providers

and community members. The multi-objective stochastic optimisation accounts for the

multi-year uncertainties of PV generation, real and reactive energy consumption, energy

trading prices, and PV installations. The uncertainties are modelled from Monte Carlo

simulations (MCSs) by generating multi-year scenarios, and the K-Means clustering

method is also used to reduce the number of scenarios to maintain the optimisation

tractable. We carry out experiments on an Australian LV network with a community of

prosumers and consumers to evaluate our optimisation framework.

The structure of this chapter is as follows. Section 5.2 describes the CESS auction used

to select the best CESS project. The multi-objective stochastic optimisation framework

is detailed in Section 5.3, and Section 5.4 presents the models of the network power flow,

the CESS, and the energy trade. The uncertainty modelling is explained in Section 5.5.
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Sections 5.6 presents the case study results and the discussion. Section 5.7 provides the

concluding remarks of the chapter.

5.2 Government-Run Auctions to Support Community En-

ergy Storage Systems Installation

In this chapter, we explore the use of auctions by governments to select the best CESS

projects to support. Through this framework, a government agency provides financial

assistance to ensure the economic viability of CESS installations, promoting a equitable

distribution of benefits between CESS providers and communities through its support.

We define equitable as a balanced distribution of economic benefits between all parties

that benefit from the CESS.

Figure 5.1 illustrates the CESS auction. CESS providers, who are interested in installing

and operating CESSs, submit project offers to the auction. These offers include details

such as the investment cost, energy trading price, location, size, technology, and instal-

lation timeline of the CESS. For simplicity, we assume that the project offers remain

fixed once they are submitted to the auction. A government agency oversees the auction,

utilising our multi-objective stochastic optimisation framework to identify the most suit-

able CESS projects to support. The goal of the government agency is to support CESS

projects that maximise benefits for both communities and CESS providers, ensuring an

equitable distribution of these benefits. It is noteworthy that the auction described here

is inspired by a framework currently being used by the Australian government to decide

which CESS projects should receive financial support [Agency, 2023].

5.3 Multi-Objective Stochastic Optimisation Framework

In this section, we present the formulation of the multi-objective function, and the

hierarchy method (ϵ-constraint method) used to solve the multi-objective optimisation

problem. The constraints are described in the following section.
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Figure 5.1: CESS auction.

5.3.1 Objective Functions

In this section, we detail the objectives of prosumers and consumers, and the CESS

provider with their corresponding mathematical equations.

5.3.1.1 Objective of Prosumers and Consumers

Prosumers and consumers aim to minimise their expected energy costs, and this is

expressed by (5.1), where its first and second terms are the expected energy trading

cost of prosumers with the grid and the CESS, and the last term is the expected energy

trading cost of consumers with the grid and the CESS, respectively. We denote the set

of prosumers, consumers, and the CESS providers who join the auction by P, C, and K,

respectively. Also, M is the set of planning years, with Tm ∈ M and t ∈ Tm, where Tm

is the set of time instances in the mth planning year. The set of multi-year scenarios

obtained from the scenario trees for modelling the uncertainties is denoted by W. The

set of multi-year scenarios obtained after applying the K-means clustering method to

keep the optimisation tractability is given by S. Section 5.5 describes this in detail.
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fE,U
m,k =

∑
p∈P

∑
t∈Tm

∑
s∈S

ωm,k,s(t)
{(

λG,Im
m,s (t) + λG,Ex

m,s (t)
)
eGp,k,s(t)

}
+
∑
p∈P

∑
t∈Tm

∑
s∈S

ωm,k,s(t)
{(

λB,Im
m,s (t) + λB,Ex

m,s (t)
)
eBp,k,s(t)

}
+
∑
c∈C

∑
t∈Tm

∑
s∈S

ωm,k,s(t)
{
λG,Im
m,s (t)eGc,k,s(t) + λB,Im

m,s (t)eBc,k,s(t)
}

(5.1)

In (5.1), eGp,k,s(t) and eBp,k,s(t), e
G
c,k,s(t) and eBc,k,s(t) are the energy trade with the grid and

the CESS per prosumer, energy trade with grid and the CESS per consumer, respectively.

We model the energy imports as positive, and energy exports as negative. For instance,

when a prosumer imports energy from the grid, it is eGp,k,s(t) > 0, and when a prosumer

exports energy to the grid, it is eGp,k,s(t) < 0. Also, λG,Im
m,s (t) and λB,Im

m,s (t), λG,Ex
m,s (t) and

λB,Ex
m,s (t) are the prices of the energy imported from the grid and the CESS, and prices of

the energy exported to the grid and the CESS, respectively. The probability of scenario

s at time t in the mth planning year for the kth CESS provider is given by ωm,k,s(t).

We then express (5.1) to find its net present value (NPV) (given in (5.2), as our op-

timisation framework evaluates the benefits of the best CESS project in a multi-year

horizon. In (5.2), x is the decision variable vector, X is the feasible set, and dk is the

CESS discount rate. We mention the elements of the decision variable vector in Section

3.2.

min
x∈X

fE,U =
∑
k∈K

∑
m∈M

fE,U
m,k

(1 + dk)
m (5.2)

5.3.1.2 Objective of the CESS Provider

The CESS provider aims to minimise its investment and expected energy costs, and its

overall objective is given by (5.3). The CESS investment cost is the first term of (5.3),

and the second term is the government subsidy given to invest on the CESS in the mth
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planning year. The following terms of (5.3) are the expected energy trading cost with

the grid, and prosumers and consumers, respectively, where eB,G
k,s (t) is the energy trade

by the CESS with the grid. The set of possible CESS installation nodes is given by

J . The equivalent annualised cost of the CESS Gk is expressed in terms of the CESS

expected lifetime Tk, and the CESS discount rate dk. Therefore, Gk = dk(1+dk)
Tk

(1+dk)
Tk−1

. The

investment cost for the CESS size EB,C
m,k,i is given by Bm,k (in AUD/kWh), and its values

for a multi-year period were obtained from [Cole and Karmakar, 2023]. Also, Sm (in

AUD/kWh) is the government financial support given to the CESS provider to invest

on the CESS in the mth planning year.

fE,B
m,k =

∑
i∈J

GkBm,kE
B,C
m,k,i −

∑
i∈J

GkSmEB,C
m,k,i

+
∑
t∈Tm

∑
s∈S

ωm,k,s(t)
{(

λG,Im
m,s (t) + λG,Ex

m,s (t)
)
eB,G
k,s (t)

}

+
∑
t∈Tm

∑
s∈S

ωm,k,s(t)

−
(
λB,Im
m,s (t) + λB,Ex

m,s (t)
)∑
p∈P

eBp,k,s(t)− λB,Im
m,s (t)

∑
c∈C

eBc,k,s(t)


(5.3)

Similar to (5.2), we express (5.3) to find its NPV as described by (5.4). We impose the

constraint (5.5) to make sure the CESS provider earns revenue. Moreover, we introduce

the budget constraint (5.6) to our optimisation problem, such that the financial support

is capped by the grant ϑ (in AUD) given by the government for the best CESS project.

min
x∈X

fE,B =
∑
k∈K

∑
m∈M

fE,B
m,k

(1 + dk)
m (5.4)

fE,B ≤ 0 (5.5)
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SmEB,C
m,k,i ≤ ϑ ∀k ∈ K, m ∈ M, i ∈ J (5.6)

5.3.2 Use of Hierarchy Method to Solve the Optimisation Framework

In our study, we use the hierarchy method to solve our multi-objective optimisation

problem. In this method, the objective functions are ranked according to their impor-

tance for decision makers, depending on their interest in which beneficiary they want to

benefit more. Due to the competing nature of objectives, one of the objective can be

improved only at the cost of degrading the other. In hierarchy method, the more im-

portant objective is allowed to be traded-off up to a threshold percentage (say ϵ) of its

optimal value to improve the less important objective. Therefore, by adjusting the value

of the trade-off threshold percentage ϵ suitably, it is possible to spread the benefits from

a multi-objective optimisation framework among beneficiaries. A detailed description

about the hierarchy method can be found in [Grodzevich and Romanko, 2006].

In this study, the decision variable vector x constitutes the elements Am,k,i, EB,C
m,k,i,

PB,P
m,k,i, e

B,ch
i,k , eB,dis

i,k , eBp,k, e
G
p,k, e

B
c,k, e

G
c,k, e

B,G
k , which are the vectors of optimal CESS

location with its install year and the provider, size, rated power, charging energy, dis-

charging energy, energy trade with the CESS by prosumers, energy trade with the grid

by prosumers, energy trade with the CESS by consumers, energy trade with the grid by

consumers, and the energy trade with the grid by the CESS, respectively. In this work,

we rank fE,B as more important than fE,U . We then solve (5.4) subject to constraints

(5.5)-(5.6), and (5.8)-(5.25) as a mixed-integer linear program (MILP). From that, we

obtain the optimal value of fE,B as fE,B∗
. Here, we use a trade-off threshold percentage

ϵ for fE,B∗
to improve fE,U . Finally, we solve (5.2) subject to constraints (5.5)-(5.7),

and (5.8)-(5.25) also as a MILP.

fE,B ≤ fE,B∗
(1 + ϵ) (5.7)
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5.4 System Models

This section describes the system models and constraints of the multi-objective stochastic

optimisation framework. We begin by describing the power flow model, followed by the

energy trading model, CESS planning and operation model.

