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Abstract 

The electricity operators on the island of Ireland have policy objectives to generate at least 

70% of electricity from renewable sources by 2030. The source of this renewable power will 

mainly be wind and storage is needed to facilitate this transition. However, to date the roll out 

and market uptake of storage has been slow in the Irish grid. Therefore, this research 

undertook a market analysis of the technical and economic value of distributed mass energy 

storage to examine storage considering these targets. The research uses the Irish market as 

a case study with specific modelling on the Northern Ireland system which is a subset of the 

overall market. The modelling and the results of the research are applicable and relevant to 

all regions which operate with a high share of renewables. The research had four parts. 

 

In part 1, a global techno-economic review of the status of energy storage and power quality 

services focusing on ten countries with differing political, social, and economic trends was 

undertaken. This led to a combined strengths, weaknesses, opportunities, and threats 

(SWOT) appraisal informed by the data and information from the ten countries response to 

embedded and distributed renewable generation and storage. The SWOT analysis is then 

coupled to a Pugh chart to indicate optimal concept choice in the later analyses. Then in part 

2, a gap analysis of the ten countries to determine the frameworks and approaches used to 

regulate, plan, and operate retail electricity markets was carried out in order to inform the 

modelling. 

 

Next in part 3, a suite of financial models was developed to quantify the market revenue 

available for battery storage investment that could provide ancillary services, network 

congestion relief and response to local system events. Then a dynamic economic dispatch 

model in MATLAB was developed to test the economic production schedule with and without 

battery storage and a unit commitment model was developed to determine the costs of 

providing system reserve using fossil fuel generation so a comparison could be made in the 

scenario where the reserve is provided by battery storage. The key finding is that the revenue 

available from the current schemes are insufficient to attract investment in energy storage. It 

is recommended that system operators reform the existing schemes, design new schemes 

and look to the wider benefits that energy storage brings to fossil fuels generation. 

 

Finally, in part 4, a unit commitment wholesale electricity market model of the SEM focusing 

on the Northern Ireland system was developed in Energy Exemplar’s PLEXOS for Power 
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Systems. It makes for an interesting case study for other jurisdictions as it is an electrically 

isolated grid with limited interconnection and storage but operating with a high share of 

renewables. Here four combinations of wind generation and load were assessed to measure 

the effect of varying levels of battery storage. The benefits of storage were clearly 

demonstrated with reductions in emission levels and generation costs, load smoothing, 

ramping reduction, reduced maintenance and reduced curtailment of renewables. For 

example, the monthly model run with 300 MW of battery storage at 70% SNSP resulted in a 

generation cost decrease of £500k, an emission decrease of 28k tonnes CO2, and total 

ramping decrease of 478 hours compared to the no storage scenario. Currently revenue 

streams for provision of these benefits associated with generation and demonstrated by the 

modelling do not exist. Therefore, it is recommended that these services are properly valued 

in order to attract future investment. 

 

Overall, this research clearly demonstrates the gap that exists between the positive benefits 

of battery storage and the less than adequate revenue being pitched to attract investment into 

technology to achieve climate change targets with recommendations made to address this 

based on the findings. In fact, an optimum level of storage exists which is dependent on 

demand and wind generation. The research in this thesis indicates this level to be between 

200 MW and 300 MW. A report published in the year 2021 by the system operator stated an 

expected storage in Northern Ireland of 200 MW by 2030. Therefore, this expected storage 

rating needs revised based on the results of the research. The key recommendation is that 

the regulators and the grid operators urgently revisit the current schemes and restructure them 

otherwise we may have power quality and supply issues into the future as current fossil fuel, 

mainly gas generators are mothballed. 
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1.0 Introduction 

1.1 Background 

One of the key aims of the Paris Agreement is to combat climate change by enabling countries 

to set goals and plans for the reduction of greenhouse gas (GHG) emissions [1]. Governments 

globally have set targets for energy supply by renewable energy sources (RES) and strict 

emission limits for fossil fuel usage to achieve this. Prior to the Paris Agreement there had 

been varying degrees of growth in renewables, but this has subsequently accelerated as 

countries transition to a low carbon energy system. In many countries the high level of 

electricity generated from renewable sources (RES-E) has altered the shape of the electricity 

system in an unprecedented way. The displacement of large fossil fuel generators by 

renewable wind generation has caused the system inertia to decrease and this has affected 

the provision of power quality services [2]. For example, in the Irish system which is an area 

of high renewables, there is a minimum inertia requirement of 23 GWs [3].  Pre-RES-E, 

generation was usually located close to load centres with transmission and distribution 

networks used to deliver energy to outlying areas. Presently, in many countries RES-E is 

located according to the climatic and topographical conditions. If the RES-E is mostly wind 

power generation then the system model is often skewed with the generation equipment 

location typically some distance from the load centre. Renewable incentives are often rolled 

out with no regard to system planning which leads to a proliferation of installations resulting in 

technical challenges such as increased rate of change of frequency (ROCOF), curtailment of 

renewables, and power quality issues [4]. Notwithstanding these technical challenges there 

are other issues to consider such as, a) energy cost, b) integration with existing network 

infrastructure, c) government, regulator and system operator support and d) public acceptance 

of RES-E and behavioural changes like increased use of low carbon electrified public transport 

and the efficient use of energy. 

 

The cost of energy from renewables versus the cost from fossil fuels is a matter of much 

debate. As the cost of renewables fall, energy from these sources is now competing with fossil 

fuels [5]. However, the total social cost of energy usage must be considered so the adverse 

health implications of using fossil fuel and the cost of climate change can be captured. A model 

to supply 139 countries exclusively with wind, water and solar energy indicates a lower or 

equivalent cost for energy [6]. When health and climate change are included, the cost reduces 

to 25% of “business as usual”. This is achieved by use of wind, hydro (using existing 

installations) and solar together with battery energy storage and widescale electrification of 

heating and transport. 
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Electricity system networks are mostly designed around generation at transmission level with 

delivery at distribution level. System control is driven from central hubs and the power flow is 

intended to be unidirectional from bulk generation to end user. This type of design is not 

compatible for a system with renewable generation and energy storage at all levels. Therefore, 

system infrastructure needs to transition to meet the challenges of renewable energy. 

Electrically metered data with a temporal resolution of 15 seconds or less will be a key element 

to this transition. At distribution level the grid system must be capable of, a) operating with 

bidirectional energy flows, b) have sufficient capacity for electrification of heating and 

transport, c) deliver power quality products and d) integrate with smart devices and demand 

side management (DSM). 

 

Government support like renewable incentives has driven growth. However, challenges often 

arise when there is policy inconsistency. Electrical utility companies can find themselves 

conflicted when it comes to renewables as it changes their business model and source of 

revenue. In Spain, in 2013, the sitting government, faced with a huge deficit decided to raise 

revenue by taxing solar photo-voltaic (PV) prosumers if they wished to remain connected to 

the grid. This slowed the installation of solar PV and at a time when the price of PV panels 

was falling. This decision was reversed in 2018 but is an example of inconsistent government 

approach [7]. In India the metering system is operated on a net basis where the charge or 

compensation to prosumers is based on the difference between export of solar PV and import 

from the grid at a price determined by the state [8]. This scheme is intended to encourage 

growth of solar PV. However, this conflicts with distribution company business models which 

exist primarily to sell energy. Therefore, there has been a reluctance by electrical utility 

companies to roll out the scheme as this change in business model is seen as eroding profits.  

 

Public acceptance of renewable energy and associated technology needs to be carefully 

managed. To illustrate this, examples of poor and good practice are described subsequently. 

In the United Kingdom (UK) the government had a plan to install smart meters in all homes by 

2020. This rollout plan has been fraught with problems and has now been delayed to 2024. 

The official reason given for the delay was due to technical problems with the equipment. 

However, it is more likely to be associated with the implementation method, with little or poor 

upfront explanation of the reasons for smart metering communicated in advance. Some of the 

reasons for the rollout failure were given as removing the ability to switch supplier, poor quality 

of wi-fi, difficulty in customer understanding of data and the security risk posed [9]. In contrast 
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a pilot scheme in the Dingle area of Ireland has been lauded as a success [10], where the 

network operator planned and delivered a scheme to install smart devices in homes and 

businesses by using local ambassadors to inform and encourage the concept. In the local 

schools the benefits of smart metering and devices were explained to the extent that local 

farm businesses requested inclusion to the scheme.  

In 2019, approximately 20% of the total final consumption of global energy was used for 

electricity generation [11]. The remainder was used for transport, heating, industry, and other 

uses. Transport and heating generally use fossil fuel with efficiencies associated with the 

combustion process. If these sectors alone can be electrified using renewable energy the 

emissions are eliminated and the use of energy is more efficient. However, this will require a 

massive behavioural change in terms of public transport use, electric vehicle uptake, heat 

pump use and insulated buildings. The use of wood as a fuel for heating and cooking is 

prevalent in sub-Saharan African countries [12], China [13] and India [14]. This causes 

emissions which impact the atmosphere and the health of local populations. The emissions 

cause both indoor and outdoor pollution. In many areas wood is the only accessible fuel so 

behavioural change initiated by government policies to assist transition to lower or zero 

emission fuels will have both health and environmental benefits. This illustrates the wide 

spectrum of behavioural change ranging from relatively simple changes like swapping vehicle 

use for available public transport in developed countries to the conversion to different methods 

for heating and cooking, all requiring intense government support. 

 

The Single Electricity Market is the arrangement used on the island of Ireland for trading 

electricity between generators and suppliers [15]. The market operates in two jurisdictions 

(Northern Ireland and Republic of Ireland) and has distinct grid codes and transmission system 

operators. The system operators work together to address the changes in the system brought 

about by the growth in renewables and have introduced programmes to attract providers of 

system services to address power quality issues [16]. These ancillary services programmes 

are designed to address the issues caused by the reduction of dispatchable synchronous 

machines. These services address the following deficiencies: inertia; ramping; frequency 

response; reactive power response and post fault recovery. These services can be supplied 

by technologies such as hydro, flywheel, capacitors, batteries, compressed air, and fossil fuel 

generators [17]. However, the high penetration of renewables coupled with the deregulation 

of electricity markets has affected the mechanisms to support programmes to facilitate further 

growth and integration of renewables. In addition, the revenue for the supply of these ancillary 

services needs to be at a level to attract investment in the low carbon technologies which 
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facilitate higher levels of renewable generation. Energy storage connected at distribution and 

prosumer level could address these issues, be the catalyst in facilitating increased growth in 

renewables, and bring about a reduction in greenhouse gas emissions. The operational 

policies of all the organisations which make up the Irish electricity system need to recognise 

this and operate in a way that both incentivises decarbonisation whilst maintaining a secure, 

sustainable, and affordable service. 

1.2 Research aim and contribution 

This thesis is a market analysis of distributed battery energy storage as a facilitator to 

increased levels of renewable generation. The main objective is to quantify the benefits of 

battery storage in the Irish Single Electricity Market. To achieve this objective, a techno-

economic model and a unit commitment model have been developed. The objective of the 

techno-economic model is to is to analyse the deployment of battery energy storage to test 

the current market arrangements on the island of Ireland. The objective of the unit commitment 

model is to quantify the effect of battery storage by modelling the economic dispatch for 

different combinations of load and wind with varying levels of renewable generation. 

There are four contributions to the knowledge in this field of research. Firstly, the modelling of 

current ancillary services and congestion relief schemes demonstrate that the return from 

these schemes is not attractive enough to attract widescale investment in battery storage. 

Therefore, these schemes need to be redesigned so they can guarantee a timely and fair 

package which will attract future investment. The modelling developed is new and is a 

contribution to the knowledge. 

Secondly, the system modelling of an existing power system with a high share of renewables 

using real demand and wind generation data is clear evidence of the complementary nature 

of battery storage to retained fossil fuel generation. The results from this modelling show how 

battery storage will smooth the generation profile, and lower emissions and costs. 

The third contribution is the finding that battery storage has a complementary effect on fossil 

fuel generation even when the level of renewable generation is low or zero.  

The final contribution is the modelling methodology developed for the ancillary services 

modelling which uses real system non-synchronous penetration data to calculate revenue 

from selected periods. This coding for this modelling is readily adaptable for other regions with 

ancillary services schemes and renewable generation. 
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1.3 Research delivery and thesis structure 

This work has been presented at two international conferences (SDEWES 2019 and SPIES 

2020) and published in two peer reviewed scientific journals with a third in review. One of the 

conference papers was selected as a special issue journal article. This review article was 

published in Energy and is called “A state-of-the-art techno-economic review of distributed 

and embedded energy storage” and is included in Section 2. The second conference paper 

presented at SPIES2020 was a gap analysis of frameworks and approaches used to regulate, 

plan, and operate retail electricity markets and forms Section 3. This then led to the original 

research article published in IEEE Access called “A Market Assessment of Distributed Battery 

Energy Storage to Facilitate Higher Renewable Penetration in an Isolated Power System,” 

which makes up Section 4. The third original research article called “Modelling the effect of 

distributed battery energy storage in an isolated power system” submitted to peer review in 

Energy is presented in Section 5 and is currently under review. This thesis contains 6 sections 

including this introduction where the background, aims and objectives, and thesis structure 

are described. The thesis structure is illustrated in block diagram form in Figure 1.1.  

 

Figure 1.1 Thesis structure 

 

In Section 2, a state-of-the-art techno-economic review of distributed and embedded energy 

storage is examined for ten selected G20 countries. This review leads on to an analysis 

undertaken in the form of a combined strengths, weaknesses, opportunities, and threats 

(SWOT) appraisal informed by the data and information from the ten countries response to 

embedded and distributed renewable generation and storage. The SWOT analysis is then 
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coupled to a Pugh chart to indicate optimal concept choice. In this section, a future research 

direction is identified in the form of a ‘techno-enviroeconomic’ analysis into the connection of 

mass energy storage to qualify, quantify and value the installation of mass energy storage, 

particularly at the distribution level sitting within a retail market context. This techno-

enviroeconomic analysis is covered in the technical modelling Sections 4 and 5. 

In Section 3 a gap analysis review of frameworks and approaches used to regulate, plan, and 

operate electricity markets is carried out using the same selected G20 countries. In this 

section, the retail electricity market arrangements are specifically examined together with the 

current market trends. A concise systematic review of electricity system modelling tools is 

carried out to inform retail electricity market modelling. It is established that the technology 

and concepts exist for retail reform to optimise the use of renewable energy and contribute to 

the decarbonisation of the energy sector. However, there remains a fundamental question 

regarding the market capability to support development of battery energy storage and this 

forms the basis for the modelling in Section 4. 

 

In Section 4 a financial model is created to measure the revenue that battery storage investors 

would receive by participating in the current ancillary services market and a scheme to reduce 

congestion and avoid network build out for the Irish market. The results demonstrate how 

energy storage placed in a power system with a high level of renewables complements system 

operation and facilitates the maximum use of low carbon technologies. This leads on to the 

next section where the focus is on using current unit commitment software packaged with 

energy storage at the distribution level to support increased electrification and renewable 

generation.  

 

In Section 5 a unit commitment model is created using market software currently used in the 

market which operates on the island of Ireland. This modelling is used to establish the effect 

of battery storage for the section of the market operating in Northern Ireland on the level of 

renewable generation and on fossil fuel generation. The final discussion and conclusions and 

recommended future work make up Section 6. 
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2.0 State-of-the-art techno-economic review of distributed and embedded energy 

storage  

 

2.1 Introduction 

Renewable energy is projected to play an important role in reducing greenhouse gas 

emissions and in realising the climate change goals. Large scale development of variable 

renewable energy, which is regarded as non-dispatchable, requires additional power system 

quality services such as voltage regulation, frequency regulation and inertial response. Energy 

storage provides an important means to supply these services but there are many 

uncertainties in terms of technology, market readiness, economics, and regulatory 

requirements. This section is a global, state-of-the-art review of the techno-economic and 

regulatory status of energy storage and power quality services at the distribution level. The 

review will establish the global trends in electricity markets that have seen high levels of 

renewable energy penetration. The results of the investigation indicate that further research is 

required to qualify, quantify, and value the installation of mass energy storage particularly at 

the distribution level. 

 

2.2 Country information - embedded generation and storage, and smart metering 

Ten countries have been selected from the G20 group to frame a global snapshot of energy 

policy, electricity system trends and distributed and embedded energy storage. The G20 is a 

group of 19 countries plus the European Union block whose primary focus is the governance 

of the global economy for which energy policy is a major factor. The country selection was 

made specifically to capture a representative global snapshot of countries with different 

political, social and development challenges in addition to energy, transport and heating, and 

cooling issues. Each country has developed policies to suit individual needs guided by the 

Paris Agreement. Individual policies differ depending on the state in each country of the 

economy, energy demand profile, resource availability and the current energy system. For 

each country, the transition phase working towards the target emission date presents technical 

and implementational challenges such as power quality, licensing, grid connection and 

distribution congestion. Challenges are identified for each country together with the status of 

embedded generation, embedded storage, and smart metering. The emissions policy, target 

year, generation and other details are presented in Table 2.1. 
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Table 2.1 Country Policy 

 

Country Emissions Policy Target 

year 

Comments Paris 

Agreement 

ratified 

Generation by type (2020) [11] 

Fossil Renewable Other 

Australia  26-28% reduction on 

2005 levels [18] 

2030 Abundant fuel 

resources with coal 

providing over 60% of 

electricity 

Yes 77.4% 22.6% 0% 

Brazil 37% reduction on 2005 
levels 
43% reduction on 2005 
levels [19] 

2025 

 

2030 

Low carbon intensity 

due to high level of 

hydro generation 

Yes 13.2% 84.2% 2.6% 

China 60%–65% reduction in 
carbon intensity per unit 
of gross domestic 
product 
CO2 emissions to peak 
in circa 2030 [20] 

2030 Abundant coal 
reserves providing 
over 60% of 
electricity 
Large solar producer, 
but only accounts for 
circa 2% of electricity 

Yes 70.5% 29.3% 0.2% 

Germany 55% reduction on 1990 
levels 
Plan to reduce to 80%- 
95% on 1990 levels 
[21] 

2030 

 

2050 

Aspiration for 

electricity to be 

supplied primarily by 

renewables 

Yes 42.1% 42.9% 14.9% 

India 33-35% reduction in 
“emissions intensity” 
compared to 2005 
levels 
Plans for 40% of 
electricity to be 
renewable or nuclear 
[22] 
Creation of carbon sink 
of 2.5-3 Gt-CO2e [23] 

2030 

 

2030 

Heavily reliant on 

coal for the rapidly 

growing market. 

Solar, wind, and 

energy efficiency 

schemes being used 

to reduce emissions 

Yes 76.9% 20.2% 2.9% 

Russian 

Federation 

Can achieve Paris 
Agreement targets by 
reduction in emissions 
related to oil production 
No long-term goals set 
[24] 

2030 Huge energy 

reserves of oil, gas, 

and coal. Gas 

providing over 40% of 

electricity 

RES sector under-

developed 

Yes 59.8% 20.1% 20.1% 

South 

Africa 

Integrated Resource 
Plan (IRP 2019) to 
reduce coal, increase 
RES and gas [25] 

2050 Coal provides almost 

90% of electricity. 

Developing electricity 

with growing demand 

Yes 87.8% 7.1% 5.1% 

South 

Korea 

Plans to reduce coal 
power and increase 
RES [26] 
Implementation Plan for 
2030 to increase share 
of RE generation by 
20% by 2030 

2030 Growing demand with 

70% reliance on 

fossil fuels. Focuses 

on security of supply. 

Yes 65.5% 6.3% 28.2% 

United 

Kingdom 

51% reduction on 1990 
levels 
57% reduction on 1990 
levels 
Long term plan for net 
zero CO2 [27] 

2025 

 

2030 

 

2050 

Massive growth in 

renewables (solar 

and wind) resulting in 

power system issues 

Yes 37.2% 41.7% 21.1% 

United 

States 

America 

Withdrew from the 
Paris Agreement in 
2019, under Trump, but 
re-joined under Biden. 
Long term plan is 76% 
below 1990 levels [28] 

2050 Large producer of oil 

and gas with fossil 

fuels providing just 

over 60% of 

electricity 

Yes 59.8% 20% 20.2% 
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Australia plans to meet an emission reduction of 26-28% on 2005 levels by a combination of 

hydro, solar and wind. There are plans to expand the Snowy Mountain hydro scheme in the 

Kosciuszko Park which was originally constructed in the 1950s however, due the adverse 

environmental effects on biodiversity this is expected to be met with opposition [29]. Large 

scale hydro development is potentially a solution to meet emission reduction policy and 

complement renewable generation, but these schemes are often faced with difficulties such 

as planning delays, environmental issues, land redeployment and extremely high capital 

costs. Climatically, Australia is well placed to utilise solar PV, and this makes up most of the 

embedded generation. This has resulted in battery storage development, both small and grid 

scale and also thermal storage where the energy from centralised solar plants is concentrated 

using materials like molten salts and used to generate electricity using heat engines [30]. In 

2018 the findings of a Climate Council of Australia report [31] noted that energy storage was 

developing with falling storage costs particularly in households coupled with embedded solar 

PV. The Australian Energy Regulator has a program to install smart meters for all new 

developments and the replacement of existing obsolete devices [32]. This applies to all states 

except for Victoria where the scheme is mandatory. The transition from 77% fossil fuel 

electricity generation to renewable will be a massive political challenge particularly as Australia 

is a net exporter of coal. A combination of domestic rooftop solar PV coupled to small battery 

energy storage is the best opportunity to take advantage of the climatic conditions.  

 

Brazil is a global leader in installed renewables (mainly hydro-electric power) which annually 

contribute over 60% of the generated electrical energy. Brazil has used its unique topology to 

develop electrical generation by hydro-electric power. The hydro plants are used to balance 

solar (1.7%) and wind (9%), but gas (9%) remains baseload and provides the inertia and 

frequency response services. However, in recent years there has been a reduction in annual 

rainfall, and this coupled with rising demand means the hydro schemes are less effective as 

an energy storage resource. Rooftop solar PV represents the best opportunity for embedded 

generation with 7 GW planned by 2024 [33]. Domestic storage located behind the meter has 

been growing especially in the north-east of the country where the sunny climate suits solar 

PV and also to take advantage of the substantial difference between peak and off-peak tariffs 

[34]. There is no government mandate for the installation of smart meters however there is a 

Time of Use tariff for consumers with a monthly consumption above 250 kWh and this coupled 

with domestic solar PV may drive demand for devices [35]. The decreasing effectiveness of 

hydro, rising demand and the growth in wind and solar will present a technical challenge 

considering the hydro is mainly grid scale with solar PV at distribution level. Electrification of 
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heating, cooling and transport will exacerbate the problem at distribution level with increased 

load therefore distributed generation and storage needs to be developed. 

China with nearly 70% of electricity generation from coal accounts for 28% of global CO2. 

Their energy policy is a 60%–65% reduction of carbon intensity per unit of gross domestic 

product with CO2 emissions peaking in 2030. China is planning to reduce carbon intensity by 

driving policy to increase the use of renewables and nuclear [36]. To meet the peak CO2 

emissions by 2030 target, China plans a combination of hydro, nuclear, wind, solar and 

biomass to reach a target of 20% of primary energy by non-fossil sources [37]. With a growing 

demand, huge coal reserves and a regime which exercises a high degree of state control, 

China will struggle to limit emissions. In China in January 2022 there was 108 MW of rooftop 

solar with 29 MW of this being added in 2021 [38]. The Chinese government is encouraging 

the growth of renewables but with nearly 70% of electricity generation by fossil fuels this is a 

huge task. The government has recognised the need for energy storage [39] but despite being 

a major manufacturer of lithium-ion battery cells which are widely used for battery energy 

storage (BES), embedded energy storage development is still in the very early stages. 

However, in the last ten years, China has been developing vanadium flow battery technology 

[40]. One of the reasons for this development is the abundant vanadium resources in China 

in mineral form and as a by-product of steel production [41]. The largest Chinese project to 

date is a 200 MW, 800 MWh project in Dalian Province which is used for peak lopping and 

maintaining grid stability. There has been some rollout of smart metering in China with 

government plans to develop a smart grid [42]. This is mainly led by the electrical utility 

companies and in 2018 China was global leader for installations although this must be put in 

perspective considering the size of their system [43]. The challenge for China in its transition 

to a low carbon economy will be moving from predominately coal fired generation to 

renewables. However, the strong state influence will be of benefit if policies to transition to 

renewable energy can be successfully implemented. 

 

From the selected European G20 countries Germany has the highest percentage of renewable 

generation with 43%. Germany being strategically situated in Central Europe is an exporter of 

electricity via grid connections with neighbouring countries. The Energiewende which is 

German for “energy transition” is the legislation for GHG reduction and renewable energy 

targets. It was introduced in 2010 and is a plan working towards 2025 to transform the power 

system to be supplied by mainly renewables with nuclear being phased out. Nuclear 

generation is being replaced by a combination of fossil and renewables. As a result of this, 

generation by fossil fuel is higher than the UK even though Germany leads UK in generation 
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by renewables. In 2020, 8% of electricity generated was from solar PV. The climatic conditions 

in Germany suit solar PV and on a sunny day can contribute up to 50% of consumption [44]. 

With the high level of renewables Germany is also a leader in energy storage and in particular 

battery energy storage. The German electricity market encourages a combination of solar and 

storage and has a consistent annual growth in terms of storage. It also has a high number of 

behind the meter installations. In 2018 there were approximately 125,000 (950 MWh) home 

storage systems and 59 (550 MWh) large storage systems [45]. The home storage systems 

are mainly deployed for PV self-use and reduction of electricity costs whilst the larger systems 

compete in the ancillary services market. In 2016 the German government passed legislation 

for the roll-out of smart metering. Consumers with a high consumption were the first to be 

provided with smart meters. The scheme commenced in 2017 and is planned to be completed 

by 2032 [46]. 

 

India is the second most populous country in the world, just behind China and similarly has a 

rising electricity demand. However, India has the highest number of people (1.1 billion) globally 

who have no access to electricity living mostly in rural areas. For electrical generation it is 

heavily reliant on fossil fuel at 77% with 20% renewable made up by 10% hydro, 4% wind, 4% 

solar PV and 2% biomass. It is a developing country with a gross domestic product growing 

rapidly at a rate of 7% over the past 5 years. The Indian government plan to achieve a 33-

35% reduction of the “emissions intensity” compared to 2005 levels by a growth in renewables, 

construction of nuclear plant and creation of a carbon sink. Vishwanathan et al (2020) [23] 

provide a model for India to meet its Paris Agreement commitments and in addition to the 

measures outlined previously, the model predicts coal plants being stranded before their 

normal lifetime and a shift to electrification of heating / cooling and transport. Embedded 

generation in the form of solar PV for rural areas coupled to a mini-grid is an option which the 

government are considering [47]. This will require storage with the opportunity expected to be 

between 70-200 GW by 2022 [48]. This energy storage will be required either at large scale 

level or domestic level. Considering the size of the population and the economy, India like 

China will become a major player in the storage market. However, given India’s heavy reliance 

on fossil fuels and with the plan for increased nuclear, energy storage growth may be slow. 

There are plans for smart metering rollout. In a country with electrification of rural areas still in 

development phase, this presents an opportunity. The main challenge for India, like China will 

be the transition from fossil fuelled generation (77% in 2020) to a low carbon scenario. 
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In the Russian Federation which is the fourth largest power system in the world, gas, and coal 

account for 59% of generation with the remainder made up of hydro (20%), nuclear (20%) and 

oil (1%). The Russian Federation plans to meet its commitments to the Paris Agreement by 

lowering emissions related to oil production. There are no long-term goals set. There is very 

slow development of renewables in the Russian Federation even though the Levelized Cost 

of Energy (LCOE), considering the Russian climatic and economic conditions, show that wind 

and solar is comparable with conventional generation with wind second cheapest after gas. 

[49]. Renewable energy excluding large grid scale hydro only makes up less than 1% of 

electricity generated. Under the Strategy for Development of Renewable Energy there was a 

target set for a renewable level of 2.5% by 2020 [50] but this was not legally binding. There is 

a widely held perception in Russia that renewable energy is too expensive. Ironically, Russia 

pioneered renewables with small scale wind turbines in the 1930s and the first use of solar in 

the Sputnik space program of the 1950s. From the 1960s Russia mainly concentrated on 

fossil, nuclear and large hydro. There is little evidence of either embedded energy storage or 

smart metering. Russia as a major exporter of oil and gas is somewhat conflicted in the growth 

of renewables therefore growth in the embedded energy storage and generation area may be 

slow. 

 

South Africa is almost wholly dependent on coal (88%) for electrical generation with nuclear 

(5%) and hydro (2%). Generation by renewables for 2020 was solar PV / thermal (3%) and 

wind (2%). There is a general plan to increase the use of renewables but considering this is a 

developing country and there are still many residences without access to electricity (3.5 million 

homes), the challenge is huge [51]. One of the major barriers to the development of 

renewables is identified as cost and risk [52]. In response the government has introduced a 

renewable energy support incentive scheme, a feed in tariff called REFIT. However, the REFIT 

scheme is identified as not being designed to encourage large scale penetration of renewables 

therefore growth of embedded storage will be slow. In South Africa, the state-run electricity 

supplier ESKOM and partly state-run fuel provider SASOL exercise huge power and naturally 

want to protect their respective businesses. Climatically South Africa is well suited for solar 

(both PV and thermal) however these technologies cannot compete with the coal fired power 

stations which utilise the abundant indigenous reserves. Solar PV may be a solution for remote 

areas and this being the case then storage will be required. Due to the mismatch between 

capacity and demand there are often enforced blackouts, and this has led to wealthy 

consumers installing home battery systems. Power quality at the distribution level is poor and 

this has prompted a study into using smart metering to monitor parameters [53]. The challenge 

for South Africa in transitioning to a low carbon economy will be a) the high reliance on 
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indigenous coal and b) reaching a state where the system capacity can meet demand. 

However climatically the country is well suited to solar and Concentrated Solar Power (CSP) 

at grid level. 

 

In the Republic of Korea (ROK), generation is based on 65% fossil, (all imported fuel), 27% 

nuclear and 6% renewables. The latest government policy is for an increase in the share of 

renewable energy generation by 20% by 2030. There are also plans to reduce the number of 

coal plants. Coal plants will most likely be replaced with higher efficient gas plants but to reach 

the goal of 20% renewables the government has announced the installation of PV (37 GW) 

and onshore and offshore wind (3 GW and 13 GW respectively) [54]. The ROK’s power 

system is electrically isolated so as renewables grow, system inertia will reduce, as frequency 

response will no longer be available from large fossil fuelled generators. The benefits of 

pumped hydro are examined by Ko et al [55], with this paper concluding that 880 MW of newly 

installed pumped hydro would reduce the cost of electricity and cover the volatility of 

renewable energy. In the capital Seoul, a government scheme to assist low-income families 

involved the installation of small solar PV panels (260 W) on residential verandas [56]. The 

recipients were initially satisfied with the technology, but this changed when envisaged savings 

and capacity did not materialise. Some residents thought their electricity bills would be zero. 

This is an example of a scheme which was not thoroughly enough explained in the 

implementation phase. The ROK is a major manufacturer of energy storage equipment with 

two companies in the top ten global list of lithium-ion batteries (discussed in 2.3.1). The plan 

to develop renewables is in the form of solar and wind, but this will need firmed by either 

pumped hydro or storage in the form of batteries, most probably the latter as new installations 

of pumped hydro are often faced with environmental restrictions. The ROK government has a 

plan to introduce a Smart Grid and with that smart metering [57]. Smart metering was initially 

installed for high voltage customers only. 

 

In 2020, the UK had a 37% reliance on electrical generation by fossil fuels with 42% 

renewables and 21% other. The Climate Change Act 2008 [27] is the legislation driving the 

United Kingdom target for net zero CO2 emissions by 2050. This is to be achieved by a 

combination of phasing out coal plants and replacement with efficient gas and a growth in 

renewables (mainly wind). There is interconnection with France, Northern Ireland and the 

Republic of Ireland. Figure 2.1 depicts the operational interconnections between Great Britain 

and the island of Ireland. Great Britain is made up by the UK countries of England, Scotland 

and Wales. The island of Ireland comprises Northern Ireland (a UK country) and the Republic 
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of Ireland. In Northern Ireland the electricity market is operated on an all-island basis with the 

Republic of Ireland. The grid system in the two jurisdictions developed separately but there 

are plans for a new interconnector [58]. As in the UK, the island of Ireland has a large 

renewable resource in the form of wind so a growth in energy storage is expected for these 

closely coupled systems. In Ireland the dominant wind direction is south- westerly hence most 

of the wind generation is located on the west of the island with the main load centres (Belfast, 

Dublin and Cork) located on the eastern and southern coasts. The biggest issue for the UK 

and Ireland is curtailment due to reduced inertia caused by the level of wind generation with a 

suggestion that curtailment issues can be resolved by a two-fold approach of reducing the 

inertial floor requirement and by the installation of renewable energy generators with the ability 

to participate in the balancing market [59]. Embedded generation in the form of rooftop solar 

PV is popular in residential areas as single house ownership is common in the UK. In 2019 

there was 13.1 GW of solar PV with small scale systems making up 56% of this total [60]. The 

remaining 44% of solar PV generation was from large industrial scale systems. A Feed-in-

Tariff for export from residences to the grid ended in 2019 and has been replaced with a Smart 

Export Guarantee which pays small scale low carbon generators for exported energy (Great 

Britain only) [61]. There are grid scale battery energy storage installations in the UK which are 

competing in the ancillary services market. Growth of embedded storage at domestic level is 

slow mainly due to the initial costs and the lack of investment return opportunities. Smart 

Metering for both gas and electricity is being rolled out with 2020 initially set as the target date 

for completion [62]. Due to technical issues with the equipment this target has been missed 

and has been reset to 2024. 

 

Figure 2.1 Interconnection between Great Britain and Ireland 
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The United States of America (USA) withdrew from the Paris Agreement in 2019 with the 

reason given as the agreement being bad for the economy and putting USA at an economic 

disadvantage but despite this, some states still adopted the principles. The country re-joined 

in 2021 following a presidential change. The government long term plan is for emissions to be 

76% below 1990 levels. The United States is a large producer of oil and gas with fossil fuels 

providing 60% of electricity, nuclear at 19%, hydro at 7% and other renewables at 13%. In the 

state of California, domestically installed solar PV has led to a high number of behind the 

meter battery storage installations. This high level of solar PV has caused network issues 

where system demand spikes in the evening after sunset results in the dispatch of fossil fuel 

machines operating sub-optimally thus exposing the need for energy storage. In [63] the 

potential for energy storage to provide peak capacity in USA is explored. The authors state 

that storage can reduce net demand and replace peak capacity. The paper concludes that 

there is potential for 28 GW of 4-hour storage to provide peaking capacity. Also of note is the 

observation of a finite limit to the level of battery storage that can deliver frequency regulation. 

However, this study mainly refers to utility scale storage. An optimization model is developed 

to examine the generation and transmission system through to 2050 under 4 scenarios a) no 

policy, b) no new transmission, c) pessimistic costing i.e., capital cost of PV, wind, battery 

does not reduce as much as expected and d) carbon tax initialising at $20 / tonne and rising 

to $200 / tonne [64]. The conclusions from the study were a) the USA sector can be 

substantially decarbonized at modest cost but very costly to fully decarbonize, b) solar PV and 

wind will make up 40% of generation mix, c) opportunity for long distance transmission 

investments are limited with investments in battery storage a more favourable option, d) the 

use of gas declines and e) electricity costs change from operating costs to capital expenditure. 

For energy storage, conclusions b), c) and e) are very significant indicating for USA a 

continued growth in renewables coupled with growth in battery storage and costs moving to a 

capital expenditure basis. In 2020 nearly half of USA electricity customers have smart meters 

[65]. There is separate legislation for each state which accounts for the differing penetration 

levels. The USA, with its system size and relatively high level of wind penetration (8% in 2020), 

will be a growth area for both renewables and energy storage. 

 

2.3 Renewable energy enabling technologies 

Historically in the old monopoly power system, the primary energy storage was the stored or 

indigenous fuel held by power generators. Coal fired power stations were required by 

regulators to hold reserves of fuel (up to 20 days’ supply) so they could ride through fuel supply 

issues with no effect on output. Electrical power was delivered on demand so to facilitate this 

generation and network over capacity was normal practice. Electrical generation dispatch was 
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centrally controlled and based on weather, day of week and season. Once the initial system 

infrastructure was paid for i.e., power plants and grid, the running costs were dictated mostly 

by fuel price. Countries like UK and France with high nuclear capacity and suitable topology 

used pumped hydro schemes to flatten the demand curve. Ireland on the other hand with no 

nuclear generation used pumped hydro for peak lopping and emergency situations [66]. With 

the shift to renewables this pattern changed, and as shown in 2.1, countries with increasing 

levels of renewable energy have developed alternative forms of storage as pumped hydro and 

other capital-intensive technologies like compressed air energy storage (CAES) are too capital 

intensive. The next move now is for increased use of smaller batteries coupled with embedded 

generation in the distribution system. This non-utility growth has a very different impact on the 

power system as now the prosumer has become a problem as there is no longer a fixed 

demand, no control, more variable pricing, and more uncertainty risk for investor. This means 

an overall increase in wholesale price and a knock-on impact on large industrial demands. In 

the following sections, the technologies available and behavioural changes to transition to a 

low carbon economy are reviewed with an emphasis on energy storage, heating and transport 

electrification and, smart grid, metering and control and, microgrids. 

 

2.3.1 Energy Storage 

Research is extensive in energy storage to firm intermittent renewable energy sources [67]. 

The key technologies are summarised technically and economically in Table 2.2. These are 

pumped hydroelectric (PHS) [68], compressed air energy storage [69], flywheel energy 

storage (FES) [70], battery energy storage (BES) [71], thermal storage [72] and use of 

hydrogen [73] and methane [74]. Other storage technologies are capacitor and 

superconductor magnetic energy storage, which are in the development stage and should be 

candidates for future energy storage, but not included for discussion in this study [75], [76].   
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Table 2.2 Energy Storage Technologies 
 

 Technology Power Energy Project 
Cost 

Efficiency, 
% 

Grid level 
Utility – 

generation 

Pros Cons Development 
state 

$/kW 

$/kWh 

M
e

c
h

a
n

ic
a
l 

Pumped 
hydro 

10MW-
3GW 

to 
100GWh 

1700-
3200 
[77] 
106-
200 

70-85 Transmission Mature 
technology 
High power 
density 
Long life 

Geographically 
restricted 
Capitally 
intensive 
Long lead time 
Grid scale only 

‘000s of 
applications 
globally 

Compressed 
air  

100MW-
1GW 

to 
10GWh 

1050-
2544 
[77] 
94-229 

40-75 Transmission Long life Geologically 
restricted 
Capitally 
intensive 
Long lead time 
Grid scale only 

Only 2 plants 
globally, 
Huntorf Plant 
in Germany 
and 
Macintosh in 
USA. 

Flywheel 100kW-
20MW 

10-
100kWh 

1080-
2880 
[77] 
4320-
11520 

70-95 Grid 
Distribution 

High power 
density 
Fast recharge 
Low 
maintenance 

Low energy 
density 
Large standby 
losses 
High technical 
requirements 
(vacuum 
chamber and 
floating 
bearings) 

Not yet 
mature. 
Further 
development 
required. 

E
le

c
tr

o
c
h

e
m

ic
a
l 

Li-Ion 1kW-
100MW 

to 
100MWh 

1570-
2322 
[77] 
393-
581 

85-98 Grid 
Distribution/ 
Household 

High power 
density 
High energy 
density 
High 
efficiency 

Lithium 
availability 
Emerging 
technology 
Costly 

Widely used 
commercially. 

Lead Acid Some 
kW-
100MW 

To 
10MWh 

1430-
2522 
[77] 
358-
631 

75-90 Grid 
Distribution/ 
Household 

Mature 
technology 
Inexpensive 

High 
maintenance 
Environmental 
risks 
Short cycle life 

Mature 

Flow cell Several 
kW -
100MW 

100kWh 
to some 
MWh 

2742-
5226 
[77] 
686-
1307 

60-85 Grid 
Distribution 
 

High cycle life 
Energy and 
power 
independently 
scalable 

Acidic leakage 
Costly 
maintenance 
Costs for 
redox solution 
high 

Developing 

C
h

e
m

ic
a
l 

Hydrogen 1kW-
1GW 

10kWh 
to 
several 
GWh 

n/a 
  

25-45 Grid 
Distribution 
 

Can be 
stored 
underground 
Energy 
storage level 
high 

High cost 
electrolysers 
Storage 
density lower 
than methane 
Operational 
cost linked to 
electricity price 

Developing / 
demonstration 
phase 

Methane 1MW-
1GW 

1MWh to 
several 
GWH 

n/a 25-30 Grid Long term 
storage 
Compatible 
with existing 
natural gas 
technology 

Low efficiency 
High costs 

Early stage of 
development / 
pilot projects 

T
h

e
rm

a
l 

Concentrated 
solar power 
District 
Heating 
Heat Pump 

kW-MW kWh-
MWh 

n/a Dependent 
on 
technology 

Grid 
Distribution 

Useful for 
storing solar 
District 
heating 
established 
technology 
Heat pump 
technology 
established 

Slow response CSP 
commercial in 
Australia 
District 
heating 
mature 
Heat pump 
emerging 
technology 
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Globally PHS is the most mature and well-established storage technology with an installed 

capacity of 1,330 GW globally in 2020 [78]. A PHS installation can provide energy 

management, seasonal management, back-up, peak lopping, valley filling and time shifting. 

Pumped hydro efficiency can be greater than 80% and recent enhancements have permitted 

variable speed pump / generator equipment which has improved responsiveness to load 

changes. However, it is geographically limited, capital intensive and often delayed due to 

environmental permits. 

 

CAES is a technology which can deliver flexible power quality services but like PHS is 

geographically limited. There are two major CAES facilities in the world, the 290 MW Huntorf 

plant (commissioned in 1978) in Germany and the 110 MW McIntosh plant in the United States 

of America (USA) [79]. Both facilities use salt caverns to store compressed air. A study of the 

impact of CAES on the market in Ireland, which has a large renewable generation capacity, 

concluded with very favourable results including arbitrage opportunities and decreased 

emissions [69]. Crucially however, the response time for CAES is not rapid enough to provide 

the ancillary services now required. The CAES technology has however progressed to second 

generation where small and medium sized gas generators use compressed air stored in an 

above ground structure thus ruling out the need for an underground cavern [80]. This form of 

storage can then be installed at the point in the network of most need and if developed will be 

competition for the battery sector. In a paper which recognises energy storage as a solution 

to the issues caused by intermittent renewable generation, a model is developed which 

demonstrates that high profits can be generated by competing in the regulation market using 

CAES and PHS technologies, and concludes by identifying the additional benefits which could 

be potentially gained by providing other grid services [81]. CAES vastly improves the efficiency 

of gas turbine generation plant by replacing the compression part of the cycle, from 30% to 

70% if the heat from the air pressure can be retained. 

 

Flywheel technology rapidly developed during the industrial revolution as a smoothing 

mechanism for steam engines [70]. Flywheels in the form of energy storage can provide 

system inertia as shown by Yu et al [82], where testing proved that a system connected 

flywheel when subjected to a system disturbance reduced both the frequency nadir and the 

ROCOF. In other literature [83], two flywheels connected in a micro-grid with PV and wind 

generation were shown to share a system load addition with no adverse effect on frequency. 

There are some examples of flywheels being utilised for energy storage commercially in the 

USA [84] and the UK [85]. However large-scale development is still at the very early stages. 
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Potential sites for grid scale flywheel installations could be power station sites with available 

grid capacity due to plant retirement. On such sites there would be available electrical grid 

capacity, space, industrialised zoned areas and engineering expertise. FES can provide 

inertia, reserve, frequency regulation and frequency response. It has had very niche 

applications to solve similar power problems in manufacturing and data storage applications, 

where frequency and power must remain within strict limits. Recent development in materials, 

magnetic bearings and power electronics have brought flywheel technology to the stage where 

it presents a viable option for energy storage. If flywheels can be operated in a vacuum to 

reduce air friction, then efficiency can approach 95% however they are not suitable for long 

term storage. The advantages and disadvantages of FES are described in Table 2.3. Really 

the question here is does a flywheel moot for utility or distributed applications as a power 

quality device?  

Table 2.3 Flywheel advantages and disadvantages 

 

Advantages Disadvantages 

Fast charge / discharge Auxiliary equipment requirement 

High energy density Vacuum enclosure 

No capacity degradation Magnetic bearings 

Easily measured state of charge Safety consideration 

Low maintenance High initial costs 

Short recharge time  

Scalable / easily located  

Low environmental impact  

 

Battery energy storage is an electro-chemical storage technology capable of providing power 

quality services and has been used as complementary storage for variable renewables such 

as solar PV and wind, partly driven by reducing battery costs. There are several battery 

technologies covered by Kale et al [48], ranging from mature lead acid type which are widely 

used in the automobile and heavy goods vehicle industry to developing technologies using 

flow batteries which could see applications in the energy storage market. However, it is the 

lithium-ion battery technology which has emerged as the most popular being particularly 

suitable for both portable devices and energy storage. The reasons lithium-ion batteries have 

become the most popular technology are listed as high energy density; low self-discharge; 
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lightweight and flexible and their relatively low maintenance compared to other battery 

technologies. However, lithium-ion installations do require temperature monitoring and, in 

some installations, depending on ambient conditions, cooling systems. Battery round trip 

efficiencies range from 60% for flow cells to 98% for lithium-ion devices with this and price 

accounting for the popularity of this technology. 

 

Cost presents the greatest barrier to the large-scale installation of battery energy storage. The 

cost of BES is determined by firstly establishing the nameplate duration which is the ratio of 

the BES energy and power [86]. A BES with a nameplate duration less than 0.5 hours is 

defined as short duration, between 0.5 hours and 2 hours as medium duration and greater 

than 2 hours as long duration. BES with short durations typically have lower power capacity 

prices (£/MW installed) and conversely, BES with long durations have lower energy prices 

(£/MWh installed). In many countries, customers installing household solar PV are being 

encouraged to co-install suitably sized battery storage. The associated cost of this storage 

needs to be weighed up against the cost of network build out, peaking plant operation, 

renewable displacement and capacity contracts for marginal plant balanced by the benefits of 

voltage support; frequency; regulation; reserve and the reduction of emissions. The LCOE for 

lithium-ion batteries, which is the lifetime cost of delivery of energy from this technology, is 

falling year on year. A recent trade organisation [87] reported that the LCOE for lithium-ion 

had fallen to $187 / MWh compared to solar ($57 / MWh) and wind ($50 / MWh).  

 

Demand for lithium-ion batteries has been increasing as the popularity of electric vehicles and 

portable battery devices grows with demand tripling between 2015 and 2020 [88]. This has 

led to an increase in the demand for lithium raw materials. The raw material for lithium is either 

in solid form from a type of granite called pegmatite or in liquid form from underground saline 

lakes. The raw material in both methods undergoes extensive processes to produce the 

required lithium metal. Globally, 50% of the lithium reserves come from Argentina, Bolivia, and 

Chile. With increased demand, prices for the raw material have increased but this has not 

seriously impacted the cost of batteries where prices are still falling. However, if lithium-ion 

batteries become the prominent energy storage devices this price balance may change. 

Cobalt is often used to form the cathode in lithium-ion batteries. Over half of the cobalt mined 

globally is sourced from the Democratic Republic of Congo [89], with concerns raised 

regarding the mining conditions and possible links to adverse health issues [90].So, the issues 

are a) are there sufficient reserves of raw material to meet the rising demand, b) are the 

extraction and treatment processes being carried with minimal environmental and health 
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impacts and c) can end of life batteries be recycled? In the rush for energy storage in the quest 

for sustainable economy in the form of lithium-ion batteries these issues need to be seriously 

considered. In Table 2.4 the major lithium-ion battery manufacturers globally have been listed. 

China is dominant in this sector and their plans to combat climate change through increasing 

generation from renewables should see the country continue to lead this technology.  

Table 2.4 Global Lithium-ion battery companies 

 

Company Headquarters  Established Main focus Reference 

CATL China 2011 Electric vehicle, energy storage [91] 

BYD China 1995 Electric vehicle, Solar PV plus energy storage [92] 

GS Yuasa Japan 2004 Automobile and industrial batteries [93] 

LG Chem Korea 1947 Energy storage solutions, chemicals [94] 

Lishen China 1997 Consumer & power batteries, ultra-capacitors [95] 

Optimum 
Nano 

China 2002 Industrial and electric vehicle batteries, 
energy storage,  

[96] 

Panasonic Japan 1918 Multi segments including batteries [97] 

Samsung SDI Korea 1970 Batteries, energy storage, electric vehicle 
batteries 

[98] 

Tesla USA 2003 Electric vehicles, energy storage [99] 

Wanxiang China 1969 Automobile components and batteries [100] 

 

World demand for batteries is growing with batteries being increasingly used in portable 

devices and for energy storage. In 2020 there was approximately 17 GW of battery storage 

capacity with the estimated capacity expected to be 585 GW by 2030 [101]. Australia was an 

early leader in battery storage technology with a single installation of 100 MW. Australia is 

also the leader in residential behind the meter installations and as a result is the preferred test 

bed for new technology. Recent events in Australia (bush fires and damage to the Great 

Barrier Reef) have heightened the call for a national response to climate change and the 

proposed mining of new coal reserves in Queensland has been vigorously opposed by parties 

striving to slow climate change. In the USA there has been steady growth of battery storage 

with 1,688 MWh capacity [102]. The states of New York and Massachusetts have set energy 

storage targets in law. The state of California is the leader for “behind the meter” BES 

installations. This is in part due to a response to the proliferation of domestic solar in this state 

and the requirement to store energy during the day for release during morning and evening 

peaks. 