5.4.1 Network Power Flow Model

We model the power flows in a radial network using the linearised Distflow equations

listed in (5.8)-(5.10). For this, we consider a radial network represented by the graph

G = (V, E), such that V = {0, 1, ..., N} is the set of nodes, and E = {(α, β)} ⊂ V × V is

the set of lines in the network. The slack node 0 is connected to the secondary side of

the LV distribution transformer. The resistance and reactance of the line (α, β) ∈ E are

given by rα,β and xα,β, respectively. Moreover, ∀ (α, β) ∈ E , k ∈ K, t ∈ Tm, m ∈ M,

s∈ S, the real power and reactive power flow from α to β are denoted by Pα,β,k,s(t) and

Qα,β,k,s(t), respectively. Additionally, the voltage magnitude, real power absorption, and

reactive power absorption at node α are represented by Vα,k,s(t), pα,s(t), and qα,k,s(t),

respectively. Also, Uα,k,s(t) = V 2
α,k,s(t), as given in (5.10).

Pα,β,k,s(t) = pα,k,s(t) +
∑

θ:β→θ

Pβ,θ,k,s(t)

∀(α, β) ∈ E , k ∈ K, t ∈ Tm , m ∈ M, s∈ S

(5.8)

Qα,β,k,s(t) = qα,k,s(t) +
∑

θ:β→θ

Qβ,θ,k,s(t)

∀(α, β) ∈ E , k ∈ K, t ∈ Tm , m ∈ M, s∈ S

(5.9)

Uβ,k,s(t) = Uα,k,s(t)− 2(rα,βPα,β,k,s(t) + xα,βQα,β,k,s(t))

∀(α, β) ∈ E , k ∈ K, t ∈ Tm , m ∈ M, s∈ S
(5.10)

In this chapter also, we assume all the rooftop PV and the CESS operate at unity

power factor. The pα,k,s(t) and qα,k,s(t) in (5.8) and (5.9) are further expanded in (5.11)
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and (5.12), respectively. The charging and discharging energy of the CESS are given by

eB,ch
α,k,s(t) and eB,dis

α,k,s (t). Also, we assume that only a single prosumer or consumer is present

at a given node, with none of them at potential CESS nodes. The real and reactive energy

consumption of prosumers and consumers are given by eDp,k,s(t), e
Q
p,k,s(t), e

D
c,k,s(t), and

eQc,k,s(t), respectively. Let ePV
p,k,s(t) and ∆t denote PV generation of prosumers, and the

difference between two successive time instances of t, respectively.

pα,k,s(t) =
1

∆t
(eDp,k,s(t)− ePV

p,k,s(t) + eDc,k,s(t) + eB,ch
α,k,s(t)− eB,dis

α,k,s (t))

∀α ∈ V\ {0} , k ∈ K, t ∈ Tm , m ∈ M, s∈ S
(5.11)

qα,k,s(t) =
1

∆t
(eQp,k,s(t) + eQc,k,s(t))

∀α ∈ V\ {0} , k ∈ K, t ∈ Tm , m ∈ M, s∈ S
(5.12)

We also constrain the voltage magnitude of all nodes within lower (V ) and upper (V )

bounds, such that U = V 2 and U = V
2
. This is described by the constraint (5.13).

Here, the line thermal limits are not explicitly modelled, as they do not constrain the

optimisation problem in our case study.

U ≤ Uα,k,s(t) ≤ U ∀α ∈ V\ {0} , k ∈ K, t ∈ Tm , m ∈ M, s∈ S (5.13)

5.4.2 Energy Trade Model

In this section, we model the energy trade of different entities as shown in Figure 5.2.

Here, the CESS imports energy from prosumers and the grid, and exports energy to

consumers, prosumers and the grid. Similarly, the grid imports energy from prosumers

and the CESS, and exports energy to consumers, prosumers and the CESS. Prosumers

import/export energy from/to the CESS and the grid. However, consumers can only

import energy from the grid and the CESS. In this study, we do not consider peer-to-peer

energy trade by prosumers and consumers.
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Figure 5.2: Energy trade of consumers, prosumers, the CESS and the grid.

As described by (5.14), prosumers trade energy eGp,k,s(t) with the grid, and eBp,k,s(t) with

the CESS to balance the difference of their PV generation ePV
p,k,s(t), and real energy

consumption eDp,k,s(t), ∀p ∈ P, k ∈ K , t ∈ Tm, m ∈ M, s∈ S. The energy imports and

exports of prosumers are modelled by (5.14) and (5.15).

If eDp,k,s(t) ≥ ePV
p,k,s(t)

0 ≤ eGp,k,s(t) + eBp,k,s(t) = eDp,k,s(t)− ePV
p,k,s(t)

(5.14a)

0 ≤ eBp,k,s(t) ≤ eDp,k,s(t)− ePV
p,k,s(t) ∀p ∈ P, k ∈ K, t ∈ Tm, m ∈ M, s∈ S (5.14b)

If eDp,k,s(t) < ePV
p,k,s(t)

eGp,k,s(t) + eBp,k,s(t) = eDp,k,s(t)− ePV
p,k,s(t) ≤ 0

(5.15a)

eDp,k,s(t)− ePV
p,k,s(t) ≤ eBp,k,s(t) ≤ 0 ∀p ∈ P, k ∈ K, t ∈ Tm, m ∈ M, s∈ S (5.15b)

Since consumers do not have PV systems, they can only import energy from the grid
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and the CESS, as described by (5.16).

0 ≤ eGc,k,s(t) + eBc,k,s(t) = eDc,k,s(t) (5.16a)

0 ≤ eBc,k,s(t) ≤ eDc,k,s(t) ∀c ∈ C, k ∈ K, t ∈ Tm, m ∈ M, s∈ S (5.16b)

As shown in Figure 5.2, the CESS provider trades energy eB,G
k,s (t) with the grid as well.

This is expressed by constraint (5.17).

eB,G
k,s (t) =

∑
p∈P

eBp,k,s(t) +
∑
c∈C

eBc,k,s(t) +
∑
i∈J

{
eB,ch
i,k,s (t)− eB,dis

i,k,s (t)
}

∀p ∈ P, c ∈ C, k ∈ K, t ∈ Tm, m ∈ M, s∈ S

(5.17)

The CESS, prosumers and consumers import energy from the grid at a price λG,Im
m,s (t),

and prosumers and the CESS export energy to the grid at a price λG,Ex
m,s (t). Similarly,

prosumers and consumers import energy from the CESS at a price λB,Im
m,s (t), and pro-

sumers export energy to the CESS at a price λB,Ex
m,s (t). Here, λB,Im

m,s (t) = δkλ
G,Im
m,s (t)

and λB,Ex
m,s (t) = δkλ

G,Ex
m,s (t), where δk is the CESS provider’s energy trading price coef-

ficient submitted in the auction. Note that, we let λB,Im
m,s (t) and λB,Ex

m,s (t) to be known

parameters to preserve the linearity of the optimisation framework. Additionally, we

use λG,Ex
m,s (t) = aλG,Im

m,s (t) and λB,Ex
m,s (t) = aλB,Im

m,s (t) relationships with a < 1 to replicate

a net billing scheme. This pricing scheme favours prosumers’ PV self-consumption [To

et al., 2022].

5.4.3 Community Energy Storage System Model

This section presents the constraints that model the planning (i.e., CESS size, location,

and time to install) and operation of the CESS. The binary variable Am,k,i in constraint

(5.18) selects the best node to install the CESS, and constraint (5.19) ensures that the
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CESS is only installed in one year. The size of the CESS EB,C
m,k,i is defined by constraint

(5.20). Constraint (5.21) defines the relationship between the CESS rated power PB,P
m,k,i

and the CESS size EB,C
m,k,i using the coefficient Dk (in h). In (5.20), the lower and upper

limits of the allowable CESS size are given by EB
k and E

B
k , respectively. Constraint (5.22)

regulates the charging and discharging of the CESS. The auxiliary variables xi,k,s(t),

yi,k,s(t) ∈ R+, and the binary variable Bi,k,s(t), avoid the simultaneous charging and

discharging of the CESS. The maximum limit of the CESS rated power is denoted by

P
B
k . The state-of-energy of the CESS is governed by constraint (5.23), where EB

i,k,s(t),

µch
k , and µdis

k are the state-of-energy at time t, charging and discharging efficiencies of

the CESS, respectively. The state-of-energy is limited by the CESS size, as described

by (5.24). Here, σk and σk are the lower and upper percentage coefficients of the CESS

size, respectively. Moreover, the continuous operation of the CESS over the next day is

guaranteed by constraint (5.25), where ξk is a small positive number, and tc ∈ TC where

TC = {1, 2, ...., |Tm| /24}.

∑
i∈J

Am,k,i ≤ 1 ∀k ∈ K, m ∈ M, Am,k,i ∈ {0, 1} (5.18)

Am,k,i ≤ Am+1,k,i ∀k ∈ K, m ∈ M, i ∈ J , Am,k,i ∈ {0, 1} (5.19)

Am,k,iE
B
k ≤ EB,C

m,k,i ≤ Am,k,iE
B
k ∀k ∈ K, m ∈ M, i ∈ J , Am,k,i ∈ {0, 1} (5.20)

EB,C
m,k,i = DkP

B,P
m,k,i ∀k ∈ K, m ∈ M, i ∈ J (5.21)

0 ≤ eB,ch
i,k,s (t) ≤ xi,k,s(t) (5.22a)

eB,ch
i,k,s (t) ≤ xi,k,s(t) ≤ P

B
k ∆tBi,k,s(t) (5.22b)

−P
B
k ∆t(1−Bi,k,s(t)) ≤ xi,k,s(t)− PB,P

m,k,i∆t ≤ 0 (5.22c)
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0 ≤ eB,dis
i,k,s (t) ≤ yi,k,s(t) (5.22d)

eB,dis
i,k,s (t) ≤ yi,k,s(t) ≤ P

B
k ∆t(1−Bi,k,s(t)) (5.22e)

−P
B
k ∆tBi,k,s(t) ≤ yi,k,s(t)− PB,P

m,k,i∆t ≤ 0

∀k ∈ K, t ∈ Tm, m ∈ M, i ∈ J , s ∈ S, Bi,k,s(t) ∈ {0, 1}
(5.22f)

EB
i,k,s(t) = EB

i,k,s(t− 1) + µch
k eB,ch

i,k,s (t)−
1

µdis
k

eB,dis
i,k,s (t)

∀k ∈ K, t ∈ Tm, m ∈ M, i ∈ J , s ∈ S
(5.23)

σkE
B,C
m,k,i ≤ EB

i,k,s(t) ≤ σkE
B,C
m,k,i ∀k ∈ K, t ∈ Tm, m ∈ M, i ∈ J , s ∈ S (5.24)

∣∣EB
i,k,s(24tc)− EB

i,k,s(0)
∣∣ ≤ ξk ∀k ∈ K, tc ∈ TC , m ∈ M, i ∈ J , s ∈ S (5.25)

5.5 Modelling Multi-Year Uncertainties

In this section, we describe how the multi-year uncertainties of the following optimisation

inputs are modelled:

• Real and reactive energy consumption of prosumers and consumers;

• PV generation of prosumers;

• Number of PV installations;

• Energy trading prices.