The rapid growth in battery use for transport and storage will result in waste and disposal 

issues. A circular economy approach to the recycling and reuse of battery components is 

recognised as a driver to achieve the Paris Agreement targets for the transport and power 
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sectors [103]. The components of the battery circular process are reviewed in [104] where 

batteries initially used in electric vehicles get a second life as fixed storage in the power sector 

with the materials finally recycled and entered back into the manufacturing process. Norway 

is almost exclusively powered by renewable hydro power and as a result has one of the most 

electrified transport schemes in the world. Additionally, Norway is a world leader in battery 

circularity, electrification, and battery production [105]. This is an example of a region which 

has taken advantage of its unique topology facilitating hydro power to electrify and fully 

participate in the battery circular economy. 

 

In the UK growth of BES is being held back due to benefits being scaled back. In addition, 

market rules in the UK offer no encouragement for network operators to get involved in energy 

storage either in ownership or operation. For these two reasons growth in the UK for storage 

could be stifled unless change is affected. In Europe, Germany has the highest capacity of 

BES installations. The German electricity market encourages a combination of solar and 

storage and has a consistent annual growth in terms of storage [106]. It also has a high number 

(80,000) of behind the meter installations. However, this trend does not extend into the 

industrial sector. 

 

In the Republic of Korea, the monopoly utility company has been using vendors to install BES 

in blocks of between 16 to 48 MW primarily to provide frequency regulation services. This has 

resulted in a saving for the utility because of a decrease in energy payments to constrained 

generators. The ROK government is planning to grow BES in tandem with renewable energy 

development, with a target of 1.7 GW of energy storage by 2020 [107] and the introduction of 

measures incentivising installation of renewables. To take advantage of these incentives, PV 

generators are increasingly combining with BES to maximise their revenue from energy sold 

into the grid. The sizing of BES therefore becomes very important as the optimal size is key 

to maximising return of investment. In Japan, a contract is in place for a 240 MW / 720 MWh 

BES facility due to become operational in 2023 [108]. This will connect wind turbines totalling 

500 MW to provide balancing demand and grid stability. Global figures from reference [109] 

indicate that BES is concentrated in the developed economies of North America, East Asia 

(mainly Japan and ROK) and Europe. Figure 2.2 depicts the globally installed capacity of BES 

by region.  
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Figure 2.2 Globally installed battery energy storage 

 

The combination of PV and BES has other operational benefits and cost savings. Operational 

benefits include the ability to optimise the Time of Use tariffs, provision of frequency regulation, 

avoidance of distribution and transmission caused outages and deferral of network build-out 

[110]. By co-siting PV and ES equipment, savings of up to 8% are claimed by sharing 

equipment, site planning, permitting and interconnection. In [111] an analysis is carried out on 

the effects of placing a battery at a residential location (behind the meter) compared to a 

communal battery in conjunction with PV. The conclusion reached is that communal batteries 

are more favourable from a system perspective, enabling a higher sharing of electricity 

between grid and battery, whereas a battery at residential level leads to higher self-supply and 

increased motivation and involvement by the customer. BES is also modular, portable and can 

be installed relatively quickly compared to PHS and CAES. Scalability and sizing of BES are 

important attributes which means this technology is increasingly agile when partnered up with 

renewable generation, particularly solar. BES is commercially available from single figure kW 

ratings to utility-scale metrics (greater than 100 MW). Small scale batteries are particularly 

suitable to be co-installed with domestic and commercial PV installations. There are however 

hurdles to such installations in the form of restrictive tariffs, current network operator practice 

and costs. Chemical storage using hydrogen and methane is still in the early stages of 

development. Production of hydrogen using surplus electricity has advantages such as high-

power density, underground storage potential and is emission free when burned with oxygen. 

The downside is the inherent safety issues and the cost of production. Methane as a fuel is 

very compatible with existing gas infrastructure but is also subject to high costs. 
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Battery storage placed in an electricity network can operate as both a load and a generator. 

As such, system operating grid codes have been amended to include relevant and appropriate 

clauses to the operation of battery storage. In the electricity system in Ireland special clauses 

for battery storage were developed in the system grid code as depicted in Table 2.5 [112]. 

Table 2.5 Grid Code requirements for battery storage in the Irish market 

 

Special requirement Conditions 

Active power control Achieve any MW set point between maximum import and 
export assuming sufficient capacity or energy 
Pre- agreed charging acceptable subject to limits 

Ramp rates 3 separate rates: 

• Active power set point 

• Frequency response set point  
Primary response (5-15 s), 60% of droop  
Secondary response (15-90 s), 100% of droop 

• Capacity limited ramp rate 

Frequency response Contribute to control of frequency by modulation of active 
power 

Reactive power control Control modes: 

• Voltage control 

• Power factor 

• Reactive power dispatch 

Reactive power capability Battery to be capable of producing and consuming reactive 
power in either the charge or discharge mode 

 

2.3.2 Heating and transport electrification 

Electrification of heating, cooling and transportation is a key element for widescale 

decarbonisation [113], [114]. Globally the predominant fuel for heating and transport is fossil 

based. Northern European countries Sweden, Finland, Latvia, and Estonia sourced over 50% 

of heating and cooling energy from renewables [115]. In contrast United Kingdom and Ireland 

sourced only 8% and 6% respectively of heating and cooling from renewable sources. Table 

2.6 shows how each selected sample country uses their Total Primary Energy Supply (TPES) 

and includes numbers which inform the potential to electrify transport, heating, and cooling. 

TPES is the total energy imported (by ship or pipe) plus internally produced (mining or drilling) 

energy minus exports [116]. The TPES figures are for 2019. The sector percentage figures 

are based on data from 2017. The TPES units are in tonnes oil equivalent (toe) which is 

approximately 42GJ. In the transport column figures range from 10% of TPES for transport 

use (China) to 29% (United States America).   
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Table 2.6 Use of Total Primary Energy Supply with overview of usage opportunity shifts to low 
carbon / no carbon 

 

2019 TPE
S 
Mtoe 

TPES % (2017) Wood  
for 
cooking 

Motor 
vehicles 
per 1000 
people 
[117] 

Dominant  
RE 
resource 
(excluding 
hydro) [11] 

Public transport 
accessibility 

Electricity
%           

Transport
%           

Domestic
% 

Australia 131 25% 26% 8% N 730 Wind Rapid transport in 
main cities only. 
Intercity rail. 

Brazil 293 4% 29% 9% Y 427 Wind Strong regional 
differences. 
Poor development 
of rail. 

China 3,38
9 

14% 10% 11% Y 181 Wind Mainly inter-city 
railway. 
City. Rapid 
transport 
developing. 

Germany 277 16% 19% 18% N 561 Wind Excellent 

India 934 23% 11% 20% Y 22 Wind Regional rail. 
Buses in cities. 

Russian 
Federation 

773 6% 13% 17% Y 381 Solar Metro in main 
cities. 
Inter city rail. 

South 
Africa 

140 30% 14% 10% Y 174 Wind Taxi in cities. 
Intercity rail. 

South 
Korea 

276 24% 13% 8% N 475 Solar Intercity rail. 
Bus in urban 
areas. 

United 
Kingdom 

156 17% 24% 21% N 471 Wind Excellent 

United 
States 
America 

2,03
4 

21% 29% 11% N 838 Wind Excellent 

 

Electrification of transport is a more efficient use of energy compared to the internal 

combustion engine and has the added benefit of reducing air pollution. Electric vehicles are a 

flexible demand load and when integrated with smart grid systems can be used in demand 

side management schemes. In a comparative analysis of the penetration of electrification of 

transport and residential sectors in Italy [118], results showed that replacement of fossil fuelled 

cars to electric was more effective in reducing CO2 emissions than replacement of gas fired 

boilers with heat pumps. The high initial cost of electric vehicles together with “range anxiety” 

are the main factors holding back further growth. Norway is the world leader in electric vehicle 

sales share with 2021 figures at 65% closely followed by Iceland, Sweden, Denmark and 
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Finland [119]. Charging infrastructure assisted by favourable government policy and 

integration with renewable energy is the key to growth of electric vehicles. Compared with 

vehicles, installed heating systems have a much longer life expectancy therefore electrification 

of this sector will be over a longer time frame compared to transport. Existing water-based 

heating systems cannot easily be converted to heat pump technology. Due to the lower 

operating temperatures radiant surfaces need to be larger for equivalent heat output. The 

seasonal nature of heating demand reduces the effectiveness of this technology in reducing 

CO2 emissions [120]. At the distribution level electrification of heating and transport on its own 

would create a network issue where the network would be overloaded. Therefore, the 

importance of embedded energy storage and generation at the distribution level becomes 

apparent. 

 

In [121] , both heat generation and road transport decarbonisation for Germany in 2050 is 

reviewed. Major findings are that electrification of heat and car transport of 40-100% will raise 

electricity consumption by 400-800 TWh. There are five conclusions a) electricity planners 

need to consider growth in demand, b) direct heat electrification is best together with storage, 

c) for transport electrification no lock into a single technology, d) continued innovation on 

transport electrification and d) scenario builders to use modelling frameworks and open data. 

 

 If electricity can become the dominant energy vector compared to gas and oil, 

decarbonisation of the transport, heating and cooling sectors will happen. Electric vehicles 

and heat pump technology present a flexible demand which integrates with storage and is 

enabled by smart grid. However public perception will be a barrier to this as electricity bills 

may be similar or higher compared to fossil fuelled energy. Furthermore, the capacity of 

existing distribution networks may not be sufficient to deliver the increased energy demand in 

the traditional method, that is generation at transmission level flowing to consumers at 

distribution level. Therefore, governments must find a way to create financial incentives that 

encourage these new technologies so that electrification of heating, cooling and transport can 

grow in a planned and sustainable manner. 

 

Certain countries will have advantages as they transition to a low carbon economy. 

Continental European countries, especially former Soviet countries have used district heating 

for many years albeit fossil fuel fired. However, the infrastructure is in place plus the practice 

of living in apartments is more suitable for district heating than say the type of housing that 
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exists in UK and Irish cities where housing is on a semi-detached or detached basis and a 

heat pump arrangement may be more suitable. Climatic conditions also can create challenges. 

In the temperate countries like UK and Ireland the temperature differential between summer 

and winter is low so there are no extremes requiring excessive heating and cooling. 

Alternatively, in central USA and Europe, summer and winter ambient temperatures are more 

extreme and require both cooling and heating respectively which does create a steadier load 

which is favourable, but as systems get electrified this creates greater demand on the 

distribution network. Schemes like heat pump, district heating and residential storage are 

potential solutions to these issues. 

 

Similarly, public transport where cities have retained their public transport network and 

infrastructure are at an advantage. As an example, Belfast and Dublin are two cities in close 

proximity that scrapped their electric tram system towards the end of the 20th century in favour 

of combustion engine buses. Recently in Dublin an electric tram system called the LUAS [122] 

was installed, utilising the routes where the original trams once ran and with the potential to 

use renewable energy. Belfast on the other hand has not reinstated its tram system but is 

opting for a bus system called Glider using vehicles which can carry up to 105 passengers 

[123]. There are plans to convert the Glider buses to run on hydrogen which would be part of 

a renewable power to gas scheme [124]. Electrification of freight transport is an area where 

there is massive potential for carbon reduction. Policy setting is key in electrification schemes 

together with government backing as potential investors will only get involved if there are 

sufficient returns. For countries that are members of the European Union, each member state 

decides how they will achieve their carbon reduction targets but as explained, geographical, 

economic, and legacy infrastructure will determine the pace of transition. 

 

2.3.3 Smart Grid metering and control 

A smart grid is an electricity network fitted with hardware that allows data associated with the 

delivery and usage of electricity to be monitored and temporally metered. The measuring 

hardware is typically in the form of a meter known as a smart meter or Advanced Domestic 

Meter. The data acquired is used to exercise actions to deliver sustainable and economic bi-

directional power flow. For example, a system operator can use customer data at peak load 

times by sending signals to customer’s smart devices to reduce usage or switch off. This can 

defer or eliminate network build out and avoid the requirement for new fossil fuelled 

generation. Traditional grid systems were metered at the transmission end primarily to 

determine generator output for audit and heat rate measurement and at consumer level for 
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billing purposes. However, the metering was at a basic level with no means to determine 

consumer peak time or usage rates. A smart meter can record consumer usage per time 

period (typically 15-30 minutes). Components of a smart grid include smart meters, smart 

sensors and switching devices. At the heart of the system there is software which will integrate 

energy storage, renewable generation and demand management.  

 

Smart grid as a concept has been challenged as being too intrusive in that it could be 

wrongfully used to furtively monitor individual customer behaviour [125]. Smart meters are 

increasingly being deployed in electricity systems throughout the world. In China there is over 

75% deployment of smart meters. In the USA, 70% deployment is expected by 2025 [126]. In 

Europe, each European Union member state arranges their own roll out strategy. In the United 

Kingdom there was a deadline for completion by 2020 but this has been delayed until 2024. 

A smart grid incorporating smart metering will be key to the growth of energy storage at the 

distribution level. The challenges and issues associated with the development of Smart Grid 

are highlighted in [127]. These have been presented as a) the interaction between the 

hardware and software systems that make up a smart grid, b) integration of demand response 

to residential level to realise savings, market performance and system security, c) energy 

storage: ensuring economical and efficient use of energy storage and d) distribution grid 

management: automated distribution system planning, fault-finding, power quality, restoration 

and monitoring and control purposes. Smart grids will be a facilitator to intermittent renewable 

generation on a power grid and the dilemma for many countries will be financing the initial 

purchase and installation costs. In USA tax incentives have been used to develop renewable 

generation, smart grid, and electric vehicles [128]. Smart grids will facilitate the transformation 

of electrical systems as they evolve to adapt to the challenges of climate change. 

 

2.3.4 Microgrids 

A microgrid is a self-contained system containing generation, storage, and load which is 

controlled and managed locally. It can operate as an independent islanded system or 

connected to a utility grid. A typical islanded system operates with distributed generation and 

no connection the external power grid. This presents challenges when demand is lost but 

generators such as solar continue to produce which may result in high frequency and voltage 

and present a hazard to utility workers. Therefore, special control measures are required to 

detect these circumstances and instigate appropriate action. Interconnected microgrids to 

share and trade energy are studied by Zhu et al [129], with the framework in this study 

containing fuel cell vehicles, storage, and combined heat and power to maximise the use of 



29 

renewable energy. Microgrids are emerging where embedded renewable generation, storage, 

demand side management, and load incorporating smart metering and devices are meshed 

in a grid which is either separate (islanded) or connected to the utility scale grid. Microgrids 

have developed due to the distributed nature of embedded generation There are advantages 

and disadvantages for microgrids. A microgrid in some regions offers resilience and 

independence from the grid. For example, on a large traditionally operated grid system a large 

generator breakdown can result in multiple customer loss of supply. The microgrid in this 

instance can use storage and back up generation to maintain supply. A microgrid avoids 

network build out and avoids transmission losses which are prevalent in traditional systems. 

 

A microgrid is sometimes referred to as a “private wire” where a generator supplies electricity 

directly thus avoiding the public grid made up of transmission and distribution physical assets 

[130]. In this way network charges can be avoided plus any associated levies for example 

renewables or a capacity payment. By sharing these savings, the generator can sell electricity 

at higher than the wholesale price and the customer can buy electricity at lower than the retail 

price. However, in most cases a back-up in the form of a grid connection is still required. In 

Great Britain, Ofgem are reviewing network charging rules with the likely outcome being a 

charge levied on private wire operators to part fund network costs. Ofgem also operate a 

scheme called the Network Innovation Allowance which is an arrangement where network 

licensees receive an allowance to be used for innovation projects [131]. A “virtual private wire” 

arrangement is similar to “private wire” but the connection between the generator and the 

customer is operated by a licensed distribution network operator and is leased. 

 

In regions where the cost of renewables competes with fossil fuel generation and storage is 

affordable, micro-grids are emerging. The large utilities are now seriously challenged as 

microgrids erode their customer base and traditional source of revenue. Extrapolating out the 

growth in microgrids would result in utility grid operating companies and large fossil fuel 

generators (typically coal plants) becoming financially stranded. At the very least retail utility 

companies need to invest into microgrids, actively engage with regulators and evolve to meet 

the challenges of renewable generation. 
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2.4 SWOT and Pugh analysis of concepts associated with distributed and 

embedded energy storage 

In this section an analysis has been undertaken in the form of a combined strengths, 

weakness, opportunities, and threats appraisal informed by the data and information from the 

ten countries response to embedded and distributed renewable generation and storage 

coupled to a Pugh chart to indicate optimal concept choice [132]. 

 

2.4.1 SWOT analysis - Network 

The grid network for most countries has been unchanged for up to 50 years or more. Grid 

design and construction was usually carried out simultaneously with large power plant 

construction and sized to meet power plant capacity and peak load demand. In the last 20 

years renewable generation has been interposed onto grids. Renewable generation in the 

form of wind can be installed rapidly and often with little regard to the transmission system 

which is the delivery route to the end user. Therefore, grid bottlenecks or constraints occur at 

times of high wind and consequently renewable generation often must be curtailed. Network 

build out is one solution to solving the renewable generation issue, but it is expensive, subject 

to delay and only secures the network for a limited period. However, network build out is 

required where renewable generation is remote from the load centres. For example, in Ireland 

due to the prevailing westerly winds most of the wind farms are found on the western side of 

the island. The load centres and densely populated areas are on the eastern side, so some 

network build out is required to maximise use of the resource. 

 

As the level of intermittent renewable generation onto existing grids increases, power quality 

in the form of frequency support, system inertia and voltage support diminishes. These 

services were traditionally provided by large generators but as these are progressively being 

replaced by renewable options, power quality becomes an issue. To find alternative providers 

of power quality services, system regulators have created markets in a quest to attract 

suppliers of ancillary services. An investment in a large MW scale battery can provide a return 

in the form of ancillary services payments for frequency support by injecting or absorbing 

energy as frequency levels fluctuate. However, a grid scale solution requires a suitable site, 

connection and a substantial investment paid back over many years. Delivery of grid scale 

energy is also subject to transmission losses and can create congestion issues. Distributed 

energy storage on the other hand can deliver energy at or very near to the point of usage 

therefore transmission losses are eliminated, and network build out is avoided. The results of 

the SWOT analysis on network concepts to facilitate renewable generation are presented in 
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Table 2.7. For each SWOT chart the subsections of the concepts to facilitate renewable 

energy are listed on the y axis. On the x axis the columns are strengths, weaknesses, 

opportunities, and threats. 

Table 2.7 SWOT analysis of network concepts  
 

 Strengths Weaknesses Opportunities Threats 

Network 
build-out 

Adds network 
resilience and 
capacity to deal 
with high loads. 

Costly, intrusive 
Slow to build and 
subject to delays. 

Initially secures 
network but for a 
limited period only. 

Failure to build out 
may result in 
system saturation. 

Ancillary 
services 

Distributes the 
provision of 
services away from 
the traditional 
system operator 
providers. 

Loss of total 
control due to 
number of 
providers. 

Gets prosumers on 
board with concept 
of a transition to 
low carbon 
economy. 

Collective failure to 
deliver services 
may result in 
system failure. 

 

2.4.2 SWOT analysis – Smart Grid 

Smart metering is a component of smart grid. It is a device which is located at the electricity 

user end and can receive and send data and signals to the network operator. Data from a 

smart meter can be used to smooth load profile, provide price signals to customers for 

arbitrage and Time of Use tariffs, control energy flow and facilitate an automatic billing 

process. In many countries, introduction of these devices has been plagued with problems. 

There have been technical problems, disputes over payment and privacy issues almost 

universally. Customers, it seems are content with a dumb meter which solely measures 

incoming energy. Benefits of a smart metering system and the concept of using associated 

smart devices needs to be clearly explained prior to implementation. Successful rollout of a 

smart meter scheme means renewable generation usage can be maximised and fossil fuel 

use minimised and thus less emissions.  

 

Demand side management is closely associated with smart metering. A strength of DSM is 

that the operational control of load flow is retained by the system operator. DSM is in effect 

the exact reversal of the traditionally dispatch of large power plants to respond to load 

changes. However, control of DSM is complex for instance, when a reduction in load is 

required there may not be enough DSM devices connected, similarly when there is a surplus 

of connected DSM devices, customers may be unhappy if not selected and thus less revenue. 

A form of DSM has been used historically in the form of favourable tariffs for appliance use at 

times of low load. Therefore, customers who have already availed of these tariffs should be 

more amenable to the DSM concept and this should be used as a lever to encourage smart 

meter and DSM. Smart devices are the other vital piece of hardware in a smart grid. 
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Increasingly electrical appliances are being sold in standard form with connectivity so 

conversion for use in a DSM scheme is relatively simple. A threat with smart devices is 

sabotage by hackers with potentially serious consequences. Hence the importance of 

stringent cybersecurity standards. Incentives are often used to encourage the uptake of new 

schemes like smart metering and smart grid. Incentive schemes are usually time bound so 

there is always the possibility of participants leaving a scheme when the incentive falls away. 

However, it is a well proven method for the launch of new concepts. The results of the SWOT 

analysis on smart grid concepts to facilitate renewable generation are presented in Table 2.8. 

Table 2.8 SWOT analysis of smart grid concepts 

 

 Strengths Weaknesses Opportunities Threats 

Smart 
metering 

Provides data for 
control, advanced 
tariff payments and 
analysis. 

Reliance on 
communications 
network. 

Arbitrage, demand 
side management. 

Non consent for 
installation due to 
privacy issues, 
technology failure / 
obsolescence. 

Demand 
side 
management 

Counter against 
network build out.  
System operator 
retains control. 

Requires 
participants to 
have suitable back 
up. 

Gets prosumers on 
board with concept 
of a transition to 
low carbon 
economy. 

Requires suitable 
infrastructure and 
market structure to 
be competitive.  

Smart 
devices 

 Integrates with 
smart metering and 
demand side 
management, gets 
prosumers on 
board with concept 
of a transition to 
low carbon 
economy. 

Reliance on 
communications 
network. 

Job creation as 
new appliances 
required. 

Sabotage, 
technology 
failure/obsolescence. 

Incentives Initially gets 
participants on 
board with 
scheme. 

Payment / other 
incentives not 
always 
sustainable. 

Incentives are an 
established 
method for 
launching a 
scheme. 

Participants leave 
after initial incentives 
expire. 

 

2.4.3 SWOT analysis - Storage 

In this section, energy storage technologies that countries are using to complement renewable 

generation are examined. Geography of an area will determine if hydro power is suitable and 

likewise geology for first generation CAES. Hydro power is an established and installed 

technology for many areas, but new hydro is now problematic in terms of planning approval, 

capital cost and the emissions generated by construction. Likewise, first generation CAES, 

however the use of over-ground tanks presents an opportunity for distributed storage. Thermal 

storage can be subdivided into a number of technologies. Concentrated solar power is only 

suitable for areas with high irradiance and not particularly relevant for distributed systems. 

However electrified district heating schemes replacing existing fossil fuelled schemes are an 

opportunity. Battery prices have been in steady decline and this type of storage is the most 
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suitable for distributed systems. However raw material supply and price will always be a threat 

together with battery life cycle. Finally, in the developing power to gas technology, hydrogen 

is regarded as both a vector and an energy storage method. The technology is not at this 

stage ready for the distribution level but offers huge potential as an alternative means of 

storage and energy delivery. The results of the SWOT analysis on storage concepts to 

facilitate renewable generation are presented in Table 2.9. 

Table 2.9 SWOT analysis of storage concepts to facilitate renewable generation 

 

 Strengths Weaknesses Opportunities Threats 

Compressed 
air  

Proven technology. 
Grid and 
distribution scale 
storage. 

Grid scale storage 
geographically 
restricted, 
response too slow 
for frequency 
services, costly. 

2nd generation 
technology using 
above ground 
tanks suitable for 
distribution 
storage. 

Fossil fuel use but 
could be run on 
fuel from a power 
to fuel system. 

Pumped 
hydro  

Proven technology, 
grid scale storage. 

Geographically 
restricted, costly, 
long lead time. 

Refurbishment of 
existing plant. 

Build delays due to 
environmental 
concerns. 

Flywheel Fast response, grid 
and distribution 
scale storage. 

Not yet mature 
technology, low 
energy density. 

Suitable for 
obsolete power 
plants. 

High technical 
requirements, 
standby losses. 

Battery  Portable, grid and 
distribution scale 
storage, battery 
prices falling. 

Developing 
technology in 
terms of provision 
of ancillary 
services at 
distribution level. 

Quickest and 
cheapest 
technology for 
storage at 
distribution level, 
counterbalance for 
solar and wind 
microgeneration. 

Raw material 
supply and 
possible price 
escalations. 

Power to 
gas  

Long term grid 
scale storage, use 
of existing gas 
infrastructure. 

Low efficiency, 
high costs. 

Carbon free 
combustion for H2 
but CO2 produced 
in methane 
reforming process 
therefore needs 
captured. 

Early stage of 
development with 
pilot projects only. 

Thermal (all 
types) 

Useful for storage 
of solar, district 
heating schemes 
proven technology. 

Slow response if 
thermal storage 
used in electrical 
generation. 

Use of established 
district heating 
schemes, suitable 
for distribution 
scale schemes. 

District heating 
schemes need to 
run at a profit 
therefore may 
need subsidy. 

 

2.4.4 SWOT analysis - Electrification 

Electrification of transport is pivotal to a low carbon economy. In Table 2.5 it is shown that 

motor vehicle ownership per one thousand people ranges from 22 (India) to 838 (USA). This 

correlates with TPES use of fuel for transport at 11% for India and 29% for USA. Using USA 

as an example, electrification of transport would remove the need for fuel production, storage 

and distribution. If the electricity was sourced from renewable devices, then carbon emissions 

from fuel usage are eliminated. However, charging infrastructure is required and an electricity 

network capable of supplying the required load. This load would be predictable (mostly night-
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time charging) and vehicle to grid supply should be feasible. Such a transition would need 

careful planning and phased introduction. 

 

The benefits of the electrification of heating and cooling are country specific. In Table 2.5 it is 

shown that residential use of TPES ranges from 8% in Australia and South Korea to 21% in 

the UK. For the UK, this residential fuel use will have a large heating component caused by 

using gas and kerosene in home boilers. If electrified using renewable energy by use of heat 

pump and district heating schemes, this sector, like transport is an opportunity to a) reduce 

carbon emissions, b) smooth the load, and c) facilitate increased use of renewables. In 

countries like Brazil, China, India, Russia and South Africa where wood is used for cooking, 

replacement with renewable electricity has a two-fold benefit. Firstly, the health benefit to 

those in close proximity to the particulate laden fumes that wood cooking produces. Secondly 

the benefit to the environment by removal of the carbon emissions. The results of the SWOT 

analysis on electrification concepts to facilitate renewable generation are presented in Table 

2.10. 

Table 2.10 SWOT analysis of electrification concepts to facilitate renewable generation 

 

 Strengths Weaknesses Opportunities Threats 

Transport 
electrification 

Huge potential for 
removal of internal 
combustion engine 
vehicles and 
associated 
emissions. 

Massive 
infrastructure 
(vehicles and 
charging) required. 

Low hanging fruit 
in terms of carbon 
removal. 

Incumbent fossil 
fuel industry 
demise and loss of 
jobs. 

Heating / 
electrification 

Huge potential for 
removal of fossil 
fuel domestic 
boilers and 
associated 
emissions and 
infrastructure. 

Heat pump 
installation 
intrusive. 

Low hanging fruit 
in terms of carbon 
removal for those 
countries where 
fossil fuel boilers 
are the norm. 

 May create a spiky 
demand due to 
seasonal 
fluctuations. 

Cooking 
electrification 

Carbon removal by 
the elimination of 
wood, coal and gas 
cooking devices. 

Careful system 
planning if 
widescale 
replacement to 
electric devices. 

Health benefits by 
removal of wood 
burning equipment. 

Requires a reliable 
electricity supply 
otherwise there 
could be social 
issues if no 
cooking facilities. 

 

2.4.5 Pugh analysis 

In the Pugh chart the criteria used to judge concept selection order is on the y axis. The 

concepts to be used to facilitate renewable energy informed by the SWOT analysis are listed 

on the x axis. If the concept in relation to the criteria is better than the baseline, it is given a 

+1, if it is the same as the baseline it is given a 0 and if it is worse than the baseline it is given 

a -1. Completion of the Pugh analysis chart was informed by the SWOT analysis of the 
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concepts to enable renewable energy generation. The criteria chosen were both quantitative 

and qualitative to get a brought view of acceptance. The scores were informed by the research 

on the responses to renewable energy generation in the ten chosen countries. The results of 

the Pugh analysis are presented in Table 2.11. The ranking of the concepts is presented in 

Table 2.12. 

 
Table 2.11 Pugh analysis to determine renewable generation concept choice against 

selected criteria 
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Inertia 0 +1 +1 0 0 0 0 +1 0 0 0 0 0 

Frequency 

regulation 

0 +1 +1 +1 +1 0 +1 +1 0 0 0 0 0 

Power quality 

services 

0 +1 +1 +1 +1 0 +1 +1 0 0 0 0 0 

Public acceptance 0 -1 0 -1 0 +1 -1 0 0 +1 +1 +1 +1 

Ease of 

integration  

0 -1 0 +1 +1 +1 -1 +1 -1 0 0 0 0 

Energy cost 0 -1 0 +1 +1 0 +1 +1 +1 +1 +1 +1 +1 

Carbon reduction 0 0 0 +1 +1 0 +1 +1 +1 +1 +1 +1 +1 

Cost to install 0 -1 -1 -1 0 -1 -1 0 -1 0 -1 0 0 

Disruption 0 -1 0 0 0 0 -1 0 0 0 0 0 0 

Total 0 -2 2 3 5 1 0 6 0 3 2 3 3 

* existing system with developing RE   
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Table 2.12 Concept ranking from Pugh analysis 

 

Concept Pugh Score 

Distribution storage 6 

Demand side management / smart devices 5 

Smart meter 3 

Thermal (district heating) 3 

Electrification of heating 3 

Electrification of cooking 3 

Electrification of transport 2 

Ancillary services 2 

Incentives 1 

Grid scale PHES 0 

Power to gas 0 

Grid build out -2 

 

2.4.6 Discussion of the results of SWOT and Pugh 

In Table 2.11 the concept choices to enable renewable energy onto existing grid systems from 

the Pugh analysis are listed in descending order. The highest-ranking concept of distribution 

storage is not to be regarded as a single solution to the issues caused by intermittent 

renewable generation. All solutions need to be tailored to meet individual country needs. This 

will be determined by geography, economic state, grid system development, level of 

renewable energy, installation costs, government policy and willingness to change. Broadly 

speaking for developed western countries like Germany, UK and USA with access to abundant 

levels of renewable energy the approach should be distributed storage, smart grid, DSM and 

smart devices in tandem with the organic growth in electrification of transport, heating and 

cooking. Distributed energy storage rather than grid scale is more favourable because it avoids 

grid build out and is the fundamental building block of distributed micro grids.  

 

Less developed countries like India and South Africa firstly need to decarbonise their power 

generation mix. Generation by coal is over 70% in both countries. The associated industry that 

goes with coal mining, coal fired generation and ash disposal creates employment, vital to the 

economies of these countries but a way must be found to phase out this mode of electrical 

generation. Developed countries like Australia and China rely heavily on indigenous coal 

reserves for fossil fuel generation. These countries also have access to renewable generation 
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but will need strong government policies and a strategic plan for transition to a low carbon 

economy. However due to their strong economies the phasing out of coal plants should not 

have as much impact on jobs as say in India and South Africa. In Brazil, legacy hydro-electric 

power plants have kept carbon intensity low with only 18% of fossil fuel use in 2017. However, 

from Table 2.5 it is shown that 29% of TPES is used for transport. This is a clear signal for 

transport electrification in Brazil making use of renewable energy. A transition of this scale 

would require legislation to incentivise electric vehicle manufacture, investment in charging 

infrastructure and affordable vehicles. The economy of Russia is heavily dependent on the 

fuel supply industry and the country is a major exporter of gas to Western Europe. This may 

explain the very slow growth in renewables despite the resources available. 

 

Distribution storage ranks first in the Pugh analysis for the following reasons a) provider of 

power quality services, b) ease of integration and c) energy cost and carbon reduction. The 

question is, should the storage be located residentially or co-located with say district heating. 

Where conurbations and housing clusters exist, storage should be distributed. In more rural 

areas storage should be located residentially however this may be more costly although if 

coupled with say solar PV there will an opportunity for self-use. Likewise, for industry and 

agriculture, on site storage creates opportunities for DSM, arbitrage, and ancillary services 

provision. 

 

The use of Demand side management / smart devices is closely aligned with smart metering 

and this group of concepts rank second in the analysis. These technologies are probably the 

easiest to implement. After the hardware has been installed the utilisation of the equipment 

can organically grow. For example, smart meter and smart devices when first installed can 

operate with no DSM or control functions invoked. However, when customer realisation of the 

benefits of DSM, Time of Use billing and a clear understanding of metered data occurs, the 

scheme should organically grow. Bi-directional data exchange between grid level connection 

and demand side will complete the loop in terms of balancing and in effect creating a virtual 

power plant using the DSM technology. To maintain effective cybersecurity all smart metering 

and smart devices need to be compliant to the requisite operating codes. 

 

Microgrids incorporating embedded renewable generation, smart devices and smart meters 

are a challenge to large scale utility operators and generators. If microgrid development 

proceeds unchecked, network operators may be forced out of business due to dwindling 
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revenues. This must not happen as networks remain crucial to electricity grid operation but 

not in the traditional way systems have been run. This is all due to the change in grid structure 

from the generation-transmission-distribution pattern to distributed generation and storage. 

Ultimately the new grid system will need to be financed and this is the crux of the issue if there 

is to be widespread adoption of distributed generation and storage. Regulation and control 

must be in place to prevent unrestricted microgrid development. The development process 

needs to be carefully planned in a way that favours microgrid growth but maintains linkage 

using a suitably sized grid. Microgrids built with adequate storage will support renewable 

generation, avoid network build out, and reduce transmission losses. Utility retail companies 

need to actively engage and work with regulators to develop financial models which support 

this new grid development as this link between the big network operators and the consumer 

will be key to microgrid growth.  

 

Thermal storage in the form of district heating is an obvious partner to distributed energy 

storage. In parts of the UK like Scotland and Northern Ireland where gas networks are not 

accessible, domestic heating is achieved using residential boilers which have an associated 

fuel storage tank. Replacement of these boilers by electric district heating not only eliminates 

the combustion process but also the fuel oil transport and storage infrastructure. Use of heat 

pumps like storage is a locational issue. Rural areas are more suitable for heat pump with 

urban areas better suited to district heating. 

 

Electrification of cooking already exists in most developed countries. However, for countries 

that use wood for cooking, electrification has clear environmental and health benefits already 

explained. However, a reliable electricity supply is paramount as those countries that use 

wood for cooking tend to be less well developed. 

 

Electrification of transport is the one area where there are huge gains to be made but it will 

take something of a revolution to complete the change from internal combustion engine 

vehicles to electric. However, vehicles do have a finite lifetime and if charging infrastructure 

can be put in place as the Netherlands has done then incentive schemes can be used to 

encourage electric vehicle purchase. Improved public transport (using renewable energy) 

should lessen single occupant journeys and go some way to removing the range anxiety which 

is seen as preventing a greater uptake of electric vehicles. Electric vehicles which although 

now affordable require infrastructure, charging stations, storage, and software. The main 
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hindrance for users is charging availability which will be key to growth. Mass electrification of 

transport will provide a predictable demand profile that will be advantageous to short- and 

medium-term generation planning. For example, all public transport journeys are scheduled 

well in advance with a known energy usage. Static energy storage at transport hubs could be 

used to harvest renewable energy when supply is abundant and then transferred to public 

transport vehicles as required. Private electric vehicles also present an opportunity as a known 

demand (grid to vehicle) and as a provider of energy (vehicle to grid) when vehicles are 

dormant for example during evening and night-time hours.    

 

Ancillary services are used as a tool to facilitate renewables. These services can be supplied 

by the incumbent fossil fuel generators which is a non-sustainable course of action. Therefore, 

ancillary services must be supplied by either renewable generators or associated energy 

storage plant. The revenue from the provision of ancillary services is a form of incentive but it 

is important that the level of revenue is both sufficient to reward providers based on the 

benefits accrued and to cover the initial investment. 

 

2.5 Key findings and conclusions 

This section is a review of the technological response of ten selected countries from the G20 

group to the growth of intermittent renewable generation from the perspective of distributed 

and embedded energy storage. The purpose of the study is to carry out an analysis of the 

strengths, weaknesses, opportunities, and threats of the enabling technologies married to a 

Pugh analysis to inform technology choice.  

 

There are 4 key findings from this review. 

(i) Solutions will vary regionally depending on geography, economy, grid, renewable 

generation level, government policy and willingness to change. Broadly speaking, 

solutions will embody distributed storage, smart grid, smart metering, and 

electrification.  

 

(ii) Distributed storage in the form of batteries at the retail level will be a key solution due 

to falling battery prices and the ease of installation. However, this needs to be carefully 

planned with consideration given to the supply chain and the total life cycle costs 

including recycling of materials and disposal.  
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(iii) The ancillary services that batteries at retail level can deliver needs to be properly 

recognised and rewarded by system operators. Smart grid and smart metering will be 

a key enabler in developing the growth of smart devices, energy storage at the retail 

level and demand side management. This will require a change in network design at 

both transmission and distribution levels. Domestic and industrial design will also need 

to allow for smart loads and storage.  

 

(iv) Electrification of heating and transport are highly significant in terms of carbon 

reduction and use of renewable energy with storage as the key enabler. However, in 

some regions this change will require careful planning depending on the level of 

economic reliance on the fossil fuel industry.  

 

Finally, a future research direction has been identified in the form of a ‘techno-enviroeconomic’ 

analysis into the connection of mass energy storage to qualify, quantify and value the 

installation of mass energy storage, particularly at the distribution level sitting within a retail 

market context. In the Section 3 a gap analysis review of frameworks and approaches used 

to regulate, plan, and operate electricity markets is carried out using the same ten countries 

that were selected for this review. 
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3.0 Frameworks and approaches used to regulate, plan and operate retail electricity 

markets: a gap analysis 

 

3.1 Introduction 

Retail electricity markets are transitioning at variable rates driven by government directives, 

market forces and decarbonisation. This section is a gap review analysis of the state of retail 

markets from ten globally dispersed countries. For each country a snapshot of current trends, 

technologies and plans is used to build up a picture of the historical transition and any lessons 

learned. The analysis reveals that although the technologies and concepts exist for retail 

markets to further transition to achieve the goal of decarbonisation, questions remain 

unanswered. The implementation gaps in the operation of liberalized retail electricity markets 

are identified in this section. Such as, who will instigate the transformation, who will pay for 

the transformation, who will provide the continual innovation, what will be done and how will it 

be done? The outcome of this work is a prompt to the next steps regarding market and system 

modelling.  

 

3.2 Global retail electricity markets 

Using the same ten countries as Section 2, an examination of country data is used to frame a 

global snapshot of the retail electricity market regarding structure, embedded generation and 

storage development of the electricity supply industry. These selected countries are a 

representative group of middle- and high-income economies, diverse geographies, varying 

fuel dependencies, and different stages of retail market reform. Data relevant to the study in 

this section is presented in Table 3.1. 

Table 3.1 Country data 

 

Country Population 
(million) [133] 

Economy type 
[134] 

Generation by 
renewables % [11] 

Retail market 
reform start date 

Australia 25.7 High 22.6 1990 

Brazil 212.56 Upper mid 84.17 1996 

China 1,402.11 Upper mid 29.35 2015 

Germany 83 High 42.91 1998 

India 1,380 Lower mid 20.25 2018 

Russia Federation 144.1 Upper mid 20.05 2001 

South Africa 59.31 Upper mid 7.06 In planning 

Republic of Korea 52 High 6.33 1999 

United Kingdom 67.2 High 41.67 1999 

United States of 
America 

330 High 20.03 1992 
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Restructuring of the electricity industry commenced in Australia in 1990. The functions of 

generation, transmission, distribution, and retail were separated into individual entities with 

this trend also occurring simultaneously in many of the developed countries. Up to 1990 the 

electricity industry had been in state ownership. One of the key aims of the restructuring was 

to create competition in retail supply [135] but even at this early stage it was recognised that 

at residential level, price reduction was unlikely unless the corresponding competition in 

generation was effective in reducing costs. For the first time customers were presented with a 

choice of supplier and moving forward thirty years the basic market structure has remained 

similar, but the shape of the system has dramatically changed. Climatically, rooftop solar 

photo-voltaic generation has resulted in Australia having the highest percentage of this type 

of embedded renewable generation in the world [136]. Prior to the growth of renewable 

generation, electricity was seen as a homogenous product but also essential for modern-day 

living. However renewable energy has turned this idea on its head together with the 

developments in smart metering and other forms of distributed generation. Now customers 

are interested in feed in tariffs, behind the meter storage and competing in the ancillary 

services market. Information technology developments can enable real-time monitoring of 

electricity usage and this together with signals from distribution system operators mean that 

customers at the retail end could actively compete in the new ancillary services market and 

additionally contribute to reducing peak demand. The paper in [136] suggests that retail prices 

will increasingly deviate as power generation is decarbonised and also with increased 

renewables and storage, prices will tend to be more fixed compared to variable. 

 

The Brazilian electricity system is the largest in South America with hydroelectric power 

annually contributing over 60% of the generated power. Reform of the system started in 1996 

with the distribution companies being the first to be privatised [137]. Decreasing rainfall and 

increasing solar has resulted in the hydro schemes being less effective. In the northeast of 

Brazil, battery energy storage located behind the meter, coupled to rooftop PV has been 

growing, encouraged by new tariff schemes introduced in recent years by the government. 

These tariffs are primarily aimed at retail customers [35] and are specific to Brazil, directed at 

countering the dependency on a hydro power dominated system coupled with intermittent PV. 

A summary of the tariff proposal is presented in Table 3.2.  
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Table 3.2 Proposals for the Brazilian retail sector 

 

Proposal Outcomes 

Tariff flag system Reflects the real cost of electricity and raises customer 

awareness. 

Promotes a reduction in thermal generation. 

Not popular with utilities as it results in a loss of revenue. 

White hourly tariff A time-of-use tariff where rates change according to time of 

day. 

An incentive to reduce consumption at peak times. 

Electricity 

prepayment 

Reduces operational costs and fraud. 

Empowers customers. 

Companies provide the meter acquisition costs. 

Smart metering Emerging system. 

Enables the white hourly tariff. 

Requires support, information and potential benefits explained. 

Distributed 

generation 

Solar PV opportunity huge. 

Will result in revenue decrease for distribution utilities. 

Demand response Aimed at peak demand reduction. 

Will enable the integration of renewables. 

Meshes with the tariff flag system, white hourly tariff, and 

prepayment schemes. 

 

China generates 70% of its electricity from coal and is one of the major contributors of global 

CO2. In recent years China has invested heavily in wind but curtailment remains a major issue. 

Due to the low cost of coal generation, it is difficult for wind power to compete in the wholesale 

electricity markets [138]. In 2015 the Chinese government recognised this and introduced a 

new series of power system reforms at all levels [139]. These reforms included policies on 

pricing mechanisms, renewable generation and power system planning. China, therefore, 

remains well behind other countries regarding retail electricity reform primarily due to the low 

cost of fossil-fuelled generation. Coal plants have a high capital cost but very low running costs 

and have all the power quality attributes of this traditional form of generation like voltage and 

frequency support, inertia and reserve. The Chinese government has the unenviable task of 

decarbonising and their efforts will be focused on this alone. Real reform of the retail market 

will only occur when a high share of renewables forces the issue further which will re-ignite 

the drive to find a system which can cope with the intermittency. Ironically China is a major 

manufacturer of lithium-ion battery cells which are widely used for battery energy storage. 

Additionally, there has been a rollout of smart metering which the government intends to use 

in conjunction with a smart grid [42]. The challenge for China will be in moving away from coal-

fired generation however, state influenced policies will force this change but not in the near 

term. 
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Germany along with most other European countries has operated an established liberalized 

retail market since 1998 [140]. However, the average cost of retail electricity in 2020 was the 

highest in Europe at 30c (euro) per kilowatt-hour [141]. This is due to the Energiewende which 

is the German government legislation for greenhouse gas reduction and renewable energy 

targets. There are plans to phase out nuclear power by 2022 (there are just 3 plants still 

operating), however this is being replaced by a combination of fossil-fuelled and renewable 

generation. The combined effect of the reduction in cheap nuclear being partly replaced by 

subsidised renewables accounts for this high price. Renewable generation is the highest in 

Europe at around 43%. The retail end of the market is dominated by 4 large utilities which 

meet 75% of the supply [142]. The remainder is made up by local production, both municipal 

and small producers. The retailers offer different tariffs, but household customers show a 

reluctance to swap providers. In [142] a study on pass-through costs revealed that firms with 

high market power (like the 4 main utilities) only pass through 50% of the costs whereas the 

smaller and more competitive firms pass through up to 70% of the costs. In Germany climatic 

conditions suit PV and on a suitable sunny day this can contribute up to 50% of consumption 

[44]. This level of PV coupled with behind the meter storage results in self use and in 2018 

there were approximately 125,000 (950 MWh) home storage systems [45]. Smart metering is 

being rolled out to all retail customers in a scheme which commenced in 2017 with completion 

planned for 2032 [46]. 

 

India is the second most populous country in the world after China but also has the highest 

number of people globally who have no access to electricity. The country is heavily reliant on 

fossil fuel (80% of generation). The electricity sector is evolving rapidly but only recently, with 

the legislation in 2018 (Electricity Amendment Act 2018) initiating the unbundling of the 

vertically integrated model to separate generation, transmission, distribution, and retail 

companies [143]. India, therefore like China is well behind European, North American and 

other Asian countries regarding liberalisation of the retail electricity business. Rural 

electrification and decarbonisation will be the main priorities. Embedded generation in the form 

of PV coupled with battery energy storage is a potential solution for rural electrification with 

microgrids as an option [47]. 

 

Reform in the Russian electricity sector was initiated in 2001. Previously, this sector was a 

state-owned monopoly. The aim of the reform, like in other countries, was to increase the 

efficiency of generation and create the conditions for private investment to drive development 

[144]. The system was made up of aging, inefficient thermal generation with some hydro and 
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nuclear. Following the sale of generation assets, the retail markets for non-residential 

customers were reformed from 2006. This process was complete by 2011 when regulated 

prices for non-residential customers had been abolished. For residential customers the 

liberalization of tariffs was planned for 2014-2017. A recent analysis of the electricity markets 

in Russia [145] concludes that the process of reform has not been completed and there is still 

weak competition in the generation and retail markets. The reason for this lack of progress 

could be due to political influences holding back full liberalization in the fear of price hikes and 

destabilization of power system operation together with a lack of technical preparation [144]. 

Regarding deployment of renewables and Russia’s commitment to the Paris Agreement [1], 

there is little evidence of a developing renewable strategy beyond the legacy hydro-electric 

infrastructure. This may be influenced by the dependence on fossil fuels and the massive 

export market for oil and gas. 

 

In South Africa, the electricity supply industry remains a vertically integrated monopoly bucking 

the global trend for privatisation, liberalisation and restructure. This is partly due to the seismic 

political changes in the mid-1990s and the power delivery issues during the early 2000s, when 

demand outstripped supply and load shedding was common. The state-run utility ESKOM 

recognised the need for change and proposals were put forward for potential restructuring and 

reform, specifically the formation of an Independent System Market Operator (ISMO [146]. 

The ISMO would sit as an intermediary between generation and distribution and would perform 

the functions of system operator, power procurement, transmission and integration with the 

customer. It is clear that retail electricity supply in South Africa is not ready for liberalisation, 

but as the country advances it may be able to move quickly by taking heed of lessons learned 

globally in electricity supply industry privatisation, restructure and liberalisation. 

 

The Republic of Korea (ROK) is still undergoing an electricity industry reform process [147]. 

The ROK established a plan to reform the electricity sector in 1999, chiefly to increase 

efficiencies through competition, and promote customer choice. However due to political 

influences, only the generation sectors were separated out from the previous vertically 

integrated utility. This structure has remained and in 2017 there were six state owned 

generation companies, independent power producers and community energy systems 

generating electricity [148]. The wholesale and retail sectors of the industry remain part of 

Korea Power Electric Cooperation (KEPCO) who purchase from a central exchange and sell 

on to customers. As a result, there has been little impact on retail electricity rates as political 

pressure prevented KEPCO from escalating rates in line with international fuel prices often 
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leading to the utility operating at a loss. The power system in ROK is electrically isolated and 

heavily dependent on imported fossil fuel. To increase shares in renewable energy there are 

plans for PV (37GW), onshore (3GW) and offshore (13GW) wind [54]. The government also 

plans to introduce a smart grid and metering system [57] and this coupled with the indigenous 

battery storage industry could inject renewed impetus into reform of the retail electricity sector. 