Our approach to model the mentioned multi-year uncertainties includes three main steps,

which are described in the next three sections.

5.5.1 Step 1: Generation of a Scenario Tree

In Step 1, we generate a scenario tree for different combinations of energy trading prices

and the number of PV installations. We use the scenario tree illustrated in Figure
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5.3 to model the mentioned multi-year uncertainties. This tree has a root (marked in

blue), nodes (marked in red), and branches (marked in green). A path from the root

to a node represents a scenario that has the same probability. Each node has a unique

combination of energy trading prices and PV installations, and a sample representation

of such combinations is marked near each node in Figure 5.3.

Figure 5.3: A sample scenario tree representing different combinations (marked near each
node) of the number of PV installations and energy trading prices in the
multi-year period. The scenario tree is drawn considering two possible reali-
sations each for the energy trading price and the number of PV installations.

5.5.2 Step 2: Generation of Multiple Scenario Trees

In Step 2, we generate multiple scenario trees by combining the scenario tree obtained

in Step 1, with independent scenarios of PV generation and real and reactive energy

consumption generated by Monte Carlo simulations (MCSs) for each year of the planning
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horizon. We use normal distributions in our MCSs to generate the scenarios as in Chapter

4, leveraging the advantages of Monte Carlo methods such as ease of implementation

and robust handling of uncertainties. We combine these generated scenarios with the

ones obtained in Step 1 and calculate the probability Ωm,k,w(t) of multi-year scenarios

∀t ∈ Tm, m ∈ M, k ∈ K, w ∈ W.

5.5.3 Step 3: Reduction of Multi-Year Scenarios

In Step 3, we use the K-Means clustering method described in [Scarlatache et al., 2012]

to reduce the number of multi-year scenarios obtained from the scenario trees in Step

2 to maintain the optimisation tractable. We specifically leveraged K-Means clustering

method for scenario reduction due to its scalability and ease of implementation compared

to methods such as hierarchical clustering and density-based spatial clustering methods.

Finally, we compute ωm,k,s(t) in (5.26), which gives the overall probability for scenario

s at time t in the mth planning year, given the CESS provider as k.

ωm,k,s(t) =
Ωm,k,s(t)∑
s∈S Ωm,k,s(t)

∀t ∈ Tm, m ∈ M, k ∈ K, s ∈ S (5.26)

5.6 Simulations and Results

In this section, we first present the test data, followed by the simulation results.

5.6.1 Test data

The test data describes the data used to evaluate our multi-objective stochastic opti-

misation framework. We first mention the network and community data, followed by

the data of the CESS providers’, energy trading prices’ and the generation of multi-year

scenarios.
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5.6.1.1 Network and Community Data

We used a 63-node radial feeder from the Australian Capital Territory in Australia as

shown in Figure 5.4 for simulations. Therefore, |V| = 64 and |E| = 63, and we set

M = {1, 5, 10}. The data of the network, prosumers and consumers were sourced from

[pro, 2021]. At m = 1, there are 12 prosumers and 27 consumers. Hence, |P| = 12, and

|C| = 27 at m = 1. We took the possible CESS installation nodes as the ones that do not

have prosumers, consumers and the slack node. Therefore, J = V \ {P ∪ C ∪ 0}. The

locations of consumers, prosumers and possible CESS nodes in the network are reported

in Table 5.1. The real energy consumption and PV generation are available in 1-hour

resolution for 1 year, and hence, we set ∆t = 1h. To generate energy consumption and

PV generation profiles for the remaining years of the planning period, we assumed a

2% increment per year of energy consumption, and the PV generation to be the same

over the planning period. Additionally, we assumed the reactive energy consumption

of prosumers and consumers is correlated with their real energy consumption by a 0.9

power factor. The voltage limits of nodes are maintained as per the Australian standards

AS 61000.3.100 and AS 60038 [pro, 2021]. Therefore, V = 0.94 p.u. and V = 1.1 p.u.

with V0 = 1 p.u..

Figure 5.4: Network topology of the 63-node radial feeder.
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Table 5.1: Locations of prosumers, consumers and candidate CESS locations.

Nodes

Prosumers

|P| = 12 (at m = 1)
7, 8, 13, 14, 23, 26, 29, 31, 33, 55, 56, 63

Consumers

|C| = 27 (at m = 1)

3, 6, 11, 12, 15, 17, 19, 20, 21, 28, 34, 36, 37, 38,

43, 44, 50, 51, 52, 53, 54, 57, 58, 59, 60, 61, 62

Candidate CESS

locations

|J | = 24

1, 2, 4, 5, 9, 10, 16, 18, 22, 24, 25, 27, 30, 32, 35,

39, 40, 41, 42, 45, 46, 47, 48, 49

5.6.1.2 CESS Providers’ Data

We modelled the project offers of three CESS providers interested in installing and

operating a CESS. We denote the potential CESS providers by CP1, CP2, and CP3,

and their project offers are succinctly given in Table 5.2 [Cole and Karmakar, 2023].

According to [Cole and Karmakar, 2023], it is expected that the investment costs Bm,k

of CESSs will reduce over the next couple of decades. Thus, we assumed Bm,k to reduce

by 2% per year as per the cost projections mentioned in [Cole and Karmakar, 2023].

Additionally, we assumed all the CESS providers use Li-ion as the CESS technology.

Table 5.2: Project offers of the competing CESS providers.

CP1 CP2 CP3

B1,k (AUD/kWh) 2000 1600 1400

EB
k (kWh) 20 20 20

E
B
k (kWh) 700 700 700

P
B
k (kW) 200 200 200

Dk (h) 2 4 6

dk 0.10 0.12 0.14

Tk (years) 10 12 14

µch
k 0.98 0.98 0.98

µdis
k 0.98 0.98 0.98

σk 0.2 0.2 0.2

σk 1 1 1

ξk (kWh) 0.0001 0.0001 0.0001

δk 0.75 0.50 0.25

Technology Li-ion Li-ion Li-ion
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5.6.1.3 Energy Trading Prices’ Data

We exploited the time-of-use tariff scheme used in previous chapters as the energy import

price from the grid λG,Im
m,s (t), and its per-day tariff at m = 1 is shown in Figure 5.5

[Origin, 2018]. Note that, the energy export price to the grid λG,Ex
m,s (t) by prosumers

is deduced from the relationship λG,Ex
m,s (t) = aλG,Im

m,s (t) with a = 0.3, and the energy

import/export price from/to the CESS is obtained from λB,Im
m,s (t) = δkλ

G,Im
m,s (t) and

λB,Ex
m,s (t) = δkλ

G,Ex
m,s (t). Moreover, we used ϵ = 50% in our multi-objective optimisation

framework to distribute the economic benefits between all stakeholders equitably.

Figure 5.5: Energy import price from the grid λG,Im
m,s (t) per day at m = 1.

5.6.1.4 Generation of Multi-Year Scenarios

We used the approach described in Section 5.5 to generate scenarios to model the multi-

year uncertainties of energy trading prices, PV installations, real and reactive energy

consumption, and PV generation. The approach includes 3 steps.

In Step 1, we generate a scenario tree to model combinations of realisations of energy

trading prices and PV installations, as illustrated in Figure 5.6. As the realisations for

energy trading prices, we considered import and export prices will reduce by either 2.5%

or 5% along the years [pro, 2021]. For instance, the energy trading prices at m = 5

may decrease by either 2.5% or 5% at m = 1. The trend continues at m = 10, where

98



Optimal Planning of Community Energy Storage Systems in Low-Voltage
Distribution Networks

the prices are reduced by 2.5% or 5% relative to their values at m = 5. To model the

uncertainty of PV installations, we set the number of PV installations to increase in

each planning year either by 6 or 9 and thus, there will be 60%-80% prosumers at the

end of the planning period. The combinations of all these realisations produce 16 paths

(i.e., 16 scenarios) as shown in Figure 5.6.

Figure 5.6: Scenario tree for the multi-year horizon. Different combinations of energy
trading prices, the number of PV installations, and the percentage of pro-
sumers in the community are marked near each node.

In Step 2, we used MCS to generate 30 independent scenarios of real and reactive energy

consumption, and PV generation for each node of the scenario tree described in Figure
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5.6. The combinations of these independent scenarios with the scenario tree generate

multiple scenario trees with multi-year scenarios, being the total number of multi-year

scenarios given by Nw =|W| = 16× 30 = 480.

In Step 3, we reduced the multi-year scenarios to Ns =|S| = 50 using the K-Means

clustering method. The probabilities of those scenarios were computed from (5.26).

5.6.2 Results

This section presents the results obtained from a series of experiments. In these ex-

periments, we first investigated how different government subsidy schemes impact the

auction results, as well as the benefits for all stakeholders. We then study the effects

of the uncertainties of energy trading prices and the number of PV installations in the

auction results. Subsequently, we examine how different trade-off threshold percentage

values impact the equitable distribution of benefits between the CESS beneficiaries in

an auction setting. The experiments were conducted using the proposed optimisation

framework implemented in Python and its optimisation problems were modelled in Py-

omo and solved by the MILP optimiser of CPLEX.

5.6.2.1 Analysis of Different Government Subsidy Schemes

This section presents the results of the experiments conducted to evaluate the impact

of three government subsidy schemes (Case I, II and III) on the auction results. In

Case I, we set S1 = S5 = S10 = 500AUD/kWh, so that the government support

remains the same throughout the planning period. We selected 500 AUD/kWh assuming

the government covers 25%-40% of the CESS investment cost. In Case II, we set S1,

S5 and S10 as 500, 400, and 300 AUD/kWh, respectively. A scheme such as Case II

incentivises the early installation of a CESS, as government support is reduced over the

planning period. In Case III, we considered the CESS is installed without government

support, and hence, S1 = S5 = S10 = 0 AUD/kWh. Moreover, for Cases I-III, we took

ϑ = 500000 AUD, which was the maximum contribution provided by the Australian
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government in 2024 auctions [Department of Climate Change and Water, 2024].

The results of the experiments for the three Cases are reported in Table 5.3. The

percentages represent the increase in benefits of Cases I and II compared to Case III,

that produced the least benefits for all stakeholders. The results show that provider

CP3 won the auction in all three Cases, generating a equitable distribution of economic

benefits between the CESS provider, and the community. With government support,

the economic gains have increased for all beneficiaries compared with the scheme with

no support.

Table 5.3: Auction results for the three government subsidy schemes.

Selected

CESS

Provider

CESS

installation

year

(m)

CESS

node

(Am,k,i)

CESS

size

(E
B,C
m,k,i

)

(kWh)

Expected

annualised

net revenue of

the CESS provider

fE,B (AUD)

Expected

annualised

net revenue of

prosumers and

consumers

fE,U (AUD)

Case I

(S1 = S5 = S10)

CP3 10 24 365 694975 (18%)1 293512 (14%)1

Case II

(S1 > S5 > S10)

CP3 1 42 494 964774 (64%)1 399082 (55%)1

Case III

(S1 = S5 = S10 = 0)

CP3 10 1 205 587571 257631

1 Percentage increase in the revenue of stakeholders compared to their lowest benefit case.

In Case III, the auction results show that the best time to install a CESS is at the end

of the planning period, since it minimises the investment cost as per the cost projections

[Cole and Karmakar, 2023]. A similar auction result is observed for Case I, which

suggests a CESS installation at m = 10. However, in Case II, the auction results suggest

the installation of the CESS at m = 1, as this case considers a government subsidy

scheme that incentivises the installation of CESSs as early as possible. Due to this, the

benefits are the highest in Case II with 64% and 55% increment of profits for the CESS

provider, and the community of prosumers and consumers, respectively. Additionally,

with this scheme, the CESS provider receives government support of AUD 78190, which
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is about 36% of the CESS investment cost (i.e., AUD 218931) to install a CESS of 494

kWh size. Therefore, the results show that providing incentives to install CESSs as early

as possible, as in Case II, increases the benefits for all stakeholders and ensures their

equitable distribution.

5.6.2.2 Analysis of the Impact of the PV Installations’ Uncertainty

We conducted a series of experiments to study how the uncertainty of the number of

PV installations can impact the auction results, as well as the planning of CESSs with

government support. We did this analysis using the same data of Case II (including the

realisations for energy trading prices shown in Figure 5.6) for two more cases as Case IV

and V, but with different number of PV installations. In Case IV, we set less than 60%

are prosumers, and in Case V, more than 80% are prosumers at the end of the planning

period. Therefore, in Case IV and V, we took the number of PV installations increase

by either 2 or 4, and 10 or 12, respectively. The scenario trees obtained from different

realisations of PV installations in the multi-year horizon for Case IV and V are shown

in Figure 5.7(a) and 5.7(b), respectively. A summary of auction results of Case IV and

V is given in Table 5.4. and we compare them with the auction results in Case II.

Table 5.4: Auction results for three cases of scenario trees of PV installations.

Selected

CESS

Provider

CESS

installation

year

(m)

CESS node

(Am,k,i)

CESS size

(E
B,C
m,k,i

)

(kWh)

Expected

annualised

net revenue of

the CESS provider

fE,B (AUD)

Expected

annualised

net revenue of

prosumers and consumers

fE,U (AUD)

Case IV CP3 1 2 429 704656 300418

Case II CP3 1 42 494 964774 (37%)1 399082 (33%)1

Case V CP3 1 30 577 1363030 (93%)1 562760 (87%)1

1 Percentage increase in the revenue of stakeholders compared to their lowest benefit case.
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Figure 5.7: Scenario trees representing different realisations of PV installations number
in the multi-year period. (a) Scenario tree in Case IV, (b) Scenario tree
in Case V. Number of PV installations and prosumers’ percentage in the
community are marked near each node.

The auction results illustrated in Table 5.4 show that the CESS provider CP3 won

the auction in the three cases. The highest benefits for all stakeholders have been

recorded in Case V, which has the highest number of PV installations (i.e., prosumers),

whereas Case IV, with the lowest number of PV installations, has generated the lowest

revenue for all stakeholders. Moreover, the CESS sizes in all three cases increase with the

PV installation growth to accommodate the increase of PV generation in the network.

Therefore, the benefits of the CESS provider, and prosumers and consumers increase
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with the increase in the number of PV installations.

5.6.2.3 Analysis of the Impact of Energy Trading Prices’ Uncertainty

We conducted a series of experiments using different realisations of energy trading prices

to investigate the impact of their uncertainty on the auction results. For this, we used

the same input data of Case II (including the realisations for PV installations shown in

Figure 5.8) and two more cases, Case VI and VII, with different energy trading prices.

In Case VI, we assumed energy import and export prices of the CESS provider and

the grid were reduced by either 7.5% or 10%, and in Case VII by either 12.5% or 15%

over the planning years. Figure 5.8(a) and 5.8(b) illustrate two scenario trees built from

different realisations of energy trading prices for Case VI and VII, respectively.

Figure 5.8: Scenario trees representing different realisations of energy trading prices in
the multi-year period. (a) Scenario tree in Case VI, (b) Scenario tree in Case
VII. Energy trading prices are marked near each node.
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Table 5.5 summarises the auction results for each case, including the ones for Case II,

initially described in Table 5.3. The auction was won by the CESS provider CP3 and

the CESS installation was suggested to m = 1 in all three cases, as in the previous

experiments. The economic benefits of all stakeholders are reduced with the reduction

of energy trading prices because both the CESS provider and the community benefit

more from the export prices than time-of-use import prices in this case study. This is

why reducing import and export prices by the same percentage reduces the benefits for

all stakeholders.

Table 5.5: Auction results for three cases of scenario trees of energy trading prices.

Selected

CESS

Provider

CESS

installation

year

(m)

CESS

node

(Am,k,i)

CESS

size

(E
B,C
m,k,i

)

(kWh)

Expected

annualised

net revenue of

the CESS provider

fE,B (AUD)

Expected

annualised

net revenue of

prosumers and

consumers

fE,U (AUD)

Case VI CP3 1 40 466 877140 (11%)1 354548 (08%)1

Case II CP3 1 42 494 964774 (22%)1 399082 (21%)1

Case VII CP3 1 27 452 793491 329705

1 Percentage increase in the revenue of stakeholders compared to their lowest benefit case.

5.6.2.4 Analysis of the Impact of Trade-off Threshold Percentages

This section presents the results used to understand how the trade-off threshold per-

centage (ϵ) affects the auction outcomes. To do this, we ran experiments by changing

the value of ϵ to 25% (in Case VIII) and 75% (in Case IX), with the same input data as

Case II. The results of these experiments are reported in Table 5.6.

The auction results regarding the CESS provider and installation year are the same as

in the previous sections. The differences are in the economic benefits and CESS sizes.

The CESS size is the highest in Case VIII, whereas in Case IX, the size is the lowest.

The reason for this is that in Case VIII, the objective of the CESS provider is degraded

least, resulting in the highest benefits for the CESS provider with the largest CESS size.
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Table 5.6: Auction results for three trade-off threshold percentage values.

Selected

CESS

Provider

CESS

installation

year

(m)

CESS

node

(Am,k,i)

CESS

size

(E
B,C
m,k,i

)

(kWh)

Expected

annualised

net revenue of

the CESS provider

fE,B (AUD)

Expected

annualised

net revenue of

prosumers and

consumers

fE,U (AUD)

Case VIII

(ϵ = 25%)

CP3 1 30 571 1028274 (58%)1 383376 (43%)2

Case II

(ϵ = 50%)

CP3 1 42 494 964774 (48%)1 399082 (41%)2

Case IX

(ϵ = 75%)

CP3 1 5 312 652016 674882

1 Revenue increase percentage considering min. revenue. 2 Revenue decrease percentage considering max. revenue.

In contrast, in Case IX, the objective of the CESS provider is traded-off most, leading

to the least benefits for the CESS provider with the smallest CESS size.

In terms of economic benefits in the three cases, Case VIII has generated the highest

revenue increase for the CESS provider and the lowest revenue for prosumers and con-

sumers. Conversely, the lowest revenue for the CESS provider and highest revenue for

prosumers and consumers has been obtained in Case IX. Therefore, the CESS project

in Case VIII favours more the CESS provider as the objective of the CESS provider is

traded off less, and prosumers and consumers are benefited more in the CESS auction

in Case IX as the objective of the CESS provider is traded-off significantly. However, a

value of 50% for ϵ used in the auction in Case II, trades-off the objective of the CESS

provider moderately, so the benefits are spread equitably among all stakeholders.