 

In the United Kingdom (UK) full competition in the electricity retail sector was introduced in 

1999 with the intention that all customers would have access to a competitive retail market 

and the ability to easily swap supplier. As this new liberalized retail market grew it became 

dominated by six major suppliers who typically charged a fixed rate despite the fluctuation 

from wholesale prices [149]. However, the system is fully regulated by Ofgem in Great Britain 

and the Utility Regulator in Northern Ireland, who monitor the market and promote active 

competition [150] in the respective regions. In 2006 price regulation was removed and in 2009 

price discrimination on the grounds of region was prohibited [151]. However there developed 

a general mistrust of the six major suppliers and an investigation was instigated in 2014 with 

the following findings: 

(i) The prohibition of regional price discrimination resulted in less competition. 

(ii) New licence requirements led to a reduction in doorstep selling which reduced 

customer switching suppliers. 

(iii) The 2014 Market Reforms resulted in fewer tariffs being offered by retailers. 

 

In response to these findings the investigation suggested the following actions: 

(i) A price cap on prepayment meter tariffs until 2020. 

(ii) Greater encouragement for customers in engaging finding better tariffs. 

(iii) A regulator database that would contact passive customers (those who rarely swap 

suppliers) about better deals. 

 

Therefore, although the UK retail electricity sector was one of the first markets to be liberalized 

in 1999, fifteen years later, there remain difficulties caused by the dominance of six major 

suppliers and customer reluctance to switch provider. Presently, Ofgem is now rolling out a 

smart metering installation program, settlement agreements over 30-minute periods, demand-

side flexibility and consumer empowerment and protection. These initiatives can all be linked 

to the increase in renewable generation and the grid challenges this presents. A sudden rise 

in gas prices towards the end of 2021 has resulted in some UK retail energy companies failing 

due to a cap on the charge for energy to their customers [152].  
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The United States of America (USA) electricity sector at retail level is a hybrid system with a 

mixture of regulated and competitive markets. The states which offer a fully competitive retail 

market are mainly in the north-east and also Texas. In the Californian market only certain 

customers are offered a retail choice [153]. The electricity system in the USA has the usual 

generation, transmission, distribution, and marketing sectors, all regulated by different public 

institutions. Following the introduction of the Energy Policy Act of 1992 [154], the wholesale 

market was opened for competition, but it was only in the mid-2000s when individual states 

liberalized their retail sectors and customers had the opportunity to choose supplier. In [155] 

it is noted that a competitive retail market potentially offers opportunities for customers to 

source electricity from alternative fuels including renewables. This, together with a smart 

metering policy, increases competitiveness by offering products like time-of-use tariffs which 

dovetail with the increased renewable generation and the alleviation of power quality grid 

issues resulting from this type of generation.  

 

In 2000-2001 the state of California suffered a shortage of electricity and multiple blackouts. 

The shortage was in part caused by wholesale market manipulation which caused an increase 

in wholesale prices. With retail prices capped this distorted the market leaving retail suppliers 

stranded. This crisis was in part due to the deregulation of the electricity sector in the state 

during the 1990s and resulted in one major energy company going bankrupt [156]. Despite 

the hybrid system and the early Californian electricity crisis, there are lessons from the USA 

retail restructuring process summarised as follows [157]: 

(i) Stringent market entry rules from the outset. 

(ii) Fair, transparent, and strict rules to avoid deception and ensure competition. 

(iii) A competitive retail market is crucial to achieving customer choice and lowest 

prices. 

 

3.3 Markets trends 

3.3.1 Retail markets 

In the last 30 years retail electricity suppliers have transformed from vertically integrated 

utilities to independent operators, acting as the intermediary between wholesale suppliers and 

customers. However, the decarbonisation of the energy industry demands changes at all 

levels of energy supply. At the retail level, incremental change has not kept pace with the 

technological developments of how renewable electricity is generated, at both transmission 

and distribution levels, and consumed and stored by smart devices and small-scale storage 
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devices. In the early 1900s at the advent of the electricity industry, generating companies 

supplied power for street lighting and transport systems. As household appliances became 

available, generators encouraged householders to sign up for a supply and actively marketed 

appliances like heaters, washing machines and lighting with energy usage metered at the 

point of sale. The generating companies set up their own departments to administer 

connection, billing, and handling customer complaints. Electricity companies were either 

government run public utilities or privately owned and subject to stringent regulation. 

 

However, by the 1990s, many countries had reformed their electricity supply industry to 

establish a degree of competition at both generation and retail levels. This resulted in 

generation and distribution companies being sold into private ownership to introduce 

competition in the market. At generation level, power plants found themselves in private 

ownership for the first time in over 100 years. Risk management resulted in determined efforts 

to drive down costs by for example, extending the length of time between maintenance 

outages, purchasing fuel on the world market and performance related operating contracts. At 

the distribution level, licences were granted to independent companies to supply electricity at 

the retail level. Retail companies thus took on the risk of purchasing energy from the electricity 

pool or spot price market and then offering this to customers at a fixed price and for a set term. 

The hope was that this competition would drive prices down, improve customer and energy 

services and ensure reliability [158]. However, most customers remained reluctant to shift 

energy supplier due to the complexity of tariff arrangements and transaction costs [159]. Retail 

company profits suffered as there was little opportunity to increase profits due to a reduction 

in the size of the competitive portion of the tariff.  

 

Development of renewable energy occurred concurrently with the liberalisation of retail 

electricity supply, to the extent that traditionally run transmission grids and retail systems are 

now no longer fit for purpose. Government support in the form of incentives has encouraged 

this growth in renewables. However, due to the intermittent nature of renewable energy, grid 

operators struggle to maximize this low carbon generation and are forced to curtail in favour 

of fossil fuel. Recognising this impediment in the use of renewables, regulators have tendered 

for power quality services like voltage and frequency support, reserve, and ramping [160]. 

However, provision of these services does not fit with current retail supply arrangements 

where customers increasingly have solar generation fitted to house rooftops, utilize electric 

vehicles and potentially could host energy storage in the form of batteries. This highlights the 

need for a change in retail markets and has prompted the analysis in this section. 
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Commentary by experts, policy makers, researchers and the press is presented in Table 3.3 

with a focus on Australia, UK and USA. This press information is considered useful as the 

commentary reflects the views at the time of writing and is a barometer of public opinion.  

These countries were selected as they have well developed and liberalized retail electricity 

markets and in addition, plans for the integration of renewable energy. The regulators in 

Australia and UK publish annual reports on the state of the energy markets and these 

documents have been used to get a sense of the official retail market commentary. A report 

by an impartial and non-profit research institution was used for the USA commentary. In Table 

3.4 the wider commentary from the press and unconnected entities on the retail markets is 

listed for each country.  

Table 3.3 Official retail commentary 

 

 Australia (2020) [161]  United Kingdom (2019) [162] United States of America 
(2020) [163] 

Tariffs Price caps on retailer 
standing orders. Standing 
orders have fallen 10-19% but 
still remain higher than 
market offers. Move away 
from discounting to simpler 
stable pricing. 

Default tariffs capped. 
Declining quality of service 
evidenced by increasing 
Ombudsman cases. 
 

33% of customers served by 
regulated vertically integrated 
utilities.  
In deregulated sector choice 
of supplier but by fixing rates 
there is risk of locking in too 
high. 

Supplier 
dominance 

3 suppliers dominate the retail 
market 

6 suppliers dominate the retail 
market. 

Depends on location due to 
the hybrid system. 

Supplier 
switching 

Government websites 
promote energy pricing 
comparisons. 

Switching rates high but takes 
>15 days. 

Available only in certain 
states. 

Welfare The regulator has established 
frameworks to support 
vulnerable customers. 

Main aim to protect vulnerable 
customers. 

Regulated states: regulators 
oversee rates to ensure 
“fairness”. 
Deregulated states: if 
customer does not choose 
supplier, the local utility is 
obliged to supply.  

Other Recognition at national level 
that investment in firming 
technology required to include 
fast start generation, demand 
response, energy storage and 
pumped hydro.  

• Enable competition, 
innovation, reduce 
prices and create 
new products and 
services. 

• Decarbonise 

• Protect customers  

As renewables grow $0 bids 
may distort the wholesale 
markets in deregulated areas 
and discourage investment.  
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Table 3.4 Wider retail commentary 

 

 Australia United Kingdom United States of America 

Press Article on Australia Energy 
Market Operator report 
preparing for “two-sided 
energy market” where demand 
side can sell directly into the 
wholesale market. [164] [165] 

Article on the benefits of 
switching supplier and links to 
enabling sites for switching 
without penalty. [166] [167] 

Website summarising energy 
trends with prediction of 
renewables (mainly PV) 
doubling from 19% to 38% in 
next 30 years. 
Explanation of Californian 
“duck curve”. Concluding with 
a link for supplier switching 
(certain states only). [168] 
News report on Green New 
Deal Resolution with 
explanation on the wide-
ranging applications and what 
it means as a resolution. [169] 
[170] 
 

Consultant / 
Government  

Report by the Australian 
Energy Market Commission 
who make the retail rules and 
conduct independent reviews. 
Salient findings: 

• Recommendation to 
improve customer 
protection and 
enhance retail market 
resilience. 

• Analysis on how retail 
market is 
incorporating new 
technology and 
digitalisation 
including integration 
of electric vehicles. 
[171] 

Consultant report with current 
developments and future 
trends. 
Developments: 
Record number of retail 
suppliers however 60% of 
customers described as 
“disengaged” despite 
significant savings by 
switching. 
Tariffs being offered that 
integrate with smart devices 
and electric vehicles. 
Trends:  

• Rapid growth in smart 
devices. 

• Strategies for growth: 

• Engage the 
“disengaged”. 

• Diversify by offering 
products linked with 
storage, solar and 
electric vehicles. 

• Package bundling to 
include 
telecommunications. 

• Energy advice. [172] 
 

Report by United States 
Environmental Protection 
Agency (US government 
website). 
Explanation of retail markets 
and the hybrid system of 
regulated and de-regulated 
markets. Commentary on how 
renewable energy options are 
state specific. [173]  

Academic Paper discussing the impact of 
recently introduced price caps 
which have led to the 
withdrawal of the lowest price 
options. A proposal is put 
forward for a mechanism to 
protect vulnerable and 
disengaged customers by 
using a reverse auction 
competing for the right to 
deliver to this group. [174] 

A paper recognising that 
prosumers will be key players 
in new retail markets. 
Recognises that existing 
arrangements not financially 
sustainable. Proposes 10 
enabling principles which 
include bi-directional value 
exchange, multiple energy 
vectors, simplicity, 
decentralisation, self -
consumption, reduced charges 
due to less network build out, 
access to ancillary services 
and community governance. 
[175] 

This paper focuses on the 
retail electricity market in 
Texas, USA which has a high 
rate of consumer switching 
participation (68%). Concern 
is raised about the number of 
acquisitions of suppliers 
causing the residential part of 
the retail market to become 
more concentrated. The 
paper concludes that 
measures to pull back on the 
concentration should be 
implemented by using price 
caps, customer saving 
guarantees and elevating 
prices following lock in. [176] 
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3.3.2 Customer engagement 

Customer engagement in a low carbon electricity environment is a key component where an 

integrated approach between customers, retail supply companies, system operators and 

generators is necessary to ensure systems are affordable and are operated sustainably and 

securely. This is known as the energy trilemma where typically only two out of the three 

dimensions can be satisfied [177]. Customers who actively engage in retail electricity markets 

can potentially enhance the power system by load shifting, self-generation and the use of 

energy efficient equipment. Load shifting is enabled by schemes like Economy 7 where the 

consumer is incentivised to make use of cheaper night-time electricity [178]. Self-generation 

by rooftop solar panels is growing due to the ease of installation and the opportunity for energy 

cost savings [179]. Customers are encouraged via vigorous advertising campaigns to switch 

supplier to secure the lowest energy tariff. However, this is not without issue as evidenced by 

the collapse of some UK retail electricity companies who were adversely affect by the post 

COVID hike in wholesale fuel prices [180]. 

 

3.3.3 Market competition 

Market competition is a key element for retail electricity supply and generation in a smart grid. 

In [181] recommendations are made for the Chinese market based on the lessons learned 

from the US market reform but could be used to advise all markets at whatever stage of 

transition they exist. This is summarised in Table 3.5. 

Table 3.5 Lessons learned from the US market reform 

 

Criteria for successful market Don’ts Dos 

• Retail price should reflect cost 
and delivery of electricity. 
 
 
 

• Competitive market with 
measures to prevent market 
power and manipulation. 
 
 
 

• Sufficiently profitable to attract 
private investment. 
 
 
 

• Flexible to adapt to new 
technologies to achieve 
decarbonisation. 

Intervene with market 
participants bidding behaviours 
– let market discover the costs.  

Encourage market participants to 
hedge short term price risks in 
the spot market and establish 
contracts for difference for 
balancing. 

Set low market price caps in the 
wholesale market – there is a 
need for fast start generation to 
complement renewables. 

Set measures to prevent market 
power manipulation. 

Disconnect retail and wholesale 
prices (example Californian 
crisis early 2000s) 

Encourage innovative retail 
tariffs and customer behaviours 
that optimise energy use and 
contribute to cost savings. 
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3.3.4 Tariff design 

Tariffs for retail electricity are typically offered in two forms namely, fixed price where the 

customer pays a fixed price per unit of electricity used, and Time of Use (TOU) where there 

are specific rates for different times of the day (typically peak and off-peak). As retail electricity 

markets were liberalized and distributed renewable generation became more prevalent, 

additional dynamic tariffs have been introduced such as real-time pricing (RTP), critical peak 

pricing (CPP) and peak time rebates (PTR) [182]. For RTP the price varies according to 

changes in the wholesale market, however this tariff requires market maturity, digitalisation, 

and automation in the form of a smart grid. The CPP tariff applies a higher unit price when the 

grid is constrained or the wholesale price has peaked. For PTR the customer receives a rebate 

for reducing load or disconnecting (also known as demand-side management).  

 

Tariffs can be used to incentivise renewable generation [183]. The four mechanisms 

commonly used are: 

(i) Feed in Tariff: a price is guaranteed for each unit of electricity exported to the grid. 

(ii) Quota obligation system: where a legal obligation exists to utilise a specific amount 

of energy from renewable sources at an agreed price. 

(iii) Tendering system: similar to the quota obligation system but without any 

guaranteed price. 

(iv) Net metering: the retailer must purchase energy produced by renewables at the 

same price as charged for consumption. 

 

This raises the important issue of cost allocation for generation, transmission and distribution 

capacity. Traditionally this was covered by the standing charge portion of the utility bill which 

if charged volumetrically based on units consumed creates an issue when embedded 

generation is factored in. The example of a retail customer with rooftop PV is used to illustrate 

the fall in revenue for the retail supplier due to self-consumption. The retail supplier still needs 

to raise this revenue so ultimately the customer with no rooftop PV is burdened with this cost. 

This type of customer tends to be less well-off, thus creating a social imbalance. 

 

In [184] a bi-level model is used to find the optimal design for retail electricity tariffs for 

customers with the embedded generation or prosumers. The tariffs considered were TOU, 

CPP and RTP. The results show that RTP was optimal for the retailer as the increases in 

wholesale pricing was passed directly through to the customer. However, TOU and CPP were 
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shown to create risk and uncertainty for the retailer as they present opportunities for the 

customer to act optimally. 

 

3.3.5 Retail metering 

Smart meters are an integral component of retail metering in a smart grid. They are used to 

record electricity usage per time period (usually 15-30 minutes but as low as 5 minutes). This 

allows usage at peak and off-peak times to be measured and allows customers to participate 

in tariffs such as TOU, RTP and CPP. Smart meter deployment is at different stages globally 

with varying degrees of success. In Europe the individual member states are responsible for 

the roll-out implementation. In the UK the target for completion was set at 2020 [62] but this 

date has not been met due to technical issues with the equipment. In Ireland the network utility 

has been tasked with the rollout of smart meters to all retail customers by 2024 [185]. The cost 

of this program to replace 2 million meters over 6 years is €1.2bn. The benefits are listed as: 

automatic billing, customer access to information, access to new products; fault finding 

functionality and support for decarbonisation of electricity supply. As metered data is regarded 

as sensitive, storage of this information will be subject to data protection legislation. This 

presents a perceived threat for some customers therefore a public information exercise 

outlining the reasons for smart meters should always be delivered prior to any rollout. 

 

It is too early to say if smart meters have been successful in affecting retail pricing however it 

is clear they are an essential tool in the retail market transition from simple energy usage to 

the active prosumer and the concept of transactive energy. Messaging regarding smart meters 

needs to be focused on both the benefits to pricing and the wider implications on 

decarbonisation and climate change. Encouragement in the form of legislation may be 

necessary. 

 

A smart meter is a solid-state device and reasonably easy to install. The issues are: who will 

install, who will pay, who will educate, and will the benefits be realised? The retail electricity 

companies need to be convinced by regulators or the central government that a smart meter 

is essential to a competitive retail supply of electricity. Payment could be recovered in the form 

of a levy on the supply bills for a limited period. For countries who are signatories of the Paris 

Agreement, the installation of smart grid and smart metering infrastructure should be 

incorporated as a pathway to greenhouse gas reduction. Mass installation of smart metering 

will not necessarily result in lower retail pricing. What will result is lower peak demand, less 
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network build-out, higher renewable penetration, all benefits which contribute to the priceless 

goal of decarbonisation. 

 

3.3.6 Storage 

Storage at the retail level in the form of domestically installed batteries is growing, partly driven 

by the falling prices of lithium-ion batteries [87]. To determine the effect of battery storage on 

the price for retail customers we need to look at how the typical utility bill is made up. Usually 

there are two parts (a) a variable component based on energy used and (b) a fixed component 

to cover capacity costs for distribution, transmission, and generation fixed costs. Retail 

suppliers buy electricity from the wholesalers and deliver to end users or customers. Storage 

at the retail level could allow retail companies to exercise a form of arbitrage on behalf of 

customers and in this way stabilise and optimise the final costs. However, unless there is a 

high degree of competition among retailers, the temptation exists to exercise market power 

and maximize profits with no benefit to the customer.  

Value stacking for connected battery storage is investigated in [186] where the revenues from 

arbitrage and enhanced ancillary services are calculated for a battery operating in the Irish 

electricity market. In this paper a proposal made to introduce a new scalar to be used in the 

algorithm for fast frequency response is investigated based on the following: 

(a) System non-synchronous penetration 

(b) Variation in daily generation 

(c) System inertia 

(d) Synchronous generation 

 

Based on the results of the investigation the authors favour a scalar based on synchronous 

generation. For this case the scalar is inversely proportional to the synchronized generation 

thus maximising the fast frequency response revenue when renewable generation is greatest. 

This investigation demonstrates the linkage between battery storage participation in ancillary 

services and arbitrage earnings and thus presents a strong case for the promotion of storage 

by system operators in systems with high shares of renewables. 

 

For customers who have some form of embedded generation (typically rooftop PV), storage 

is a perfect complement for self-supply. When conditions suit, customers may even be able to 

be self-sufficient. However, this low usage reduces revenue to the retailer in terms of reduced 

profits and contribution to the ‘use of system’ which is normally recovered through the utility 

bill fixed component. In the short term this is a benefit to the customer but in the long-term 
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connection to the grid is imperative due to the stochastic nature of renewable generation and 

funds to maintain this infrastructure must be constantly accrued. Retail pricing will not be 

directly affected by storage at any level however, the technology will play an integral part of 

smart grid and the reformation of the electricity supply industry. 

 

3.3.7 Unit commitment models for energy storage considering retail electricity 

markets 

Electricity system modelling tools are used for generation, transmission, and distribution 

system planning and for predicting market trends and revenues. As the electricity industry 

evolved from a utility-based structure into a more diverse organisation, so too the models and 

modelling technology. In [116] 75 of the latest modelling tools are reviewed, where four 

different purposes of modelling are described, (i) power system analysis, (ii) operation decision 

support, (iii) investment decision support and (iv) scenario analysis. Although this paper is 

relatively recent (2018) it recognizes that energy storage in the form of batteries will become 

increasingly more important. It also observes that only a few models consider the uncertainty 

of variable renewable energy sources. Unit commitment models (UCM) are a model type used 

by electricity system operators to economically dispatch generating units. The main cost 

components of a unit commitment problem are fuel costs, and start-up and shutdown costs 

[117]. Generator ramping performance and minimum off and on times are used as constraints 

in UCMs, with the demand for each time period matched by the generation. Traditionally, 

UCMs were used for large fossil fuel-based generation only, but the development of 

embedded renewable generation and energy storage at retail level has added an additional 

layer of complexity to the problem. Thus, the importance of developing these models for use 

at both generation and retail levels where embedded energy storage may be deployed. This 

is recognised in [118], where the need to value energy storage and the value it can provide to 

the grid in the form of ancillary services to support the integration of renewables is outlined. 

The gap in literature regarding the integration of distributed generation (including energy 

storage) is recognised in [119] where energy and electricity sector tools are examined 

separately. The challenge of modelling distributed generation is highlighted, concluding that 

for this growing trend there is no one tool that can capture all the interactions that occur with 

the wider electricity system. However, soft-linking of individual models is suggested as a 

technique to integrate the various facets and attributes of the diverse range of tools used 

therein. 
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A specific systematic literature review was carried out to further explore models used for 

embedded energy storage simulation and scenario exploration. The following steps were used 

to identify the most recent literature: 1) Key term identification and time period setting; 2) Query 

execution using a suitable database to collate papers and reports; 3) Screening process to 

eliminate non-relevant literature. The key terms used for this search were “embedded energy 

storage” and “models”. The time period was set to 2015-2020 to capture the latest 

developments in this fast-moving area of research where models and modelling techniques 

are rapidly evolving. The subject area was limited to “engineering” and “energy”. The query 

was set up and executed using the database Scopus®. The query results returned 416 articles 

complete with document title, author, year, abstract and citation information. This list was then 

manually screened to eliminate non-relevant papers. This final screening process resulted in 

202 papers and reports. Having assembled a corpus of literature on embedded energy storage 

and models, the next stage was to carry out analysis on the associativity of the key phrases 

occurring in the corpus abstracts. This was carried out using a tool called CorText Manager®. 

A “terms extraction” facility was used to automatically identify frequently used phrases from 

the abstracts within the corpus. 

The initial modelling literature search and subsequent screening identified 202 papers. The 

analysis identified the associativity and frequency of phrasing from the literature abstracts. 

This analysis was used to further refine the literature and identify 10 modelling papers which 

discussed embedded energy storage simulation and scenario exploration. These papers were 

examined in detail as depicted in Figure 3.1 and described in Table 3.6. In this table the 

application and model solution are presented. The modelling tool used for the proposed 

solution method was only apparent for one of the references [120], where MATLAB was used. 

Finally, the objective function is described together with the results and any potential issues 

are outlined. 
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Figure 3.1 Embedded energy storage models 

 

The results of the literature review as shown in Table 3.6, revealed the use of various 

modelling techniques which included bi-level stochastic, mixed integer linear and non-linear 

programming, Monte Carlo simulation, genetic algorithm, enhanced bee colony optimisation 

and the use of Benders decomposition. The common thread of model application is the 

objective of improved integration of renewables into distribution grids using energy storage to 

balance the stochastic and diurnal nature of this generation. The objective function was mainly 

associated with the maximization of profit or revenue with most models examined returning 

positive results, but little or no comment regarding the maximization of renewable generation. 

Market operators often introduce an ancillary service market to incentivize providers with a 

view to increasing renewables and stabilising the grid at the transmission level, but very few 

appear to have looked at the low hanging fruit in the distribution level.  
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Table 3.6 Embedded energy storage models 

 

Ref. Application Model Objective function Results Potential issues 

[187] Exploitation of EV 

battery storage for 

ancillary services. 

Bi-directional smart 

charging considering 

user preferences 

implemented in MATLAB. 

Maximise profit, 

minimise cost, whilst 

managing ancillary 

services, energy 

transactions and 

battery levels. 

Improved revenue. 

Increase in energy 

transactions. 

Increase in ancillary 

services provision. 

Requires owner 

cooperation. 

Volume of EV 

ownership to be 

above a critical mass 

for maximum effect. 

[188] Optimal day ahead 

integrated heat, 

energy and reserve 

scheduling in a 

microgrid. 

Bi-level stochastic model 

to simultaneously 

schedule active power, 

heat and reserve in an 

active way. 

Maximise social welfare 

using energy storage 

and demand response 

programmes. 

Positive results dependant 

on type of program 

invoked, namely Time-of-

Use, Real-Time-Pricing or 

Price-Based-Demand-

Response. 

Requires a suitable 

microgrid equipped 

with generation, 

storage, CHP, and 

access to suitable 

tariffs. 

[189] Scheduling a home 

energy management 

system (HEMS) to 

implement a demand 

response program. 

A mixed integer linear 

program which uses sets 

for scenarios, time 

periods, appliances, 

storage and usages.  

Minimize the average 

total costs of possible 

scenarios. 

A house with HEMS 

compared to one without 

has a lower energy cost. 

Some discomfort due 

to the scheduling 

outcome –include this 

as a criterion in future 

work. 

[190] A strategy to 

optimally place solar 

generation and 

energy storage in a 

33-bus test 

distribution system. 

A bi-layer strategy with 

placement of solar and 

storage in the outer layer 

and operational control in 

the inner layer. 

Minimize feeder power 

loss, voltage deviation, 

reverse power flow and 

load deviation. 

Improvements in all 

objectives plus the 

elimination of reverse 

power flow. 

No consideration 

given to the capital 

cost of solar and 

battery placement. 

[191] Dynamic dispatch of 

battery storage 

integrated with 

variable generation 

with consideration to 

charge and 

discharge cycle. 

A stochastic dispatch 

model using reinforced 

learning and dispatch 

rules. 

Maximise the profits of 

battery energy storage 

whilst minimising 

degradation costs due 

to charge / discharge 

and penalties for power 

tracking errors. 

The proposed method 

outperforms a baseline 

reinforced learning 

method for both revenue 

and power fluctuations at 

the microgrid point of 

common coupling. 

Some dispatch rules 

were introduced to 

reduce infeasible 

actions and improve 

quality of solution. 

Could more rules 

further improve the 

method? 

[192] Optimally size an 

energy storage 

system whilst 

minimizing overall 

system cost for a 

system with 60% 

wind penetration. 

Monte Carlo simulation 

used to replicate the 

dynamic and stochastic 

operation of wind 

generation, energy 

storage and load. 

The simulation is used 

to suggest storage 

type. Economic 

analysis is used to 

suggest storage 

technology. Sensitivity 

analysis used to assess 

impact on costs and 

value of lost load.  

A 150MWh storage 

system selected for 

reliable system operation 

at 60% wind penetration. 

A 16MWh storage system 

selected to minimize 

overall cost based on 

value of lost load. 

Both systems cannot 

financially compete 

with conventional 

sources currently 

participating in the 

test case market. 

[193] A smart grid 

architecture to 

address solar 

penetration, back 

feeding and variable 

supply. 

A 3-level architecture 

with main, micro and 

nano grid together with a 

“micro-grid key element” 

model to reduce 

complexity and increase 

flexibility.  

The model was used to 

analyse a virtual 

system via the “key 

element” approach for 

various solar 

penetrations. 

Proposed model can 

reduce energy cost and 

power losses. 

Battery energy 

storage degradation 

and electric vehicle 

integration not 

considered. 

[194] Comparison of 

methods to optimise 

integration of 

distributed energy 

for dynamic tariffs in 

a home energy 

management 

system. 

Two models are 

compared, mixed integer 

linear programming 

(MILP) and metaheuristic 

or genetic algorithm 

(GA).  

Minimise the cost of 

electricity to include a 

monetary value on 

customer 

dissatisfaction with 

possible changes in 

load operation. 

The MILP method 

provided an optimal 

solution but only after 15 

minutes of computation. 

The GA method provided 

a solution very close to 

the MILP after 1 minute of 

computation. 

The MILP solution 

delivers the best 

result but computing 

time too long. 

Therefore, the GA 

solution is the 

preferred method. 

[195] A framework to 

optimize the bidding 

strategy of a smart 

distribution company 

(SDC) for a system 

with wind, electric 

vehicles and battery 

storage. 

The electric vehicle, 

battery storage 

generation are modelled 

as a mixed integer non-

linear program using a 

Benders decomposition 

technique to partition the 

problem into two levels 

(master and sub). 

Maximise the profit of 

the SDC by bidding into 

the day ahead market 

with the master level 

solving the hourly price 

and the sub level 

checking for 

constraints. 

Use of the model shows 

that by integrating the 

demand response 

(electric vehicle load) and 

the battery storage, the 

SDC’s profit can be 

increased. 

The proposed system 

will require the 

cooperation of the 

electric vehicle 

owners to change 

consumption based 

on hourly price 

signals. 

[196] Solving the 

economic dispatch 

of a microgrid 

consisting of 

renewable 

generation, micro 

turbine generation 

and energy storage. 

The component parts of 

the microgrid are 

individually modelled. An 

enhanced bee colony 

optimization (EBCO) is 

used to determine the 

energy management 

strategy. 

Minimize the total 

operating cost whilst 

satisfying the system 

constraints. 

Two scenarios 

investigated, grid 

connected, and non-grid 

connected. The results 

were compared to other 

problem-solving 

techniques which include 

genetic algorithm. For 

both scenarios the EBCO 

returned the best results. 

The individual 

characteristics of the 

microgrid 

components are not 

described.  
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3.4 Next steps for retail market transformation – a discussion 

A critical revision of the ten selected countries shows contrasting approaches to retail 

electricity markets. This is summarised in Table 3.7. 

Table 3.7 Summary of approaches 

 

Country Competition at retail 
level 

Embedded renewable 
energy 

Adoption of smart 
metering and devices. 

Australia Yes Yes Yes 

Brazil Yes Limited Limited 

China Limited Limited Limited 

Germany Yes Yes Yes 

India Limited Limited Limited 

Russian Federation Little evidence Little evidence Little evidence 

South Africa None Limited Limited 

Republic of Korea Yes Limited Planned 

United Kingdom Yes Yes Yes 

United States of America Some states Yes Yes 

 

As illustrated in Table 3.7, Australia, Germany, and the UK have well developed and 

competitive retail markets. The USA has a hybrid system with only some states having 

liberalized markets and others heavily regulated. Here, retail liberalisation has been 

successful, however, it remains independent to the growth in embedded renewables. 

Countries will likely continue to liberalize their retail markets although the Russian Federation, 

for instance, shows little progress towards a low carbon future. For countries with low levels 

of embedded renewables, growth in this area will be a catalyst for retail liberalisation and 

competitive markets. 

 

Commentary at the official level is classed for this paper as emanating from regulators or 

impartial and not for profit sources. This commentary from Australia, UK and the USA focuses 

on: 

(i) Supplier choice 

(ii) Level of switching by customers 

(iii) Protection of vulnerable customers 

 

Only the UK commentary referred to decarbonisation with this directed at the generation level. 

If countries, particularly those signed up to the Paris Agreement are to make real progress, 

retail customers must be made aware that they will play an integral role by the adoption of 

Time of Use tariffs, rooftop PV and energy storage. The current perception is that customers 

currently do not care where their energy is sourced and are more concerned with price and 
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security of supply. This is confirmed by the consultant report [172] mentioned in Table 3.4. 

which describes 60% of UK customers as being “disengaged” to retail switching despite 

significant savings being available.  

Customer engagement is clearly influenced by the complexity introduced by retail suppliers 

associated with tariffs and charging methods. Price and security of supply are a customer 

priority but less so the link between energy usage and climate change. Customer engagement 

should not be about solely securing the lowest price. The emphasis should be on securing the 

best product in terms of price, security, quality of supply, and the environment. 

 

Smart devices coupled with smart metering, link seamlessly into a transactive energy system 

where switching is user determined based on price. This price will reflect time use, peak 

avoidance and the availability of renewable energy. Customers would request a smart device 

operation to occur within a future time slot. This request is sent to the system operator who 

schedules the load. In this way load is scheduled to optimise renewable energy and avoid 

peak loading which has another benefit; the avoidance of network build-out.  

The popularity of residential solar photovoltaics coupled to battery storage presents an 

opportunity for independent aggregators to engage with prosumers to provide system 

services. An aggregator is a service provider who can adjust the electricity consumption of a 

group of users according to the demand on the grid [197]. An aggregator can also sell the 

electricity produced by prosumers. The provision of these services benefits the overall system 

by for example smoothing the demand, facilitating increased renewable generation, and 

frequency and voltage regulation. This flexibility is regarded as a commodity and therefore 

providers i.e., the prosumers should be properly renumerated. To participate in aggregation 

schemes, prosumers can enhance their offering by digitising their equipment using smart 

meters, smart loads, and home energy management systems. In addition, electric vehicles 

integrated to the grid present a variable load and generator. Aggregators have two important 

interactions, firstly with the distribution grid operator to ensure network security and secondly 

with the prosumer groups who by their load and generation management provide these 

services [198]. 

 

The section on modelling in 3.3.7 indicates that a gap exists at the retail level for a distribution 

unit commitment model (DUCM). A DUCM model could be used to determine the most 

economic combination of energy provision at the distribution and retail levels comprising 

embedded renewable generation, demand-side management, and energy storage. There is a 
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clear link between a DUCM and the concept of transactive energy. In Figure 3.2 [199] , the 

information flows required for transactive energy at the retail level are shown. This level of 

complexity requires technology and systems not yet widely installed at the retail level such as 

smart metering, storage, smart devices, embedded generation and software to schedule, 

record transactions and control energy flows. Funding for such a system could be by private 

investment provided an adequate return is possible. Possibly a suitable model would be to 

franchise sections of the retail sector similar to the sales of generation business assets in the 

early days of privatisation of the electricity industry in the UK. Individual entities of a transactive 

energy system already exist i.e., aggregators and suppliers. Maintaining the separation of 

suppliers will retain the competitive element essential for successful retail market operation. 

Competition and the ability to switch supplier must be retained to ensure full customer 

participation. The major hurdle will be customer acceptance and ensuring financial viability. 

The customer acceptance will be in terms of the sharing of data and participation in a scheme 

that may not result in lower costs but will be part of a decarbonisation programme. Financial 

viability will only be possible via regulator intervention to ensure an adequate and fair return 

for private investment. 

 

Figure 3.2 Transactive energy information flows 

 

The future design and operation of the retail electricity market will radically reform this sector. 

Historically customers were encouraged to purchase electrical appliances to increase system 

load and maximize the profit for utility suppliers. This concept has now reversed with suppliers 

sending communication on tariff design, fringe benefits, usage data. However, this flow of 

consumer information needs to broaden to include the benefits of smart metering, smart 
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devices, load or appliance scheduling, electric vehicle charging, integrated district heating or 

heat pumps in rural areas and the need for decarbonisation.  

This research in this section set out to establish the current state of the retail market and what 

changes must happen to facilitate growth in renewable energy. It has been established that 

all the building blocks exist. The next step for countries driving reform will be to formulate a 

transition plan to incorporate these technologies and concepts and implement this in a time 

bound manner. 

 

3.5 Key findings and conclusions 

This section is a review of the current state of the retail markets in ten selected countries from 

the G20 group. The purpose of the review is to establish the trends, technologies and plans 

to inform the transitionary process for retail markets so they can fully contribute to 

decarbonisation.  

The three main points to note are:  

(i) countries are at differing levels of retail reform.  

(ii) technology exists for a low carbon operated smart grid. 

(iii) little or no plans have been made for a coordinated approach to implement a 

transition.  

 

In Australia, Germany and UK, reform is well advanced, and the retail markets have developed 

supplier competition, tariff choice, smart metering plans, renewable energy and some 

distributed battery energy storage. However, in the Russian Federation and South Africa there 

is little or no development from the original utility model where bulk generation is delivered via 

transmission and distribution systems to customers at the retail level who are charged 

regulated utility rates.  

 

Technology in the form of smart metering, smart devices, rooftop PV and domestic energy 

storage is available and ready to be used in a smart grid incorporating the concepts of 

transactive energy.  Although this technology is readily available it was only prevalent in 

developed countries. In addition, an integrated approach to energy use incorporating electric 

vehicles, heat either from district heating schemes or heat pumps, can readily be meshed into 

a smart grid system at retail level. 
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A gap exists at the retail level for a distribution unit commitment model (DUCM). This model 

could be used to determine the most economic combination of energy provision at this level 

comprising of a combination of embedded renewable generation, demand-side management, 

and energy storage. 

 

In this section, it has been established that the technology and concepts exist for retail reform 

to optimise the use of renewable energy and contribute to the decarbonisation of the energy 

sector. However, there are still fundamental questions regarding the market capability to 

support development of battery energy storage and this question forms the basis for the 

modelling in Section 4.  



64 

4.0 A market assessment of distributed battery energy storage to facilitate higher 

renewable penetration for the Irish power system 

 

4.1 Introduction 

Power systems with a high share of renewables require additional ancillary services to operate 

safely and reliably. System operators are introducing schemes to attract investment in 

technology which will provide ancillary services. Battery storage can provide some of these 

services but investment in equipment is required. In this section the deployment of battery 

energy storage on the island of Ireland is analysed to test the current market arrangements 

designed to support increased renewable generation. Both models use real-time load data for 

the Northern Ireland section of the Irish electricity market. 

 

 In the first section of modelling, revenue from the existing incentive schemes, which are 

designed to attract system services and to limit network build out, is measured against 

estimated capital investment to determine financial feasibility. This modelling is illustrated in 

Figure 4.1. The modelling of ancillary services utilising battery storage is new and is coded in 

MATLAB. The modelling of the congestion scheme is also new and is carried out using Excel. 

The results provide new information on potential revenues which can then be used to inform 

capital investment decisions. This study uses a combination of numerical and system analyses 

to test the financial performance. The ancillary service revenue is modelled based on actual 

renewable levels for the Irish system. The results are used to test investment opportunities 

using established financial appraisal techniques. 

 

Figure 4.1 Ancillary services modelling 
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Secondly, the impact of battery storage on overall system generation is assessed. A dynamic 

economic dispatch model is used to evaluate the system costs and emission levels. A unit 

commitment model is used to measure the reserve cost. This modelling is illustrated in Figure 

4.2. This model originally coded in GAMS has been transposed to MATLAB. The novelty of 

this work is that an existing methodology is used to demonstrate the effect of battery storage 

in a power system.  

 

 

Figure 4.2 System modelling 

 

4.2 Background 

Global decarbonisation is now driven by both the Paris Agreement [1] and the Glasgow 

Climate Pact [200]. Countries signed up to these agreements are combating climate change 

by setting targets for renewable electricity generation. In the United Kingdom (UK) a target 

has been set for net zero emissions by 2050 [201]. On the island of Ireland, the electricity 

system is jointly operated in both the Republic of Ireland (ROI) and Northern Ireland (NI). In 

both jurisdictions there is a shared target for 70% of the electricity generated, to be sourced 

from renewable energy sources by 2030 [202]. To deliver this target the system operators in 

ROI and NI estimate an additional 10 GW of RES-E will be required. Ireland, located northwest 

of continental Europe, is ideally placed to generate RES-E using wind turbine technology. 

Currently there is 5.5 GW of installed wind capacity [203]. In February 2021, during a system 

trial on the Ireland electricity system, the system non-synchronous penetration (SNSP) was 

operated at 70% [202]. However, system operation at this level of renewable energy with an 

installed dispatchable capacity of 10 GW, has created challenges for the system operator such 

as frequency regulation, voltage support and reserve [204]. The transition from large fossil fuel 

synchronous generators to renewables mainly delivered by wind turbines has resulted in a 

decrease of system inertia. During system disturbances at a high SNSP, the rate of change of 
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frequency (ROCOF) levels can be a risk to system stability, with the potential to mechanically 

damage connected synchronous machines [205]. Additionally, with fewer available 

dispatchable machines available, the facility for frequency regulation and voltage support is 

diminished.  

 

There is extensive market and economic research on countries which are transitioning to a 

renewable generation system integrated with battery energy storage. The authors in [206] 

carried out a techno-economic assessment of storage systems by considering the life cycle 

cost of storage and the levelized cost of energy over short-, medium- and long-term 

timescales, with the cost models proposed serving as a useful tool for selecting the correct 

type of energy storage based on the required benefits. By taking on the mantle of an investor 

a study assessing a battery business recommended effective policy changes and incentives 

as the catalyst to development of battery energy storage, however this study was limited to 

the market in the Great Britain [207]. The results of an assessment of the impact of battery 

storage in the role of peaking capacity in the USA market, found potential for storage durations 

of 10 hours or less in areas of high renewable penetration [208]. This study, associated only 

with the USA market, was prompted by a government order requiring market operators to 

allow storage to participate in the capacity market.  

 

A study in [209] evaluates battery storage competing in the day ahead and frequency 

restoration markets for the current German electricity system, concluding that high power 

batteries with the ability to provide short term power maximizes revenues. An evaluation of 

the deployment of PV (photovoltaic) with and without battery storage in residences in the 

Portuguese market used a capital cost of €492/kWh and found that PV plus storage was not 

feasible but predicted an improvement in profitability as prices continued to fall [210]. An 

investigation of the role of residential battery storage coupled with PV in an urban area of 

Australia, addressed network issues, with a positive finding that voltage issues (high and low) 

are moderated, however, only marginal household gains could be obtained chiefly by the sole 

use of PV for charging [211]. The technical benefits of battery storage in the Australian power 

systems were investigated in [212], concluding that a storage capacity of 15% of installed 

generation can both reduce the frequency zenith and introduce a dampening effect thus 

reducing the ROCOF. The scenario used was a system separation event which occurred on 

the Australian grid with this research indicating the potential of battery storage in limiting 

frequency rise. 

In NI the grid has a high voltage direct current link to Great Britain and a high voltage 

synchronous link to the ROI with the potential for system separation resulting in frequency 

exceeding upper limits [213]. A grid scale study compares the profit of battery and thermal 
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storage integrated with a wind farm, with the battery system returning the most favourable 

results and an additional benefit of a reduction in curtailment [214]. In NI the development of 

wind generation has outpaced the grid system resulting in curtailment being imposed to 

comply with grid system requirements [215]. A review paper examining behind-the-meter 

energy storage in China proposes policy recommendations based on lessons learned from 

the approach in the US and specifically in California [216].  

 

The literature review for this section reveals that recent studies are bespoke and, in most 

cases, relate to the storage development stage, grid system characteristics, available 

schemes and government direction pertaining to the region being assessed. Northern Ireland 

is an example of an isolated but well-developed power system with a high share of 

renewables. The UK government Net Zero Strategy [217] will drive further renewable 

development in NI where the climatic conditions for wind generation are very suitable.  

 

Therefore, to attract investment, regulator and system operator schemes must provide an 

adequate return. It is here that the research gap exists as there is a disconnect between the 

value design of incentive schemes and the current cost of investment. In other words, the 

technical and environmental benefits of storage are not being costed accurately enough when 

set against capital investment costs. Based on this observation the objective of the modelling 

in this section is to analyse the deployment of battery energy storage to test the current market 

arrangements on the island of Ireland, designed to support increased renewable generation, 

and the response to a system disturbance. Revenue from the existing incentive schemes, 

which are designed to attract system services and to limit network build out, will be measured 

against estimated capital investment to determine financial feasibility. The technical impact on 

system disturbance, provision of reserve and response to system disturbance will be studied. 

The modelling is sufficiently flexible to allow it to be adapted for different regions, SNSP levels 

and incentive schemes. 

 

The model was designed based on the following requirements: 

(i) Maintenance of a linkage between the system services scheme, actual system 

data and revenue. 

(ii) Flexible and readily adaptable to other regions. 

(iii) Ability to test battery storage in a system operator incentive scheme designed to 

limit network build out. 

(iv) Capable of assessing the technical benefits of distributed battery storage in a 

region with high renewables. 
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(v) Provision of financial analysis of incentive schemes using established analysis 

tools. 

 

4.3 System support schemes 

In 2011 the system operators in Ireland introduced a scheme to address power quality issues 

by targeting a range of ancillary services to create the conditions required to operate at an 

SNSP of up to 75% [160]. The technical challenges arising from high levels of renewables are 

frequency, voltage, transient stability, congestion, system restoration and capacity adequacy 

[218]. Where conventional generation has been displaced by RES-E the total system inertia 

is lowered. This reduction in system inertia is linked to increasing levels of renewable 

generation in the form of solar and wind [219]. In Ireland the system operator has reacted to 

this by setting an inertial lower limit of 23,000 MWs which will reduce to 20,000 MWs when 

the system transitions to a 1 Hz/s ROCOF limit [220]. In addition, the system operator engaged 

with generators to establish the ROCOF capability of the current fleet of rotating machines. 

This involved determining the consequences for each machine for: 

(a) A fall in frequency of 1 Hz/s (ROI) and 2 Hz/s (NI) caused by the loss of a large infeed. 

(b) A rise in frequency of 1 Hz/s (ROI) and 2 Hz/s (NI) caused by the loss of a feeder like 

an interconnector or transmission tie line. 

Synthetic inertia can be used in place of that provided by rotating machines. Synthetic inertia 

is anything which mimics the release of energy and can be supplied by fast acting battery 

storage with a control system set up to respond to frequency variations [221]. Inertia in a power 

system is the summation of the energy stored in the rotating mass of the generator rotors. 

Wind generator rotors are significantly lighter than conventional generators and solar power 

has zero rotating mass. The decrease in inertia reduces the ability of a generator to “ride 

through” frequency events caused by the loss of generation and results in a higher ROCOF. 

Due to inertia reduction in Ireland and the increased size of the largest infeeds (the Moyle and 

EWIC 500 MW HVDC interconnectors to Great Britain), an increase in the volume of reserve 

is necessary. 

 

The stochastic nature of wind and solar power can adversely affect the system by either over 

or under supply. Therefore, generators with ramping capability are required. Typically, this can 

be provided for longer time periods by open and closed cycle gas turbines, and by battery 

storage for shorter periods. Displacement of conventional machines leads to a loss of reactive 

power control which was provided by fast acting automatic voltage regulators. Site location is 

very important during the planning stage of wind farms to maximize the climatic conditions. As 

a result, wind farms are often located at weak points in the network and often remote from the 

load centre resulting in connection by long transmission lines. This results in a low short circuit 
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ratio at network nodes leading to voltage issues [222]. Potential solutions to the issues caused 

by a low short circuit ratio include the use of a Static Synchronous Compensator which is a 

device which is strategically placed in the network to absorb or provide reactive power [223]. 

In addition to further address these issues the Irish system operators have introduced a 

program called DS3 which is an abbreviation for “Delivering a Secure Sustainable Electricity 

System”. This range of ancillary services is in addition to the normal power quality services of 

primary, secondary, and tertiary operating reserve (POR, SOR and TOR), voltage support, 

and synchronized and de-synchronized replacement reserve (RRS and RRD). In the Irish 

system there is a market for demand side units where providers alter their electricity usage in 

response to signals from the network operators. The current minimum reduction requirement 

for demand side units is 4 MW and the maximum 10 MW [224]. A demand side unit can be an 

aggregation or a single unit. An aggregated battery storage would be capable of providing 

both demand side services and ancillary services.   

 

The full range of ancillary services are listed in Table 4.2 in 4.4.2. The change in SNSP on the 

island of Ireland during the period 2008 to 2021 is illustrated in box-plot form in Figure 4.3 

[225]. The plot based on a 30-minute sample period shows a yearly increase in the gap 

between the minimum and maximum value of SNSP from 30% to 80%, driven by the increase 

in wind generation. 

 
Figure 4.3 Changes in SNSP due to growth of wind generation in Ireland from 2008 to 2021 
 

In 2021, the Distribution Network Operator (DNO) in Northern Ireland introduced a pilot 

scheme called FLEX [226]. The objective of this scheme is to set up contracts for products 

which are used to resolve network congestion and ultimately avoid further network build out. 

This is a response to the anticipated electrification of heating and transport [227], [228]. Very 

often there is a mismatch in renewable generation location and load centres resulting in 
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system congestion due to insufficient infrastructure to deliver adequate power flow from 

remote areas. The solution to this is either network reinforcement or some other kind of 

mitigation. Network reinforcement is a relatively costly solution and often delayed by planning 

and environment concerns. Potential mitigations include load shifting, demand side 

management, embedded battery storage, and dynamic line rating. Load shifting is when the 

usage time is shifted according to price or demand signals. Demand side management is the 

adjustment of demand to meet the system requirements. For example, during a period of high 

demand it may be possible to adjust certain loads like cooling with no adverse consequences 

to the end user. In periods of low demand and high supply such as night-time / high-wind 

scenario, a battery storage facility with simultaneous charge and discharge capacity can be 

used as either a load sink or source. Dynamic line rating is a concept where the thermal 

capacity of overhead power lines is adjusted in real time according to the environmental 

conditions [229]. 

 

 In the FLEX scheme there are three basic products labelled ‘sustain’, ‘secure’ and ‘dynamic’. 

The ‘sustain’ products are scheduled during periods when the system is intact and are 

procured well in advance for a pre-arranged import or export of power for a pre-defined time, 

for example load reduction at peak period. The ‘secure’ products are used to support system 

security if a network limit is forecasted to be breached. Utilization of the ‘secure’ product is 

instructed close to the forecasted event with an example being a severe weather event. The 

‘dynamic’ products are used to support the system following a fault, for example a network 

fault causing overload of the remaining system. The minimum level of bid is 50 kW however 

this can be an aggregate or a single asset. There is no lower limit on the capacity of individual 

assets which make up the aggregated total. Table 4.1 shows the payment structure for the 

three product classes. The availability fee is for each MW made available per hour during the 

pre-arranged time. The utilization fee is paid for every MWh of energy delivered during the 

utilization event. 