5.7 Concluding Remarks

In this chapter, we have proposed a multi-objective stochastic optimisation framework

to help governments run competitive auctions to select CESS projects to support finan-

cially. Selected CESS projects should maximise the economic benefits of CESS providers
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and communities and ensure a equitable distribution of benefits. In our multi-objective

stochastic optimisation framework, we use the hierarchy method (ϵ-constraint method)

to manage the conflicted objectives between CESS providers and communities of pro-

sumers and consumers. We model the multi-year uncertainties of PV generation, real

and reactive energy consumption, energy trading prices, and PV installations. The

multi-year uncertainties are modelled using scenarios generated by scenario trees and

Monte Carlo simulations. The number of scenarios is reduced by the K-Means cluster-

ing method to keep the optimisation problems tractable.

We assessed our optimisation framework’s benefits through extensive experiments on

a community of prosumers and consumers located on a 63-node LV radial feeder in

Australia. The results showed that without government financial support, there is no

economic incentive to install CESSs now. In other words, it makes economic sense to

postpone the installation of CESSs based on their current prices. Nevertheless, it was

observed that government financial support can be used to bring forward the installa-

tion of CESSs and improve their business case by increasing the distribution of economic

benefits between CESS providers and communities and ensuring their equitable distri-

bution.

In Chapters 3, 4, and 5, we developed CESS planning models based on an energy trading

scheme that allows unrestricted energy trading among prosumers (without residential

batteries), consumers, the grid, and the CESS provider. However, in the real-world,

various factors such as regulatory, policy, technical, and geographical constraints may

impose restrictions on energy trades between these entities, necessitating the adoption

of alternative energy trading schemes. Additionally, some prosumers may already have

residential batteries and still seek to benefit from a CESS. In the next chapter, we

investigate how the CESS planning can benefit a community of prosumers, both with

and without residential batteries, under different energy trading schemes.
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Chapter 6

Evaluation of the Economic Benefits of

Community Energy Storage Systems for

Prosumers Under Different Energy

Trading Schemes

This chapter examines how the economic merits for prosumers can be enhanced through

CESS planning under different energy trading schemes (ETSs). In this context, we

propose an optimisation framework to optimally plan CESSs and identify the most

suitable ETS to benefit a community of prosumers, both with and without batteries.

6.1 Introduction

As discussed in Chapter 2, a CESS accommodates the surplus PV generation of pro-

sumers and releases the energy back to them, especially, when the grid energy price is

too high. Thus, a CESS can be exploited as an efficient tool to reduce prosumers’ op-

erating costs (i.e., the energy trading cost with the grid and/or the CESS). Prosumers’

energy trade with both the grid and the CESS may not be possible always, particularly
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due to policy, infrastructure, technical, and geographical barriers. This necessitates the

use of different energy trading schemes between prosumers, the grid and the CESS. Ad-

ditionally, prosumers with batteries may also be interested to trade energy with a CESS

and improve their benefits. In literature, there is no study that investigates to benefit a

community of prosumers with and without batteries by optimising the CESS planning

under different energy trading schemes.

In this chapter, we evaluate the economic benefits for prosumers gained from optimal

CESS planning under four different ETSs. First, we consider an ETS where prosumers

may trade energy with the grid and the CESS, second, an ETS where prosumers may

trade energy only with the grid, third, an ETS where prosumers may trade energy only

with the CESS, and fourth, an ETS where prosumers with batteries may trade energy

only with the grid, and prosumers without batteries, may trade energy with the grid

and the CESS. To size and place a CESS under the four ETSs, we formulate mixed-

integer linear optimisation problems that minimise the operating costs (i.e., the cost of

trading energy with the grid and/or the CESS) of prosumers. We conduct simulation

experiments on the LV feeder (mentioned in Chapter 3 and 4) with 10 prosumers with

batteries and 20 prosumers without batteries, to optimally plan a CESS and select the

best ETS that generates the highest benefits for prosumers.

This chapter is structured as follows. Section 6.2 describes the ETSs, and the system

models are detailed in Section 6.3. Section 6.4 presents the optimisation framework, the

results are discussed in Section 6.5, and the conclusion of the chapter is given in Section

6.6.

6.2 Energy Trading Schemes

This section describes the four ETSs considered in this chapter to model energy trades

between prosumers, the grid, and the CESS. In this chapter also, we consider a radial

LV network with prosumers and a CESS. Prosumers P are divided into prosumers with

batteries PR and prosumers without batteries PN . In this study, it is assumed that PV
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units, batteries, and the CESS operate at a unity power factor. For simplicity, we do

not model any uncertainty, and a third party installs and operate the CESS with no

competition. Also, we do our analysis at time t ∈ T , where T is the set of time intervals,

and ∆t is the difference between two adjacent time instances.

6.2.1 ETS 1: Prosumers Trade Energy With the Grid and the CESS

In ETS 1, ∀p ∈ P, t∈ T , prosumers trade energy eBp (t) with the CESS and eGp (t) the

grid, whenever there is a mismatch between their PV energy ePV
p (t) and real energy

consumption eDp (t). The energy transactions between the CESS, the grid, and prosumers

in this ETS are shown in Figure 6.1(a), and they are mathematically described by (6.1)-

(6.2).

Figure 6.1: Energy transactions between prosumers, the CESS, and the grid in (a) ETS
1, (b) ETS 2, and (c) ETS 3.

If ePV
r (t) ≥ eDr (t)

eGr (t) + eBr (t) + eRB,ch
r (t) = eDr (t)− ePV

r (t) ≤ 0 ∀ r ∈ PR, t∈ T
(6.1a)
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If ePV
n (t) ≥ eDn (t)

eGn (t) + eBn (t) = eDn (t)− ePV
n (t) ≤ 0 ∀ n ∈ PN , t∈ T

(6.1b)

If ePV
p (t) ≥ eDp (t)

eDp (t)− ePV
p (t) ≤ eGp (t) ≤ 0 ∀ p ∈ P, t∈ T

(6.1c)

eDp (t)− ePV
p (t) ≤ eBp (t) ≤ 0 ∀ p ∈ P, t∈ T (6.1d)

If ePV
r (t) ≤ eDr (t)

0 ≤ eDr (t)− ePV
r (t) = eGr (t) + eBr (t) + eRB,dis

r (t) ∀ r ∈ PR, t∈ T
(6.2a)

If ePV
n (t) ≤ eDn (t)

0 ≤ eDn (t)− ePV
n (t) = eGn (t) + eBn (t) ∀ n ∈ PN , t∈ T

(6.2b)

If ePV
p (t) ≤ eDp (t)

0 ≤ eGp (t) ≤ eDp (t)− ePV
p (t) ∀ p ∈ P, t∈ T

(6.2c)

0 ≤ eBp (t) ≤ eDp (t)− ePV
p (t) ∀ p ∈ P, t∈ T (6.2d)

In (6.1)-(6.2), eRB,ch
r (t) and eRB,dis

r (t) are the charging and discharging energy of prosumer-

owned batteries. The energy imports of prosumers from the CESS are represented by

eBp (t) > 0, while the energy exports to the CESS are represented by eBp (t) < 0. The

same sign convention is used for energy trade by prosumers with the grid, and energy

trade by the CESS with the grid eB,G(t).

6.2.2 ETS 2: Prosumers Trade Energy Only With the Grid

In ETS 2, prosumers may trade energy only with the grid. A complete graphical repre-

sentation of this ETS is given in Figure 6.1(b). The energy transactions of this ETS are

modelled by (6.1)-(6.3).
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eBp (t) = 0 ∀ p ∈ P, t∈ T (6.3)

6.2.3 ETS 3: Prosumers Trade Energy only With the CESS

In contrast to ETS 2, prosumers may trade energy only with the CESS in ETS 3.

The energy transactions under this ETS are illustrated in Figure 6.1(c), and they are

mathematically described by (6.1)-(6.2), and (6.4).

eGp (t) = 0 ∀ p ∈ P, t∈ T (6.4)

6.2.4 ETS 4: Prosumers With Batteries Trade Energy only With the

Grid

In ETS 4, prosumers with batteries may trade energy only with the grid, as illustrated

in Figure 6.1(b). On the other hand, prosumers without batteries can trade energy with

both the grid and the CESS, as shown in Figure 6.1(a). For this ETS, (6.1)-(6.2), and

(6.5) model the energy transactions between each entity.

eBr (t) = 0 ∀ r ∈ PR, t∈ T (6.5)

6.3 System Models

This section presents the system models not described in Section 6.2. We begin by

describing the network power flow model, which is followed by the models of prosumers’

batteries and the CESS.

6.3.1 Network Power Flow Model

Consider a radial distribution network which is described by the graph G = (V, E), where

V = {0, 1, ..., N} is the set of all nodes, and E = {(α, β)} ⊂ V × V is the set of all lines.
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The slack node (Node 0) represents the secondary side of the distribution transformer.

The resistance and the reactance of the line (α, β) are rα,β and xα,β, respectively. The

real and reactive power flow from α to β node at time t are represented by Pα,β(t) and

Qα,β(t), respectively. Also, ∀α ∈ V\ {0}, t∈ T , real power absorption, reactive power

absorption, and voltage magnitude are given by pα(t), qα(t), and Vα(t), respectively. In

this study also, we use the linearised Distflow equations, which provide a good approxi-

mation for small radial grids [Baran and Wu, 1989]. Let Uα(t) = V 2
α (t).