Table 4.1 Flex payment type and product description 

 

Product class Sustain Secure Dynamic 

Description Scheduled Pre-fault Post-fault 

Availability fee 

(capacity) 

n/a ✓ ✓ 

Utilization fee (energy) ✓ ✓ ✓ 

 

The ROI government has plans for further expansion of wind generation as set out in their 

Climate Action Plan 2019 [230]. The implementation actions in this plan which are pertinent to 

this section are briefly described as follows: delivery of 3.5 GW of offshore wind by 2030 and, 
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electrification of heat triggered by a ban on the installation of domestic oil and gas boilers by 

2022 and 2025, respectively. Additionally, electrification of transport is facilitated by the 

installation of a charging network to support 800,000 electric vehicles (EV) by 2030 [231]. This 

is an aggressive target considering that there are currently 2.7 million vehicles in the ROI 

[232]. This level of renewable generation and the increased load due to electrification of 

heating and transport will rely on specific measures, like energy storage and fast start 

generation being put in place to ensure stable system operation. Weather events such as a 

winter high-pressure system with low wind and low temperatures will require back up 

generation in the form of ‘clean’ fossil fuelled generation. There is no global definition for 

‘clean’ fossil fuel, most likely as the very nature of any carbon combustion process will produce 

CO2 plus other pollutants. However, the combustion of natural gas is cleaner than that of oil 

or coal because of the lower emission levels of sulphur dioxide, nitrogen dioxide and 

particulates [233]. Electricity generation technology such as a combined cycle gas turbine 

(CCGT) can operate at efficiencies of more than 50% resulting in a lower carbon intensity 

compared to 33% by using oil or coal in a conventional Rankine cycle boiler-turbine-condenser 

arrangement. The system operator for the Irish market has tendered for and awarded 220 MW 

(de-rated) of ‘clean’ gas fired generation to be completed by 2023 at Kilroot Power Station, 

Carrickfergus, Co. Antrim [234]. 

 

A battery energy storage system is considered as a balancing technology for increasing the 

levels of renewable generation. In 2016 a 10 MW (5 MWh) facility at Kilroot Power Station in 

NI was installed, primarily set up as a pilot scheme to react to system frequency changes by 

charging or discharging as required, in effect providing both frequency regulation and 

smoothing [235]. There is indication of other grid scale projects for energy storage with a 

50 MW battery commissioned in November 2020 at Drumkee in NI [236]. Although 

transmission level energy storage installations are growing, there is little evidence of mass 

energy storage at the distribution level becoming a counter-balancing source to intermittent 

renewable generation. The system operator approach is to source ancillary services balancing 

products with no particular focus on the technology provider. The governmental approach is 

generally target driven to encourage renewable generation and reduce emissions. The term 

transactive energy is becoming more prevalent where control mechanisms and markets are 

combined to create a bi-directional flow of electricity right down to the distribution level [237]. 

However, transactive energy at the distribution level is in its infancy due to the diversity and 

complexity surrounding its implementation and the untested use of energy storage using the 

current market conditions.  
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To perform the modelling over one year, publicly available datasets from the Ireland market 

are used covering the period from January 2020 to December 2020 [225]. The models are 

adaptable should the formulae or revenue settings change. 

 

4.4 Methodology 

4.4.1 Modelling assumptions 

• In the ancillary services modelling an FFR Continuous Scalar of 1.5 and a Fast 

Response Scalar of 3 is assumed. 

• It is assumed that a single battery will deliver both DS3 services and FLEX products. 

• A battery availability of 100% was assumed for all modelling. 

• The generator parameters in Table 4.8 are based on modelling carried out by Soroudi 

[238]. The generator minimum and maximum power ratings and ramp rates are based 

on those used in the NI generating fleet.  

• In Table 4.9 the initial state of charge at modelling outset is assumed to be 10 MWh. 

The battery rating is four hours therefore Maximum state of charge is 4 * Maximum 

power i.e., 80 MWh. The minimum allowable state of charge for the battery is 10% of 

maximum state of charge (see Dynamic Economic Dispatch section in Appendix for 

coding detail). 

• For the financial modelling the mid-payment for total annual revenue from FLEX is 

assumed. 

• For each of the financial analysis techniques the investment assumptions range from 

£100k-£175k. 

 

4.4.2 Ancillary services 

In the Irish market the ancillary services scheme procures 14 services which are designed to 

enable the electricity system to operate at high levels of SNSP [160]. Providers of these 

services are contracted to deliver when adverse system conditions exist like excessive 

variation from nominal frequency, abnormal voltage, ramping and reserve. To be eligible for 

payment, a contracted device providing a service must be synchronized to the system except 

for the replacement reserve (desynchronized) product. A temporal scarcity scalar multiplier is 

used in the revenue calculation to reflect the escalating value of these services as SNSP 

increases. The magnitudes of these scalars at specific SNSP ranges and the ancillary system 

services parameters are listed in Table 4.2 [239]. Payments are calculated for every half hour 

period during which a particular product is offered. Typically for each service the payment is 

the product of the available volume, payment rate and scaling factor. The scaling factor is the 

product of further scalars that are appropriate to the service. The fast frequency reserve (FFR) 
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product is specifically aimed at countering the increased ROCOF in systems with a high share 

of renewables. The FFR has additional scalars to incentivize performance. If a providing unit 

can deliver all the following, FFR, POR, SOR and TOR1, during a half hour period, the FFR 

Continuous Scalar is set to 1.5. The delivery time for FFR is set between 2 and 10 seconds 

with response initiation between event commencement and 2 seconds. If the FFR provider 

can respond in less than 0.15 seconds from the start of the event the FFR Fast Response 

Scalar is set to 3, reducing to 1 for a response up to 2 seconds. The modelling in this work 

assumes an FFR Continuous Scalar of 1.5 and a Fast Response Scalar of 3. Therefore, when 

the SNSP is > 70% resulting in a temporal scalar of 6.3, the maximum overall scalar 

achievable for FFR is 28.35 (i.e., 1.5×3×6.3). The potential to receive revenues based on the 

probability of this scalar factor occurring will be of great interest to investors. Battery storage 

connected at the distribution level can provide several of these services. 

Table 4.2 Magnitude of Ancillary System Services Payments at specific SNSP Levels 

 

Service Acronym Current rate £ Delivery 

time 

Temporal scarcity 

scalar 

A* B* C* D* 

Primary operating reserve POR £2.95 / MWh  5-15s 1 1 4.7 6.3 

Secondary operating reserve SOR £1.78 / MWh 15-90s 1 1 4.7 6.3 

Tertiary operating reserve TOR1 1.41 / MWh 90s-5m 1 1 4.7 6.3 

Tertiary operating reserve TOR2 1.13 / MWh 5m-20m 1 1 4.7 6.3 

Sync inertial response SIR £0.0045/MWs2h  n/a 1 1 4.7 6.3 

Fast frequency response FFR £1.97 / MWh 2-10s 0 1 4.7 6.3 

Replacement reserve RR £0.23 (sync.) £0.51 

(desync.) 

20m–1h 1 1 4.7 6.3 

Ramping margin  RM1 £0.11 / MWh 1h 1 1 4.7 6.3 

Ramping margin RM2 £0.16 / MWh 3h 1 1 4.7 6.3 

Ramping margin RM3 £0.15 / MWh 8h 1 1 4.7 6.3 

Steady state reactive power SSRP £0.21 / MWh n/a 1 1 4.7 6.3 

Dynamic reactive power DRR £0.04 / MWh n/a 0 0 0 6.3 

Fast post fault active power 

recovery 

FPFAPR £0.14 / MWh n/a 0 0 0 6.3 

A* SNSP ≤ 50% 

B* 50% < SNSP ≤ 60% 

C* 60% < SNSP ≤ 70% 
D* SNSP > 70% 
 

 

To illustrate the timing and impact of the ancillary services, an actual event annotated with 

product details is shown in Figure 4.4. This event occurred on the Irish system following the 

emergency disconnection of a generating unit supplying 412 MW. The frequency before the 

event was 50 Hz and the nadir was 49.38 Hz, occurring approximately 4 seconds after event 

initiation. The response of a CCGT unit generating 126 MW prior to the event is also shown. 
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Figure 4.4 Ancillary services overlayed on real event 

 

4.4.3 Network congestion and build out relief 

The FLEX pilot program is initially procuring 40.3 MW of services with most of these services 

connected at 11 kV or below. A 100 kW / 400 kWh battery is proposed for this study and is 

modelled for a typical year for all three of the tendered products namely sustain, secure and 

dynamic. The exact rates are not yet known so a range of rates are used to give an indicative 

revenue. The utilisation estimates quoted in the initial offer literature are used [240]. For both 

the FLEX and DS3, the 100 kW / 400 kWh battery connected at distribution level is initially 

modelled to determine the revenue from the applicable products. This power to energy ratio 

is chosen because the FLEX products must be delivered for up to 4 hours. However, DS3 

products typically do not require this level of energy delivery but for the basis of this study it is 

assumed that a single battery will deliver both products. 

 

4.4.4 Dynamic economic dispatch / minimisation of fuel costs 

A dynamic economic dispatch (DED) model is used to test the economic production schedule 

for the dispatch of thermal units over a 24-hour period with and without aggregated battery 

energy storage of 20 MW. This model was originally coded in GAMS [238] but for this work is 

transposed to MATLAB coding and set up to run with four generators and an actual daily load 

profile for Northern Ireland. The generator coefficients are based on the original GAMS 

example with the maximum and minimum load, and ramp rates modified to match coal fired 

and CCGT plant based in Northern Ireland as presented in Table 4.7. 
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The objective function of the DED is to minimise the total operating cost of generation while 

providing system load and adhering to all constraints. The constituent curves for generator 

costs are fuel cost, heat rate, change in input (fuel) / output (electrical), and incremental cost 

[241]. The resultant curve is generally represented as a quadratic equation (1) where C is the 

hourly production cost, P is the MW output and a, b and c are the generator cost coefficients. 

This quadratic equation is chosen as it is the best representation of a combination of thermal 

technologies like coal fired, open and closed cycle gas turbines, thus replicating the current 

non-renewable generation fleet in Northern Ireland.  

 

𝐶 = 𝑎𝑃2 + 𝑏𝑃 + 𝑐  (1) 

Similarly, the generator emissions are represented by the quadratic equation (2) where EM is 

the hourly total emissions in kg, P is the MW output and d, e and f are the generator emission 

coefficients.  

EM = 𝑑𝑃2 + e𝑃 + f  (2) 

 

The objective function is subject to the constraints of maximum and minimum generation limits, 

ramping rates, load balance, battery state of charge and maximum and minimum battery 

charge and discharge limits. The objective function for the DED model is given in (3) and the 

constraints in (5), (6), (7), (8), (9), (10), (11) and (12). The total generator emissions are given 

by (4). The maximum and minimum power ratings for thermal generators are determined by 

the heat output of the combustion process and matched to the prime mover and generator 

equipment. The ramping rates are determined by the rate at which fuel in chemical energy 

form can be converted into heat. This varies widely for instance an open cycle gas turbine 

machine will have a much higher ramp rate than a coal fired machine due to the different fuel 

injection processes. The battery energy storage state of charge depends on the power rating 

of the battery coupled with the charge and discharge efficiencies. The overall load balance is 

a simple equality with generation and battery discharge balanced against system load and 

battery charging. System operators maintain this balance based on nominal system 

frequency. Over-generation will result in a frequency increase and likewise under-generation 

a frequency decrease. 

 

𝑚𝑖𝑛  𝐹𝐶 =  ∑  
 

𝑔,𝑡
𝑎𝑔𝑃𝑔,𝑡

2 + 𝑏𝑔𝑃𝑔,𝑡 + 𝑐𝑔 (minimize fuel cost) (3) 

𝐸𝑀 =  ∑  
 

𝑔,𝑡
𝑑𝑔𝑃𝑔,𝑡

2 + 𝑒𝑔𝑃𝑔,𝑡 + 𝑓𝑔 (emissions) (4) 
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𝑃𝑔
𝑚𝑖𝑛 ≤ 𝑃𝑔,𝑡 ≤ 𝑃𝑔

𝑚𝑎𝑥 (power max. and min.) (5) 

𝑃𝑔,𝑡 − 𝑃𝑔,𝑡−1 ≤ 𝑅𝑈𝑔 (ramp up rate) (6) 

𝑃𝑔,𝑡−1 − 𝑃𝑔,𝑡 ≤ 𝑅𝐷𝑔 (ramp down rate) (7) 

𝑆𝑂𝐶𝑡 = 𝑆𝑂𝐶𝑡−1  + (𝑃𝑡
𝑐𝜂𝑐 − 𝑃𝑡

𝑑/𝜂𝑑)∆𝑡 (state of charge) (8) 

𝑃𝑚𝑖𝑛
𝑐 ≤ 𝑃𝑡

𝑐 ≤ 𝑃𝑚𝑎𝑥
𝑐  (battery charge limits) (9) 

𝑃𝑚𝑖𝑛
𝑑 ≤ 𝑃𝑡

𝑑 ≤ 𝑃𝑚𝑎𝑥
𝑑  (battery discharge limits) (10) 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑡 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 (state of charge limits) (11) 

∑ ( 
 

𝑔
𝑃𝑔,𝑡 + 𝑃𝑡

𝑑) ≥ (𝐿𝑡 − 𝑃𝑡
𝑐) (load balance) (12) 

 

𝐹𝐶 Total fuel cost (£/h), 

𝑎𝑔, 𝑏𝑔, 𝑐𝑔 Fuel cost coefficients, 

EM Total emissions (kg), 

𝑑𝑔, 𝑒𝑔, 𝑓𝑔 Emission coefficients, 

𝑃𝑔,𝑡 Power generated by unit 𝑔 (MW), 

𝑅𝑈𝑔 and 𝑅𝐷𝑔 Ramping limits of unit 𝑔 (MW/h), 

𝑆𝑂𝐶𝑡 Battery state of charge at time 𝑡 (MW), 

𝑃𝑐 Power charged from grid to battery (MW), 

𝑃𝑑 Power discharged from battery to grid (MW), 

𝜂𝑐, 𝜂𝑑  Charge and discharge efficiencies (%), 

𝐿𝑡 Electric demand at time 𝑡 (MW). 

 
4.4.5 Unit commitment model / system reserve costs  

In this section a unit commitment model (UCM) is used to determine the cost of reserve [238]. 

Reserve is used by system operators to cover for sudden changes in demand. This type of 

cover is essential for systems with high levels of renewables. Traditionally a UCM is used to 

determine the most economical production schedule for generation using the standard 

parameters of fuel, start-up, shutdown, operating and maintenance, environmental costs, and 

specific unit parameters. For this study, the modelling is based on 10 generators typical of a 

base load fleet of fossil fuel machines from Ademovic et al [242]. Therefore, operating and 

maintenance costs will be similar and will have no bearing on the model results and as such, 

have been omitted. The cost of reserve is calculated by running the model with and without 
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reserve constraints. The objective function of a UCM is to minimize the total cost of bulk 

electricity production. The objective function is subject to the constraints of maximum and 

minimum generation limits, ramping rates, on / off state, and load balance. In NI the spinning 

reserve requirement is 75% of the largest synchronously connected infeed on the island of 

Ireland [202]. A system constraint states that the minimum number of synchronous generators 

connected is three for NI and five for ROI. The spinning reserve requirement is shared via a 

single high voltage synchronous transmission line. The flexibility of the model allows for 

different levels of reserve to be set, however, in this study a reserve of 40% of demand was 

chosen to test the effect of battery storage.  

 

The objective function for the UCM model is given in (13) and the constraints in (14), (15) (16), 

(17), (18), (19), (20), (21), (22) and (23), where 

 

𝑚𝑖𝑛  O𝐶 =  ∑  
 

𝑔,𝑡
𝐹𝐶𝑔,𝑡 + 𝑆𝑇𝐶𝑔,𝑡 + 𝑆𝐷𝐶𝑔,𝑡 (minimize fuel cost) (13) 

𝑃 𝑔,𝑡 ≤ 𝑃𝑔,𝑡 ≤ 𝑃𝑔,𝑡 
(time dependent min/max 

power) 
(14) 

𝑃𝑔,𝑡 ≤ 𝑃𝑔
𝑚𝑎𝑥[𝑢𝑔,𝑡 − 𝑧𝑔,𝑡+1] + 𝑆𝐷𝑔𝑧𝑔,𝑡+1 (shut down in next hour) (15) 

𝑃𝑔,𝑡 ≤ 𝑃𝑔,𝑡−1 + 𝑅𝑈𝑔𝑢𝑔,𝑡−1 + 𝑆𝑈𝑔𝑦𝑔,𝑡 (ramp up after start up) (16) 

𝑃 𝑔,𝑡 ≥ 𝑃𝑔,𝑡
𝑚𝑖𝑛𝑢𝑔,𝑡 

(if on power greater than 

min.) 
(17) 

𝑃 𝑔,𝑡 ≥ 𝑃𝑔,𝑡−1 − 𝑅𝐷𝑔𝑢𝑔,𝑡 − 𝑆𝐷𝑔𝑧𝑔,𝑡 (ramp down and shut down) (18) 

𝑦𝑔,𝑡 − 𝑧𝑔,𝑡 = 𝑢𝑔,𝑡 − 𝑢𝑔,𝑡−1 (on / off states) (19) 

𝑦𝑔,𝑡 + 𝑧𝑔,𝑡  ≤ 1 (on / off states) (20) 

∑  𝑃𝑔,𝑡 ≥ 𝐿𝑡 (load balance) (21) 

𝑅𝑔,𝑡 ≤ 𝑃𝑔,𝑡 − 𝑃𝑔,𝑡 (reserve carried) (22) 

∑  𝑅𝑔,𝑡 ≥ 𝛾𝐿𝑡 
(reserve as percentage of 

demand) 
(23) 

𝑂𝐶 Operating costs (£/h), 

𝐹𝐶 Fuel cost of unit 𝑔 (£/ℎ) 

𝑆𝑇𝐶,𝑆𝐷𝐶 Start-up and shut-down costs of unit 𝑔 (£/h) 
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𝑃 𝑔,𝑡, 𝑃𝑔,𝑡,𝑃𝑔,𝑡 Time dependent power of unit 𝑔 (MW), 

𝑢𝑔,𝑡 On / off status of unit 𝑔, 

𝑦𝑔,𝑡 Start-up status of unit 𝑔, 

𝑧𝑔,𝑡 Shut-down status of unit 𝑔, 

𝑅𝑈𝑔 and 𝑅𝐷𝑔 Ramping limits of unit 𝑔 (MW/h), 

𝑆𝑈𝑔 and 𝑆𝐷𝑔 Start-up shut-down ramp limit unit 𝑔 (MW/h), 

𝐿𝑡 Electric demand at time 𝑡 (MW), 

𝑅𝑔,𝑡 Online reserve provided by unit 𝑔 (MW), 

𝛾 Percentage factor (%). 

 
4.4.6 Financial analysis versus technical benefit 

The methodology for the financial analysis uses the output from the various models described 

to compare the technical benefits and the potential financial revenues of battery energy 

storage at the distribution level. Using the results for potential revenue, an investment check 

is conducted using the following techniques, payback period, return on assets (ROA), net 

present value (NPV) and internal rate of return (IRR) [243]. For the purposes of the financial 

analysis, 20 MW of battery storage was used in the modelling for both the ancillary services 

and the network congestion scheme. The financial parameters chosen for the analysis are 

based on rates at the time of modelling (October 2021). The model is readily adaptable should 

these rates vary. A project lifecycle of 10 years has been chosen based on the 70% renewable 

target by 2030 for Northern Ireland [244]. The techniques used in the analysis are briefly 

described as follows: 

 

4.4.6.1 Payback method 

The payback method is used to calculate the time to return the original investment. The 

advantage of this method is its ease of use. The disadvantages are twofold, first, the time 

value of money is ignored, and second, the cash flow pattern which can lead to conflicting 

results, for example, in the scenario of positive cash flows appearing only in the very later 

years of the project. However, the payback period is a measure of risk with the method suitable 

for projects requiring small investments such as battery storage at the distribution level. 

 

4.4.6.2 Return on Assets: 

This method (also known as return on investment) is used to calculate the average rate of 

return. This method does not consider the time value of money and as the average cash flow 
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is used, the sequence of payback is immaterial to the calculation, but this factor is important 

for thorough financial analysis. The ROA is calculated using Equation (24), where 

 

𝑅𝑂𝐴 = (∑
𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑡

𝑁

𝑛

𝑡=0
) ÷ 𝐼0   (24) 

I0 = initial capital outlay, 

N = life of the project. 

 

4.4.6.3 Net Present Value 

This method considers the time value of money by determining the present-day value of 

expected future cash flows by discounting them at the cost of capital. For project acceptance 

the NPV should be at least zero and preferably positive. The NPV is calculated using Equation 

(25), where 

𝑁𝑃𝑉 =  ∑
𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑡

(1 + 𝑘)𝑡

𝑛

𝑡=1
− 𝐼0   (25) 

k = cost of capital. 

 

4.4.6.4 Internal Rate of Return 

This method determines the interest rate, which is equal to the present value of the future cash 

flows. For project acceptance using this method, the IRR of a project must be greater than the 

opportunity cost of capital. The IRR is calculated using Equation (26), where 

∑
𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑡

(1 + 𝐼𝑅𝑅)𝑡

𝑛

𝑡=1
−  𝐼0   (26) 

   

4.5 Results 

In this section the results of the modelling using the methodology outlined in 4.3 are presented. 

The DS3, DED, and UCM modelling were coded using MATLAB. The code for each section 

of modelling and a brief explanation can be found in the appendix. The FLEX and financial 

analysis modelling were carried out using an Excel spreadsheet. 

 

4.5.1 Ancillary services 

Embedded generation at the distribution level in the form of an aggregation totaling 20 MW, 

made up of 200 individual 100 kW / 400 kWh battery is used to model the revenue generated 



80 

by selected DS3 products for the Irish power system in 2020. The formulation for the revenues 

of individual products follows a similar trend where the product of available volume, payment 

rate, scaling factor and duration make up the relevant payment as shown in equation (27). 

Payment rates use the latest published data [245]. A battery availability of 100% was assumed 

for this study. The consistent nature of the payments means that a percentage loss of 

availability equates to a pro rata loss in revenue except in the scenario where unavailability 

coincides with a high SNSP period in which case the opportunity for the enhanced payments 

is lost.  

 

The modular nature of battery construction allows a partial swap out of cells with minimal effect 

on capacity. Additionally, the almost exclusive solid-state nature of battery systems keeps 

maintenance work at a low level. 

𝐷𝑆3 𝑝𝑎𝑦𝑚𝑒𝑛𝑡 = 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑝𝑎𝑦𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 × 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟

× 𝑡𝑟𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 
(27) 

 

The scaling factor for each DS3 product is the multiple of individual factors pertinent to the 

product. The scalar values used in the modelling, and the DS3 revenues for 20 MW of 

aggregated battery storage using SNSP data for the Irish power system in 2020 using current 

rates are presented in Table 4.3 [239]. 

 

Table 4.3 Revenue from DS3 ancillary services for 20 MW of aggregated storage using real 
time SNSP data 

 
  FFR POR SOR TOR1 TOR2 RRsync 

 Available 

volume 

20MW 20MW 20MW 20MW 20MW 20MW 

Payment rate 

£/MWh 

1.97 2.95 1.78 1.41 1.13 0.23 

Connection to 

grid 

yes yes yes yes yes yes 

S
c
a
la

rs
 

Performance  1 1 1 1 1 1 

Product  1 1 0.75 0.75 n/a n/a 

Continuous 1.5 n/a n/a n/a n/a n/a 

Fast response 3 n/a n/a n/a n/a n/a 

Locational 1 1 1 1 1 1 

Temporal SNSP SNSP SNSP SNSP SNSP SNSP 

 Annual revenue  £1,715k £913.6k £413.4k £327.5k £349.9k £71.23k 

 

This model shows the potential revenue which an aggregated total of 20 MW / 80 MWh battery 

storage could earn by offering FFR, POR, SOR, TOR1, TOR2 and RRsync per annum totals 

£3,790,770. A check on the modelling technique was carried out by determining the number 

of quarter hour occurrences in 2020 for each SNSP range and calculating the revenue 
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independent of the model for the POR payment. The results of this check are listed in Table 

4.4. The total was compared to the POR payment of £20,035,884 made in 2020 by the system 

operators to eligible providers in the Irish market [246], [247]. The model revenue for 20 MW 

of POR services compared to the actual system operator amount seems high but it should be 

considered that the battery storage is always connected and therefore eligible for POR 

payments. Dispatchable generators on the other hand will most likely be dispatched off during 

periods of high SNSP and thus would not be eligible for POR payments. 

Table 4.4 Verification of POR Payments for 2020 

 

SNSP (%) Scarcity 

scalar 

No. of quarter 

hour occurrences 

Revenue* 

SNSP ≤ 60% 1 28,060 £413.9k 

60%<SNSP≤70% 4.7 6,684 £463.3k 

SNSP > 70% 6.3 392 £36.4k 

Total n/a 35,136 £913.6k 

*
Revenue = MW × POR rate × scarcity scalar × no. of occurrences × 0.25 

 
A sensitivity analysis was carried out on the ancillary services revenue model. The input value 

was tested for a +/- 10% movement in SNSP. The results of the sensitivity analysis are 

presented in Table 4.5. The +10% increase in SNSP results in a 6.9% increase in revenue. 