Pα,β(t) = pα(t) +
∑

θ:β→θ

Pβ,θ(t) ∀(α, β) ∈ E , t∈ T (6.6)

Qα,β(t) = qα(t) +
∑

θ:β→θ

Qβ,θ(t) ∀(α, β) ∈ E , t∈ T (6.7)

Uβ(t) = Uα(t)− 2(rα,βPα,β(t) + xα,βQα,β(t)) ∀(α, β) ∈ E , t∈ T (6.8)

Assuming there are multiple prosumers at each node, real and reactive power absorption

at node α at time t are written as (6.9) and (6.10), respectively. The set of prosumers with

batteries at node α is denoted by PR
α ⊂ PR, and the set of prosumers without batteries

is given by PN
α ⊂ PN . Also, the CESS charging and discharging energy are denoted

by eB,ch
α (t) and eB,dis

α (t), and eQr (t) and eQn (t) are the reactive energy consumption per

prosumer with and without batteries.

pα(t) =
1

∆t

{ ∑
r∈PR

α

eDr (t) +
∑

n∈PN
α

eDn (t)−
∑

r∈PR
α

ePV
r (t)−

∑
n∈PN

α

ePV
n (t)

+
∑

r∈PR
α

eRB,ch
r (t)−

∑
r∈PR

α

eRB,dis
r (t) + eB,ch

α (t)− eB,dis
α (t)

}
∀α ∈ V \ {0} , t ∈ T

(6.9)

qα(t) =
1

∆t

 ∑
r∈PR

α

eQr (t) +
∑

n∈PN
α

eQn (t)

 ∀α ∈ V\ {0} , t∈ T (6.10)

113



Optimal Planning of Community Energy Storage Systems in Low-Voltage
Distribution Networks

Inequality (6.11) makes sure the voltage magnitude at each node is within lower (V )

and upper (V ) bounds, where U = V 2 and U = V 2. Additionally, we do not explicitly

model the line thermal limits in this study.

U ≤ Uα(t) ≤ U ∀α ∈ V\ {0} , t∈ T (6.11)

6.3.2 Prosumers’ Battery Model

In this work, we assume locations, capacities, and rated power of prosumer-owned bat-

teries are known prior. For simplicity, ∀r ∈ PR, rated battery power PRB,P
r , charging

efficiency µch
r , discharging efficiency µdis

r , minimum battery energy level Er
RB,C and

maximum battery energy level/battery size Er
RB,C

are considered to be same. Equa-

tions (6.12a) and (6.12b) guarantee the charging and discharging energy of prosumer-

owned batteries are bounded by the rated battery power. The binary variable Hr(t)

makes sure the charging and discharging of batteries do not occur simultaneously. The

battery energy level at time t ERB
r (t) is described by (6.13a), and the inequality in

(6.13b) maintains the battery energy level within its minimum and maximum energy

limits. Also, (6.13c) facilitates the continuity of battery operation over the next day.

Here, ξ is a small positive number, and tc ∈ TC where TC = {1, 2, ...., |T | /24}.

0 ≤ eRB,ch
r (t) ≤ PRB,P

r ∆tHr(t) ∀ r ∈ PR, t∈ T , Hr(t) ∈ {0, 1} (6.12a)

0 ≤ eRB,dis
r (t) ≤ PRB,P

r ∆t(1−Hr(t)) ∀ r ∈ PR, t∈ T , Hr(t) ∈ {0, 1} (6.12b)

ERB
r (t) = ERB

r (t− 1) + µch
r eRB,ch

r (t)− 1

µdis
r

eRB,dis
r (t) ∀ r ∈ PR, t∈ T (6.13a)

Er
RB,C ≤ ERB

r (t) ≤ Er
RB,C ∀ r ∈ PR, t∈ T (6.13b)
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r (24tc)− ERB
r (0)

∣∣ ≤ ξ ∀ r ∈ PR, tc∈ T C (6.13c)

6.3.3 Community Energy Storage System Model

The set of equations (6.14)-(6.16) model the CESS planning aspects, namely its location

α, size EB,C
α and the rated power PB,P

α . Moreover, equations (6.17)-(6.20) model the

CESS operation. The binary variable Aα in (6.14) determines the optimal CESS node.

When Aα = 1, it suggests α as the optimal CESS location. As given in (6.15) and (6.16),

EB and E
B
are the minimum and maximum CESS size limits, and P

B
is the maximum

allowable rated CESS power. The CESS charging and discharging are described by

(6.17a)-(6.17f). The inequalities in (6.17) are formulated in a way that charging and

discharging of the CESS do not occur concurrently, and they do not exceed the optimal

rated CESS power. For this, a binary variable Bα(t) and two additional variables x(t),

y(t) ∈ R+ are used. When the CESS charges, Bα(t) = 1, and thus, 0 ≤ eB,ch
α (t) ≤

x(t) = PB,P
α ∆t ≤ P

B
∆t. When the CESS discharges, Bα(t) = 0, and hence, 0 ≤

eB,dis
α (t) ≤ y(t) = PB,P

α ∆t ≤ P
B
∆t. The temporal variation of the CESS energy level

is described by (6.18), the CESS energy level is maintained within the minimum and

maximum CESS energy levels by (6.19), and the continuity of CESS operation over the

next day is facilitated by (6.20). Here, EB
α (t) is the CESS energy level at time t. The

parameters µch, µdis and σ, σ are the charging and discharging efficiencies of the CESS,

and the minimum and maximum percentage coefficients of the CESS size, respectively.

N∑
α=1

Aα = 1 ∀α ∈ V\ {0} , Aα ∈ {0, 1} (6.14)

AαE
B ≤ EB,C

α ≤ AαE
B ∀α ∈ V\ {0} , Aα ∈ {0, 1} (6.15)

0 ≤ PB,P
α ≤ AαP

B ∀α ∈ V\ {0} , Aα ∈ {0, 1} (6.16)

0 ≤ eB,ch
α (t) ≤ x(t) (6.17a)
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eB,ch
α (t) ≤ x(t) ≤ P

B
∆tBα(t) (6.17b)

−P
B
∆t(1−Bα(t)) ≤ x(t)− PB,P

α ∆t ≤ 0 (6.17c)

0 ≤ eB,dis
α (t) ≤ y(t) (6.17d)

eB,dis
α (t) ≤ y(t) ≤ P

B
∆t(1−Bα(t)) (6.17e)

−P
B
∆tBα ≤ y(t)− PB,P

α ∆t ≤ 0

∀α ∈ V\ {0} , t∈ T , Bα(t) ∈ {0, 1}
(6.17f)

EB
α (t) = EB

α (t− 1) + µcheB,ch
α (t)− 1

µdis
eB,dis
α (t) ∀α ∈ V\ {0} , t∈ T (6.18)

σEB,C
α ≤ EB

α (t) ≤ σEB,C
α ∀α ∈ V\ {0} , t∈ T (6.19)

∣∣EB
α (24tc)− EB

α (0)
∣∣ ≤ ξ ∀α ∈ V\ {0} , tc∈ T C (6.20)

6.4 Optimisation Framework

This chapter aims to optimise the CESS planning to minimise prosumers’ operating costs

expressed by (6.21). The first term of (6.21) is the cost of trading energy with the grid,

and the latter is the cost of trading energy with the CESS. Here, we do not consider

the CESS investment cost, as we want to assess the potential benefits of installing a

CESS without factoring in its capital costs. To value the energy imports and exports

equally, from the CESS and the grid by prosumers, we use a one-for-one non-dispatchable

energy buyback method for the grid energy price λG(t), and the CESS energy price λB(t)

[Martin, 2012]. We also assume that there is no competition among prosumers to trade

energy with the CESS.
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x∗ = argmin
x∈X

∑
t∈T

N∑
α=1

λG(t)

 ∑
r∈PR

α

eGr (t) +
∑

n∈PN
α

eGn (t)


+λB(t)

 ∑
r∈PR

α

eBr (t) +
∑

n∈PN
α

eBn (t)

 (6.21)

Here,

x = (Aα,P
B,P
α ,EB,C

α , eB,ch
α , eB,dis

α , eGr , eGn , eBr , e
B
n ) (6.22)

Let x be the vector of decision variables which constitutes the vectors of optimal CESS

location - Aα, CESS size - EB,C
α , CESS rated power - PB,P

α , CESS charging energy -

eB,ch
α , CESS discharging energy - eB,dis

α , energy trade with the grid by prosumers with

and without batteries - eGr , eGn , and energy trade with the CESS by prosumers with and

without batteries - eBr , e
B
n . The feasibility set is denoted by X, which is constrained by

(6.1)-(6.2), (6.6)-(6.20) for the ETS 1, (6.1)-(6.3), (6.6)-(6.20) for the ETS 2, (6.1)-(6.2),

(6.4), (6.6)-(6.20) for the ETS 3, and (6.1)-(6.2), (6.5)-(6.20) for the ETS 4 in Section

6.2 and 6.3. The optimisation problem of each ETS is solved as a MILP.

6.5 Simulations and Results

This section presents a description of test data, followed by an analysis of results.

6.5.1 Test Data

To test our optimisation model, we considered the 7-node radial LV network used in

Chapter 3 and 4, and it is shown in Figure 6.2. Its network data can be found in

[Zeraati et al., 2018]. The forecasted real energy consumption and PV generation of 30

prosumers (|P| = 30) in an Australian residential community, for a duration of 1 year,

measured in 1-hour time intervals were used for simulations [sol]. We assumed that the

reactive energy consumption is 0.5 times the real energy consumption considering the

case of a typical Australian LV network, and in this network there are 10 prosumers
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with batteries (
∣∣PR∣∣ = 10) and 20 prosumers without batteries (

∣∣PN ∣∣ = 20), who

were randomly allocated to each node (see Figure 6.2). As the model parameters, we

considered V0 = 1 p.u., V = 0.95 p.u., V = 1.05 p.u., EB = 100 kWh, E
B
= 600 kWh,

P
B
= 400 kW , µch = µdis = 0.98, σ = 0.05, σ = 1, ξ = 0.0001 kWh and ∆t = 1 h. Also,

PRB,P
r = 4 kW , Er

RB,C = 0.5 kWh, Er
RB,C

= 10 kWh, µch
r = µdis

r = 0.98 ∀r ∈ PR.

For λG(t), the time-of-use tariff scheme used in Chapter 3,4 and 5 was used [Origin,

2018] , and its variation for a duration of 24 hours is shown in Figure 6.3. Due to the

lack of accurate real data about the CESS energy price, we assumed λB(t) =
∑24

t=1 λ
G(t)

24 .

Hence, λB(t) = 0.34180 AUD/kWh. The optimisation models were implemented in

Python-Pyomo and solved using the MILP solver from CPLEX.

Figure 6.2: 7-Node LV radial feeder with Prosumers.

Figure 6.3: Variation of the grid energy price λG(t), and the CESS energy price λB(t).
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6.5.2 Results

In this section, we analyse the impact of different ETSs on prosumers’ benefits and

the CESS planning results, followed by a discussion on energy trade between different

stakeholders.

6.5.2.1 Impact of ETSs on CESS Planning and Prosumers’ Costs

A summary of results obtained for the four ETSs is presented in Table 6.1. For all

ETSs, the optimal CESS location is node 7. However, the optimal CESS size and its

rated power are unique for each ETS, as the amount of energy traded with the CESS by

prosumers varies with the ETS. In ETS 1 and 4, negative costs for trading energy with

the CESS imply revenues for prosumers from the CESS.

Table 6.1: Optimal CESS planning results and prosumers’ operating costs for each ETS.

Optimal

CESS

node

(Aα)

Optimal

CESS

size

(EB,C
α )

(kWh)

Optimal

CESS

rated

power

(PB,P
α )

(kW)

Prosumers’

annual

energy

costs

with the

grid

(AUD)

Prosumers’

annual

energy

costs

with the

CESS

(AUD)

Prosumers’

annual

operating

costs

(AUD)

ETS 1 7 557 149 72024 -56160 15864 (73%)1

ETS 2 7 477 126 58716 N/A 58716

ETS 3 7 600 148 N/A 40824 40824 (30%)1

ETS 4 7 499 112 71652 -47472 24180 (59%)1

1 Percentage cost reduction with respect to the highest operating costs in ETS 2.

The minimum operating costs were obtained from ETS 1. Since prosumers are enabled

to trade energy with both the CESS and the grid, they have the flexibility to choose with

whom they need to trade energy, to minimise operating costs. The highest operating

costs were obtained from ETS 2. Here, prosumers do not trade energy with the CESS.
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This impacts prosumers’ operating costs in two ways. First, prosumers earn a lesser

revenue for their exported energy to the grid as λG(t) < λB(t) during T2. Second,

prosumers have to import high-priced energy from the grid as λG(t) > λB(t) during

T3. Also, as T2 and T3 occupy a substantial time duration during a day, the impact

of receiving a lower revenue from the grid, and requiring to pay more to the grid for

the imported energy will be significant. This results in escalating the operating costs of

prosumers in ETS 2. In ETS 3, the operating costs have increased compared to ETS

1. Here, as prosumers are unable to trade energy with the grid, they have to incur a

higher cost for importing energy from the CESS, particularly during T1, T4, and T5. The

second minimum operating costs were obtained from the ETS 4. Since prosumers with

batteries cannot trade energy with the CESS, they receive a lower revenue from the grid

for their exported energy as λG(t) < λB(t) during T2, increasing the costs compared

to ETS 1. As a whole, ETS 1 generates the minimum annual operating costs, which is

approximately a 73% reduction compared to the ETS which generates the least economic

benefits for prosumers.

6.5.2.2 Energy Transactions of Different Entities

Here, we analyse how prosumers, the CESS, and the grid do energy transactions in the

four ETSs. For this, we randomly selected a day that was used for simulations. Figure

6.4 and 6.5 show how prosumers trade energy with the grid and the CESS in the four

ETSs.

In ETS 1, prosumers import the low-priced energy from the grid during T1, T4, and

T5. As seen in Figure 6.5, during T3, prosumers import energy from the CESS so they

have to pay less. During T2, they export the excess PV generation to the CESS, as

they can earn a higher revenue (see Figure 6.4 and 6.5). In ETS 2, prosumers import

energy only from the grid during T1, T3, T4 and T5, while they export energy to the

grid during T2 (see Figure 6.4). Similarly, in ETS 3, as prosumers are not allowed to

trade energy with the grid, they export energy only to the CESS during T2, and import

energy from the CESS during T1, T3, T4 and T5. Hence, in ETS 2 and 3, prosumers

cannot choose with whom that they need to trade energy to minimise their operating
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Figure 6.4: Variation of the total energy trade with the grid by prosumers in each ETS.

Figure 6.5: Variation of the total energy trade with the CESS by prosumers in each ETS.

costs, resulting in higher costs for them. In ETS 4, during T1, T4 and T5, prosumers with

and without batteries import the low-priced energy from the grid, similar to as in ETS
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1. But, during T2, prosumers with batteries export their excess PV generation to the

grid, while prosumers without batteries export to the CESS. During T3, prosumers with

batteries import energy from the grid, while the others import energy from the CESS.

Hence, prosumers with batteries earn lesser revenue and incur higher costs, resulting in

increased operating costs compared to that in ETS 1.

Figure 6.6 shows the energy level variation of the CESS and batteries. They charge

during T2 using the surplus PV generation, and discharge during T3 - T5 when the PV

generation is low. In ETS 1 and 3, prosumers increase the energy exchange with the

CESS to increase their revenue, using a certain amount of energy that was exchanged

with their batteries in ETS 2 and 4. This is seen as a reduction of the energy level of

batteries in ETS 1 and 3, compared to ETS 2 and 4.

Figure 6.6: Variation of the CESS and the cumulative energy level of batteries in each
ETS.
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6.6 Concluding Remarks

In this chapter, we have investigated how the optimal planning of a CESS can econom-

ically benefit LV prosumers with and without batteries. For this, we have formulated

mixed-integer linear optimisation models to compare four types of ETSs based on the

energy trading capability between prosumers, the CESS, and the grid, and thereby, iden-

tify the ETS which minimises prosumers’ operating costs. The results showed that ETS

1, the scheme where prosumers trade energy with the grid and the CESS, outperforms

the other three ETSs, delivering a significant cost reduction compared to the ETS with

the highest cost.
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Chapter 7

Conclusions and Future Directions

In this chapter, we summarise our research works discussed in the previous chapters,

including their main contributions and key findings. We also discuss the potential future

extensions of our thesis.

7.1 Conclusions

In this thesis, we developed optimal community energy storage system (CESS) planning

frameworks to benefit multiple stakeholders, namely prosumers, consumers, the CESS

provider, and the network. The following conclusions are drawn from this thesis.

• As the first research problem, we explored how to generate techno-economic ben-

efits for multiple stakeholders from a CESS planning framework. To address this

problem, we developed a multi-objective CESS planning model that can gener-

ate technical benefits for the network, and economic benefits for prosumers and

the CESS provider. The multi-objective function was built using the weighted-

sum method and the analytic hierarchy process to weigh each objective fairly.

Then, the multi-objective optimisation framework was solved as a mixed-integer

quadratic program to minimise the network real energy loss, energy trading costs
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of prosumers and the CESS provider with the grid, and the CESS investment cost.

We tested our model on a low-voltage (LV) radial feeder, and the results demon-

strated that it yields improved techno-economic benefits compared to models that

do not utilise a CESS and the ones that optimise only the CESS operation.

• In our first research work, we did not value the energy trade through a CESS,

so the economic benefits for the CESS provider and prosumers may not be fully

revealed. Additionally, we assumed that photovoltaic (PV) generation and real

energy consumption of prosumers are known ahead of their forecasts. Typically,

these parameters are subjected to high levels of uncertainty that need to be ac-

counted for suitably. Also, it is important to distribute the benefits of a CESS in

balance among all its beneficiaries.

In our second piece of work, we addressed the above-mentioned limitations and also

investigated how to benefit multiple stakeholders in balance by optimally planning

a CESS under uncertainty and valuing the CESS energy trade suitably. For this,

we proposed a multi-objective stochastic optimisation framework to select the best

CESS solution (i.e., the optimal CESS planning aspects, and the energy pricing

scheme (EPS) of the CESS provider) that delivers the most equitable outcome to

the competing economic objectives of the CESS provider and prosumers. The pre-

sented optimisation framework minimises the investment and expected operating

cost of the CESS provider and the expected operating costs of prosumers. We ex-

ploited the hierarchical (ϵ- constraint) method to rank the objectives of the CESS

provider and prosumers based on their importance for decision-makers under three

EPSs. Also, we modelled the uncertainties of PV generation, and real and reactive

energy consumption using stochastic scenarios generated initially by a roulette

wheel mechanism and then aggregated by the K-Means clustering algorithm to

reduce the computational complexity of our optimisation problems. Simulation

results indicated that optimal equity in benefits for both the CESS provider and

prosumers is achieved when energy trading occurs at the average grid energy price

125



Optimal Planning of Community Energy Storage Systems in Low-Voltage
Distribution Networks

in our case study. In this scenario, a moderate trade-off (ϵ = 50%) of the planning

and operating objectives of the CESS provider enhanced the economic benefits for

prosumers, resulting in the most equitable outcome for both stakeholders.

• Given the wide range of benefits from PV systems and their increased uptake, there

is a growing demand for CESSs. This enhances the interest among CESS providers

in installing and operating CESSs. However, the CESS installation should be

managed properly to ensure the CESS benefits are distributed in balance. Also,

CESSs are installed to harness their benefits for many years. Parameters such

as PV generation, real and reactive energy consumption, energy prices, and the

number of PV installations that impact CESS planning, are subject to multi-year

uncertainties.

Our third research work accounted for the aforementioned considerations and also

explored how to manage CESS installations in an auction setting to select the

best CESS project that can economically benefit multiple stakeholders in balance.

To do this, we proposed a multi-objective stochastic optimisation framework to

help governments run competitive auctions to select CESS projects to support fi-

nancially. Selected CESS projects should maximise the economic benefits of CESS

providers and communities and ensure an equitable distribution of benefits. In this

study also, we used the hierarchy method to manage the conflicted objectives be-

tween CESS providers and communities of prosumers and consumers. We modelled

the multi-year uncertainties of PV generation, real and reactive energy consump-

tion, energy trading prices, and PV installations. The multi-year uncertainties

were modelled using scenarios generated by scenario trees and Monte Carlo simu-

lations. The number of scenarios was reduced by the K-Means clustering method

to keep the optimisation problems tractable.

We evaluated the benefits of our optimisation framework through a series of anal-

yses using simulation experiments on an Australian community of prosumers and

consumers within a 63-node LV network. We first analysed how different gov-
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ernment subsidy schemes impacted the auction results. The results showed that

without government financial support, there is no economic incentive to install

CESSs now. In other words, it makes economic sense to postpone the installation

of CESSs based on their current prices. On the other hand, with government finan-

cial support, the installation of CESSs can be brought forward. In addition, CESS

projects supported by government subsidies produced higher and more equitable

benefits to CESS providers and communities compared to CESS projects without

government support. In our experiments, a subsidy scheme that incentivises the

early installation of CESSs in the planning period generated the highest benefits

by significantly increasing the profits of the CESS provider, and the community of

prosumers and consumers compared to the benefits generated by a CESS project

without government support. Therefore, government financial support can be used

to bring forward the installation of CESSs and improve their business viability by

increasing economic benefits for CESS providers and communities and ensuring

their balanced distribution.

We conducted further experiments to understand the impact of the uncertainty

of PV installations and energy trading prices on the auction results. For this,

we used the same input data of the best government subsidy scheme described

above and exploited different combinations of energy trading prices and the number

of PV installations. The energy trading price results showed the revenue of all

stakeholders was the highest in the case with the smallest decrease in import

and export prices, as both CESS providers and communities benefit more from the

export prices than time-of-use import prices in our case study. The PV installation

results showed that the best outcomes for CESS providers and communities are

obtained when the number of PV installations is the highest.

In this study, we used the hierarchy method and ranked the objective of the CESS

provider as more important than the community objective. We then allowed the

optimisation to degrade the objective of the CESS provider by a trade-off threshold
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ϵ to improve the objective of the community of prosumers and consumers. To

understand how the trade-off threshold margin ϵ impacts the auction results and

equitable distribution of benefits, we conducted experiments for different ϵ values

using the same input data of the best government subsidy scheme described earlier.

The results showed that a relatively high ϵ value degrades the benefits of the

CESS provider more, whereas a relatively low ϵ value reduces the benefits of the

community of prosumers and consumers. However, a moderate ϵ value, such as

50%, generated the most equitable distribution of benefits for all stakeholders.

Therefore, benefits among all stakeholders can be equitably distributed using a

moderate ϵ value.

• In the aforementioned studies, we considered an energy trading scheme (ETS)

with no restrictions for energy trade between prosumers, the grid, and the CESS

provider. However, in the real-world, there may be policy constraints, network in-

frastructure challenges, and geographical limitations, that might restrict the energy

trade between different entities. Additionally, prosumers with residential batteries

may also be interested in benefiting from a CESS.

Our fourth piece of work accounted for the above-mentioned considerations and

evaluated how the economic benefits for prosumers with and without residential

batteries, are impacted by planning CESSs under different ETSs. For this, we

formulated mixed-integer linear programs under four types of ETSs. First, we

considered an ETS where prosumers may trade energy with the grid and the CESS,

second, an ETS where prosumers may trade energy only with the grid, third, an

ETS where prosumers may trade energy only with the CESS, and fourth, an ETS

where prosumers with batteries may trade energy only with the grid, and prosumers

without batteries, may trade energy with the grid and the CESS. We then solved

them one by one as mixed-integer linear problems to select the best ETS that

minimises the energy trading cost with the grid and the CESS by prosumers with

and without batteries.
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We conducted experiments on a LV feeder using energy consumption and PV gen-

eration date of an Australian residential community. The results showed that

the ETS, enabling prosumers to trade energy with the grid and the CESS, out-

performed the other three ETSs, and delivered a significant cost reduction. As

prosumers can trade energy with both the CESS and the grid, they have the flexi-

bility to select which entity they should trade energy with to reduce their operating

costs.

7.2 Future Directions

This section presents potential future extensions of this thesis that need further investi-

gation.

7.2.1 Competition Among Prosumers and Consumers to Access the

CESS

As CESSs are integrated more and more into local energy networks, competition emerges

at multiple levels. For instance, prosumers as well as consumers may compete to access

the CESS energy for maximising their economic benefits. This competition arises mainly

due to CESS size limitations. At times, the CESS size may be insufficient to serve all

prosumers and consumers in the network. In addition to prosumers’ and consumers’

competition, multiple CESS providers may also compete to install and operate these

systems as discussed in Chapter 5.

Future research could explore how these dual layers of competition among prosumers

and consumers for CESS energy access, and among providers to install and operate,

can be managed to improve economic outcomes for all beneficiaries in balance. Further

investigation lies in the areas of developing equitable access policies, designing robust

CESS auction mechanisms, and evaluating how this competition impacts energy pricing,

load balancing, and overall grid stability and reliability.
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7.2.2 Planning of CESSs in the Presence of Electric Vehicles and Peer-

to-Peer Energy Trading

The increase in the adoption of electric vehicles (EVs) and research on peer-to-peer (P2P)

energy trading in modern power systems, are driven by their significant merits in a wide

range of areas. EVs can act as mobile and flexible sources of energy storage that can

support grid stability if managed properly. By enabling bidirectional energy flow, EVs

can not only draw power from the grid but also inject energy back into the system during

peak demand periods, helping to balance supply and demand. Also, P2P energy trading

enables prosumers to trade surplus energy directly with one another, reducing reliance

on conventional utilities and enabling a decentralised electricity market. A combination

of EVs and P2P energy trading, promises enhanced flexibility and resilience in CESS-

integrated LV networks. However, it also introduces new challenges in managing energy

trades. The charging and discharging schedule of EVs can be highly unpredictable,

creating demand surges. Additionally, P2P energy trading increases the complexity of

managing the energy trade as it involves a decentralised energy trading mechanism. In

this evolving energy landscape, CESSs need to be planned properly to maximise their

benefits.

Future studies could focus on optimising the CESS planning under the combined uncer-

tainties of EV mobility and P2P energy trading. An interesting area for exploration is

the mitigation of voltage fluctuations and demand surges caused by unpredictable EV

charging, alongside balancing energy flows during periods of high P2P energy trading

activity through effective CESS energy management. This could involve optimally plan-

ning CESSs to store surplus energy during low-demand periods and release it during

peak EV charging or P2P energy trading, thereby enhancing the grid stability. Addi-

tionally, it is worth to explore how the CESS planning under different energy pricing

schemes could maximise benefits for all stakeholders, facilitating cost-effective EV charg-

ing, improving energy trading efficiency of prosumers, and increasing economic returns

for both CESS providers and prosumers, while ensuring reliable network operation.
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7.2.3 Planning of Hybrid CESSs

Hybrid CESSs integrate multiple storage technologies to optimise energy management

and meet various energy requirements efficiently. By combining different technologies,

such as batteries and hydrogen storage, hybrid CESSs can handle both short-term and

long-term energy needs effectively. An emerging development within this framework

is the incorporation of hydrogen storage as a clean energy solution. Hydrogen can be

produced from excess renewable energy through electrolysis and stored to be used later.

The integration of hydrogen storage enhances a system’s long-term storage capabilities

and supports decarbonisation efforts across many areas.

Planning hybrid CESSs that incorporate both battery and hydrogen technologies presents

a promising avenue for future research. Studies could focus on developing hybrid CESS

planning frameworks that determine the ideal mix of battery and hydrogen storage ca-

pacities to address both short-term and long-term energy needs efficiently. Additionally,

this includes optimising the hybrid CESS operation to manage daily energy fluctua-

tions with batteries while reserving hydrogen storage for seasonal or prolonged energy

demands. Moreover, research could explore the economic feasibility of hybrid systems,

assessing cost-benefit trade-offs, including infrastructure investments and operational

costs. Another critical area is the investigation of environmental impacts, particularly

how hybrid CESSs contribute to decarbonisation goals by integrating with renewable

energy sources. Also, multi-stakeholder models could be developed to evaluate how such

hybrid CESSs can equitably benefit communities, grid operators, and energy providers,

ensuring widespread adoption and sustainability.

7.2.4 Social and Behavioural Impacts of Community on CESS Plan-

ning

In the planning of CESSs, understanding the social and behavioural impacts of commu-

nity members is essential for better energy management. The CESS ownership models

significantly impact how stakeholders engage with and utilise CESSs. For instance,
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community ownership can create a high level of responsibility and investment, leading

to higher participation rates. This strengthens social ties within the community, creat-

ing a supportive environment for sustainable energy practices, such as minimising energy

consumption. Also, increased community engagement can lead to better CESS energy

management, thereby lowering their energy costs. Economic incentives also play an

important role in encouraging community engagement with CESSs. Financial rewards,

subsidies, and educational initiatives can motivate comminutes to invest in and actively

participate in energy management. Additionally, considering social aspects such as trust

and collective decision-making supports better CESS energy management.

A potential avenue for future work is investigating how social factors such as trust, com-

munity cohesion, and collective decision-making can be integrated into CESS planning

to enhance energy management. Research could investigate the role of social capital

in enhancing participation rates, particularly in different ownership models, and how

these social dynamics can be leveraged to optimise the CESS planning and its energy

usage. Additionally, studies could examine the design of incentive structures that align

financial rewards with social engagement, ensuring that economic benefits of CESSs are

shared equitably among community members. Understanding how to foster a sense of

ownership and responsibility in communities could lead to more sustainable and efficient

CESS energy management, contributing to long-term success and widespread adoption.

Moreover, exploring how community-led governance models can be integrated into CESS

planning could offer valuable insights into improving transparency, trust, and collabora-

tive decision-making processes.
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