The -10% decrease in SNSP results in a 6.9% decrease in revenue. This movement in 

revenue is substantial and, as it is based on the stochastic nature of wind levels which 

ultimately determines SNSP, investors may wish to use a financial instrument to hedge or 

guarantee a minimum level of return in order to reduce the risk on their investment. 

 

Table 4.5 Ancillary Services sensitivity analysis 

 

SNSP (%) Actual 

occurrences 

(2020) 

Actual 

occurrences 

+10% 

Actual 

occurrences 

-10% 

Total 

revenue 

actual 

SNSP* 

Total 

revenue 

SNSP 

+10% 

Total 

revenue 

SNSP -

10% 

SNSP ≤ 50% 23,246 22,057 24,435 £779k £739k £819k 

50%<SNSP≤60% 4,814 5,296 4,332 £375k £412k £337k 

60%<SNSP≤70% 6,684 7,352 6,016 £2,445k £2,690k £2,200k 

SNSP > 70% 392 431 353 £192k £211k £173k 

Total 35,136 35,136 35,136 £3,791k £4,052k £3,529k 
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The FLEX product is being tendered by the DNO in Northern Ireland. The scheme is a pilot 

and is initially being offered to run for one year finishing on 30 September 2022. The products 

are mostly scheduled to run on weekdays from October to March from 1600 h to 2000 h 

primarily to cover the peak load periods, with a total of 40.3 MW being procured. For this study, 

the annual revenue for each area was calculated for 20 MW of aggregated storage, made up 

of 200 individual 100 kW / 400 kWh battery using the indicative availability (capacity) and 

utilisation (energy) rates from the DNO documentation [240]. A storage level of 20 MW was 

chosen to be compatible with the DS3 modelling. The availability and utilisation rates at the 

time of writing were not available, so a low, mid, and upper set of rates are used for 

comparative analysis. The rates are listed in Table 4.6 and the results are presented in Table 

4.7.   
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Table 4.6 Range of Flex rates used to determine Revenue 

 

 Low Mid. High 

Availability 

£/MWh 

£5 £7.50 £10 

Utilisation 

£/MWh 

£100 £150 £200 

Table 4.7 Revenue from flex network support services for 20 MW of aggregated storage 
 

Location Product Capacity 

MW  

Availability 

(h) 

Utilisation 

hours 

Payment 

(low)  

Payment 

(mid)  

Payment 

(high)  

1 Sustain 0.6 0 504 £30,240 £45,360 £60,480 

2 Sustain 0.5 0 504 £25,200 £37,800 £50,400 

3 Sustain 0.6 0 504 £30,240 £45,360 £60,480 

4 Sustain 0.5 0 504 £25,200 £37,800 £50,400 

5 Sustain 0.5 0 504 £25,200 £37,800 £50,400 

6 Secure 1 2,196 30 £13,980 £20,970 £27,960 

7 Secure 5 504 30 £27,600 £41,400 £55,200 

8 Secure 0.5 504 30 £2,760 £4,140 £5,520 

9 Secure 1.75 504 30 £9,660 £14,490 £19,320 

10 Secure 0.5 1,512 30 £5,280 £7,920 £10,560 

11 Secure 0.5 1,512 30 £5,280 £7,920 £10,560 

12 Dynamic 0.9 504 6 £2,808 £4,212 £5,616 

13 Dynamic 0.65 504 6 £2,028 £3,042 £4,056 

14 Dynamic 0.5 504 6 £1,560 £2,340 £3,120 

15 Dynamic 0.5 1,008 6 £2,820 £4,230 £5,640 

16 Dynamic 5 1,260 6 £34,500 £51,750 £69,000 

17 Dynamic 0.5 1,512 6 £4,080 £6,120 £8,160 

Total  20 n/a n/a £248,436 £372,654 £496,872 

 

4.5.2 DED / minimisation of fuel costs 

In this section a comparison of production cost and emissions is made using a DED model 

with and without an aggregated total of 20 MW / 80 MWh of storage. The profiles of the thermal 

generators were sized to approximately replicate those used in the NI system. The load profile 

for NI from the SONI dataset for 5 July 2020 is shown in Figure 4.5 [225]. The generator 

parameters and battery parameters are listed in Table 4.8 and Table 4.9, respectively. 
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Figure 4.5 Load profile used in the dynamic economic dispatch model 

 

Table 4.8 Generator Parameters used in Dynamic Economic dispatch Model 
 

 a b c d e f Pmin (MW) Pmax (MW) RU (MW/hr) RD (MW/hr) 

G1 0.12 14.8 89 3 -2 7 90 260 300 300 

G2 0.17 16.57 83 2.3 -4.24 6.09 100 247 660 660 

G3 0.15 15.55 100 1.1 -2.15 5.69 100 247 660 660 

G4 0.19 16.21 70 1.1 -3.99 6.2 100 404 1,320 1,320 

 

Table 4.9 Battery Storage Parameters used in Dynamic Economic dispatch Model 
 

Parameter Value 

SOC0      (MWh) 10 

SOCmax (MWh) 80 

Pmax
d        (MW) 20 

Pmin
d        (MW) 0 

Pmax
c        (MW) 20 

Pmin
c         (MW) 0 

μc
* (%) 95  

μd
*(%) 90  

µc, µd  Charge and discharge efficiencies (%) 

4.5.2.1 DED with no battery storage 

The load profile generator schedule using the DED model with no battery storage is shown in 

Figure 4.6. The total cost and emissions per day for this scenario were £614,610 and 5,180 

tonnes, respectively. In this scenario the total emissions include CO2, NOx and SOx. The 

objective function is to minimise the costs for all generators dispatched on. Therefore, for a 

period during low loads, G2, G3 and G4 are at minimum generation. In addition, the system is 

operated without reserve. The cost determined in the model was verified as follows. The actual 
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energy on 5 July 2020 was calculated as 14,312 MWh. Actual market data using data 

submitted by generators is used to determine the average cost of energy for each quarter.  

The published average price / MWh for Q3 2020 was €53.68 / £48.58, therefore, the average 

daily generation cost based on these actual figures is £695,277 which is in the same range as 

the results from the modelling [248]. 

 

Figure 4.6 Generator schedule with no battery storage using dynamic economic dispatch 
model for NI load on 5th July 2020 

 

4.5.2.2 DED with battery storage 

The load profile generator schedule using the DED model with battery storage is shown in 

Figure 4.7. The battery charge/discharge profile is shown in Figure 4.8 with positive MW 

values indicating battery charging and negative MW values battery discharging. The total cost 

and emissions for the scenario with battery storage are £612,910 and 5,182 tonnes, 

respectively. The emissions intensity rates for the scenarios with and without battery storage 

are shown in Figure 4.9. This indicates a flattening of the intensity rate with the peak emissions 

lowered when battery storage is discharging, but with a corresponding rate increase when the 

battery is charging.  
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Figure 4.7 Generator schedule with battery storage using dynamic economic dispatch model 
for NI load on 5th July 2020 

 

Figure 4.8 Battery charge / discharge profile using dynamic economic dispatch model for NI 
load on 5th July 2020 

 

 

Figure 4.9 Emissions intensity rate with and without battery storage using dynamic 
economic dispatch model for NI load on 5th July 2020 
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The results show a daily saving of £1,700 and an emission increase of 2 tonnes by using 

battery storage. These extra emissions occurred because the daily aggregate sum of the 

battery charge and discharge was positive 11 MWH. This additional energy stored in the 

battery at day end was sourced from fossil fuel generation hence the additional emissions. 

This is a limitation of this model due to optimisation on cost rather than emissions. From figures 

4.3 and 4.4, for all four generators, the evening peak generation was reduced for the scenario 

with storage due to the battery discharging during this period. During the hours between 

0200 h and 0800 h generator G1 generation was higher due to battery charging. The reduction 

of peak power has an additional benefit to power generation equipment especially CCGT 

plants, where running at higher loads shortens the maintenance interval times. As a test the 

model was run using 40 MW of battery storage, which resulted in savings of £3,040 and 6 

tonnes against the no storage scenario. The results for 0 MW, 20 MW and 40 MW of battery 

storage (4 hour capacity) are summarised in Table 4.10. 

Table 4.10 Dynamic economic dispatch comparison of cost and emissions for 0 MW, 20 MW 
and 40 MW of storage 

 

Scenario Cost of dispatch 

per day 

Total daily emissions 

0 MW £614,610 5,180 tonnes 

20 MW £612,910 5,182 tonnes 

40 MW £611,570 5,174 tonnes 

 

4.5.2.3 Validation of generator and emission coefficients 

The generation and emission coefficients were based on data from Soroudi, Power system 

optimization modeling in GAMS [238] , as it was not possible to extract these data in this form 

from publicly available datasets. To validate these coefficients, reference data were used as 

follows: gas fired power generation cost £50 / MWh from OFGEM “Wholesale market 

indicators” [249], and an emission rate of 0.490 tonnes CO2e / MWh from IPPC Annex 3 [250]. 

The fuel costs and emission levels using the generator coefficients exhibit reasonable 

correlation with the figures obtained from IPCC Annex 3 throughout the range from minimum 

to maximum generation. Table 4.11 shows the comparison using the G2 CCGT coefficients 

used in the DED for a point load of 200MW. 

Table 4.11 Validation of Generator Coefficients based on Reference Data 

 

a b c d e f Fuel at 

200MW  

aP2+bP+

c 

Fuel at 

200MW 

SEM data 

(£50/MWh) 

Emissions at 

200MW 

dP2+eP+f 

Emission at 

200MW 

(490kg 

CO2e/MWh) 

0.17 16.57 83 2.3 -4.24 6.09 £10,197 / 

h 

£10,000 /h 91,158 kg/h 98,000 kg/h 
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4.5.3 Unit commitment model for curtailment / reserve  

In this section a unit commitment model is used to illustrate the cost of reserve. This model 

had ten units. The profiles of the thermal generators were sized to approximately replicate 

those used in both the NI and ROI systems. The load profile used was the same as that used 

previously. The salient generator parameters are presented in Table 4.12 [242]. To illustrate 

the cost of carrying reserve, a figure of 40% of the demand was chosen. On the island of 

Ireland, the system operators set the spinning reserve requirement for POR to 75% of the 

largest infeed [202]. The largest infeed of 404 MW would therefore require 303 MW of spinning 

reserve. This level of reserve is approximately 40% of the peak load for the chosen load profile 

hence the choice of this figure to illustrate the cost of carrying reserve. The daily cost of 

operating the system without reserve is £535,030 whereas the cost of operating the system 

with reserve is £540,350. These costs are in line with the verification outlined in 4.5.2.1. This 

demonstrates the additional cost of carrying reserve which is typically provided by partially 

loading synchronous generators which accounts for the additional cost. If this reserve can be 

otherwise sourced, for example, from battery energy storage, there is a potential saving. 

Reserves in the form of thermal synchronous generation are often dispatched in systems with 

a high share of renewables to cover events such as a rapid drop in windspeed. Curtailment of 

renewables can occur where system operation rules, such as an SNSP limit, force system 

operators to limit the output of renewables. Battery energy storage can be used to alleviate 

the amount of reserve carried by thermal synchronous generators and lower system 

curtailment of renewables. Synchronized replacement reserve is an ancillary service and is 

part of the DS3 package.  

Table 4.12 Generator parameters used in Unit Commitment Model 

 

 a b c RU 

(MW/h) 

RD 

(MW/h) 

Pmin 

(MW) 

Pmax 

(MW) 

G1 0.148 12.1 82 40 40 80 200 

G2 0.289 12.6 49 64 64 120 320 

G3 0.135 13.2 100 30 30 50 150 

G4 0.127 13.9 105 104 104 250 520 

G5 0.261 13.5 72 56 56 80 280 

G6 0.212 15.4 29 30 30 50 150 

G7 0.382 14 32 24 24 30 120 

G8 0.393 13.5 40 22 22 30 110 

G9 0.396 15 25 16 16 20 80 

G10 0.51 14.3 15 12 12 20 60 

 

 

4.5.4 Financial analysis 

The potential sources of revenue for a battery connected to the NI system are from the 

ancillary services DS3 scheme, and the DNO network support FLEX scheme. If battery 
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storage connected to the system is utilised by the transmission system operator as described, 

then cost savings, emissions reduction and reserve provision are realised. However, these 

services are not directly remunerated to the battery services providers. The total annual 

revenue from DS3 for battery storage of 20 MW / 80 MWh in 2020 is £3,790,770. The total 

annual revenue from FLEX assuming the mid payment rate is £372,654. For a 100 kW / 

400 kWh battery the annual payment is £18,954 and £1,863 for DS3 and FLEX, respectively. 

For each of the financial analysis techniques, for assessment purposes, investment 

assumptions range from £100k-£175k. These figures were obtained from a commercially 

sensitive source. The financial model has sufficient flexibility to be modified for a range of 

capital costs. The installation costs of battery storage depend on the chosen technology. The 

modelling in this study determines the potential revenue for a 100 kW / 400 kWh battery. 

Financial analysis was then used to determine the feasible investment level. 

4.5.4.1 Payback method 

The payback method is used to calculate the number of years to recover the capital outlay. 

Future payments were inflated at a rate of 1% per annum. This figure can be altered in the 

model to match the government predictions as time elapses [251]. The results are presented 

in Table 4.13.  

 

Table 4.13 Simple Payback in Years for £100k-£175k Investment 
 

Capital investment £100,000 £125,000 £150,000 £175,000 

Payback (years) 4.8 6 7.2 8.4 

 

4.5.4.2 Return on assets 

The ROA method is used to calculate the average rate of return by averaging the future 

payments over the project life cycle (10 years) and dividing by the initial investment. Future 

payments were inflated at a rate of 1% per annum. The results are presented in Table 4.14. 

 

Table 4.14 Return on Assets for £100k-£175k Investment 

 

Capital investment £100,000 £125,000 £150,000 £175,000 

Return on assets (%) 21.78% 17.42% 14.52% 12.45% 

 

4.5.4.3 Net Present Value 

The NPV method is used to calculate the present value of future returns minus the initial 

investment over the project life cycle (10 years). Future payments were inflated at a rate of 

1% per annum. Based on a 2018 report on the cost of capital for storage technologies, the 
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discount rate used for the NPV calculation is 7.3% [252]. The results are presented in Table 

4.15. 

Table 4.15 Net Present Value for £100k-£175k Investment 
 

Capital investment £100,000 £125,000 £150,000 £175,000 

NPV(£) at 7.3% discount rate £46,603 £23,303 £4 -£23,295 

 

4.5.4.4 Internal rate of return 

The IRR method is used to calculate the interest rate which results in the future payments over 

the project lifecycle equating to the initial investment. Future payments were inflated at a rate 

of 1% per annum. The results are presented in Table 4.16. 

 

Table 4.16 Internal Rate of Return for £100k-£175k Investment 
 

Capital investment £100,000 £125,000 £150,000 £175,000 

IRR % 17% 11% 7% 4% 

 

4.6 Discussion 

When DS3 was originally launched the bulk of the services was provided by the incumbent 

fossil fuel generators. The intention of DS3 was to provide the additional system services 

required to maintain grid security when operating with a high proportion of inflexible variable 

renewables, which for the island of Ireland was primarily wind generation. The current 

overarching NI governmental approach is to replace fossil fuel generation with indigenous 

renewables for a 70% renewable target by 2030 [244]. The UK government plans to phase 

out coal fired power stations by 2024 [253]. In the ROI the system operator Eirgrid has warned 

of an energy shortfall by 2025 which may require operation of their single coal fired station up 

to this date [254]. However, the closure of fossil fuel plants globally may be delayed due to the 

decision made at the Glasgow COP26 where countries like China and India have opted out of 

the agreement to “phase out” coal fired power stations [255]. However, continued use of fossil 

fuelled generation for DS3 services does not fit with the policy of replacing this type of 

generation with renewables. Energy storage in the form of batteries coupled with low carbon 

quick start generation is clearly a more environmentally friendly method to facilitate the 

continued development of renewable generation. In addition, the use of energy storage for 

load following, frequency regulation, and fast response negates the emissions which occur 

due to the ramping and frequency response of fossil fuel generators.  

 

Battery storage provides FFR, POR, SOR and TOR by responding to system frequency. To 

deliver RRS on demand, a battery storage control system requires a signal from the system 

operator. The DS3 scheme is designed to attract investment in technologies which will enable 
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the system to operate at up to 75% SNSP. The regulation of the scheme is in the form of a 

monetary cap which up to 2021 has not been breached. An explanation of the current position 

and the expenditure limit of €235m per year is outlined in [256]. This note suggests that if 

current planned projects materialise, the limit may be breached. The current system is due for 

review in April 2023. Post April 2023 there is a possibility that DS3 payment rates may 

decrease to ensure that the current provision is maintained without exceeding the expenditure 

cap. This illustrates the corporate cannibalistic nature of the DS3 scheme and is a 

considerable risk for investors seeking a return over a reasonable time frame (10 years or 

more). However, as technology and market schemes rapidly evolve as governments strive to 

combat climate change, this volatile scenario is likely to prevail. As current operating 

conditions change, flexible services schemes such as DS3 must evolve to attract and retain 

providers and maintain the transition from fossil fuelled to low carbon electricity generation. 

These changes could be an increase in the expenditure cap or a restructuring of the scheme 

to incorporate the anticipated SNSP profile. The results of the modelling in this section are 

summarised in Table 4.17 and Table 4.18. 

 

Table 4.17 NPV and IRR based on DS3 and FLEX revenue for a 100 kW / 400 kWh battery 

 

Investment £100k £125k £150k £175k 

NPV £47k £23k £0 (£23k) 

IRR 17% 11% 7% 4% 

Annual revenue: 
DS3 £19k 
FLEX £2k 

 

Table 4.18 System benefits of 20 MW aggregated storage based on load profile for Northern 
Ireland for 5 July 2020 

 

 No storage 20 MW storage 

Daily cost of generation (DED) £614,610k £612,910k 

Daily emissions (DED) 5,180 tonnes 5,182 tonnes 

Cost of system operation with reserve (UCM) £540,350 £535,030 

 

The FLEX product revenue for the aggregated 20 MW / 80 MWh battery storage returned a 

comparatively lower revenue than the DS3 scheme at the same level of storage. The ideal 

scenario would be where battery energy storage at the distribution level, simultaneously 

delivered both FLEX and DS3 services. In doing so the technology would contribute to 

increased network flexibility at the distribution level in the form of network build out avoidance, 

voltage support, and alleviation of network congestion. Additionally, the stacked DS3 services 

will allow a higher share of renewable generation at the transmission level.  
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Dynamic economic dispatch modelling examines the system with and without battery storage 

at 20 MW for a specific day in July 2020 for the Northern Ireland system. The inclusion of 

battery storage shows a saving of £1.7k with an increase in emissions of 2 tonnes. The 

emissions increase is due to (a) the dominance of the coal fired generator which has the 

highest emission rate and (b) the use of this machine for charging. The coal fired generator 

has the lowest cost coefficients therefore the dispatch of this machine is favoured by the 

optimisation model. This increase in emissions is further explained by the dispatch model 

used, where the objective function is based on minimising costs rather than emissions. This 

situation will prevail where countries continue to use coal fired generation. The use of coal for 

generation has recently been exacerbated by the rise in gas prices however this should only 

be a transitory effect [257].  

 

For this research the use of coal generation in the modelling is justified by the recent decision 

of COP26 where it was agreed that countries like China and India will continue to utilise coal 

for generation. Regardless of the fossil fuel / renewable mix, battery storage has effectively 

introduced a buffer where energy can be deposited or withdrawn according to the system 

requirements. This is analogous to a hydraulic system accumulator which compensates for 

system disturbances caused by normal plant operation. A hidden benefit of this storage is 

increased duration running at steady state, which for rotating equipment ultimately results in 

less maintenance and down time. The modelling approach to dynamic economic dispatch is 

analogous to the research carried out in [258], where dynamic programming is used to solve 

a residential micro-cogeneration system which includes a fuel cell as the primary energy 

source, battery and thermal storage, and a heat pump. In the micro-cogeneration paper, the 

battery model SOC constraint uses voltage and current, whereas this study bases the SOC 

state on charge and discharge efficiencies. Another difference is that there are no ramping 

constraints in the micro-cogeneration paper. The use of thermal storage is beneficial, 

especially in areas of high renewable generation where surplus energy can be stored in this 

way in addition to battery storage. Another major difference between the two approaches is 

the use of a heat pump. This is particularly significant for NI, where the main energy source 

for residential heating is the use of domestic gas and kerosene boilers. The replacement of 

these boilers with heat pumps supplied by renewable generation significantly lowers the CO2 

emissions.  

 

A unit commitment model was used to calculate the cost of carrying spinning reserve. Using 

the same load profile as the previous model, the daily cost of 40% reserve is £5,320. System 

operators have rules regarding levels of reserve which are dependent on factors such as 

SNSP and the capacity of the highest infeed. For this study a figure of 40% was chosen to 
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obtain a sense of the cost of reserve provision. If connected battery storage can provide this 

spinning reserve, then savings can be realised by operating fossil fuel machines at the 

optimum level in terms of efficiency. 

 

Four investment appraisal techniques (payback, ROA, NPV and IRR) were tested for a 

100 kW / 400 kWh battery installed at the distribution level in NI, participating in the DS3 and 

FLEX schemes. For the appraisals, the project lifecycle is set at 10 years. Using the simple 

payback method, an investment of £100k would return the capital outlay in approximately 4.8 

years. However, this method does not take into consideration the future value of revenue and 

is totally reliant on a guaranteed revenue of DS3 and FLEX payments. The DS3 scheme is 

due for review in 2023 [256] and the FLEX scheme is a pilot scheme, currently due to run to 

from October 2021 – September 2022. An investment of £100k for a 100 kW battery 

(£1000 / kW) does not compare favourably to recent proposals in Ireland where a 253 MW 

gas fired plant is to be constructed for £121 million (£478 / kW) [259]. 

 

The ROA method results in a percentage return ranging from 22-12 % based on an investment 

of £100-175k. Like payback, this method does not consider the time value of money plus there 

is the additional uncertainty of future payments due to scheme reform. An investment decision 

would not be based on payback and ROA alone, but these techniques are important for small 

projects like battery storage at the distribution level as a “go / no go” indicator for further 

advanced financial analysis. For this reason, payback and ROA were included in this study. 

 

The NPV and IRR techniques provide data for a more thorough appraisal process, as future 

costs are discounted at the cost of capital. Based on the projected returns from DS3 and FLEX, 

investments from £100k to £150k return a positive NPV at a discount rate of 7.3%. The IRR 

for a £100k investment was 17%. This would need to be competitive against other projects to 

attract investment. Battery installation costs currently range from £150-300 per kWh [206], 

[260]. Based on the median of this range an investment of £90k may cover installation costs 

for a 100 kW / 400 kWh battery. However, a more advanced analysis would be necessary to 

consider full lifetime costs, risk of revenue continuity, performance degradation and scrappage 

costs.  

 

The financial and environmental benefits of incorporating battery storage into a power system 

have been demonstrated by the DED and UCM modelling. The use of energy storage has 

been recognized by electricity system operators, particularly those operating systems with a 

high share of renewables. The financial modelling shows some promising results caveated by 

the uncertainty of payments from schemes such as DS3 and FLEX. The gap which exists is 
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to match market and commercial arrangements, to set a scenario where fair returns are 

guaranteed for investors in battery storage at the distribution level in return for enhanced 

system operation, in terms of increased levels of renewables and growth in electrification. 

 

4.7 Key findings and conclusions 

This analysis uses market modelling to test the market feasibility of investment in battery 

storage at the distribution level. On the revenue side, storage was modelled using a frequency 

dataset for Ireland for 2020, to calculate payments for services associated with the DS3 and 

FLEX schemes. Actual revenue values were used for DS3, and a range of values for FLEX. 

System performance in terms of cost, emission reduction, and reserve were modelled using 

dynamic economic dispatch and unit commitment models. Financial analysis used the results 

of the revenue models to test investment feasibility propositions using payback, return on 

assets, net present value, and internal rate of return techniques.  

 

The analysis shows that energy storage in a system with a high share of renewables is 

beneficial in terms of lowering costs and emissions. The storage effectively created a 

repository for surplus renewable energy to be stored during periods of low demand and then 

used later at peak times. The cost of carrying system reserve can be lowered when a system 

carries energy storage by reducing ramp rates, avoiding uneconomic peak load running, and 

the use of expensive peaking plant. The reserve model was tested at 40% of demand to align 

with the network system being studied. Testing at different levels of reserve is possible and 

could form the basis for future work. 

 

On the revenue side the available monies from DS3 and FLEX when measured for a 

100 kW / 400 kWh at the distribution level against the capital investment required, showed 

fewer promising results. The main risk is the lack of guaranteed income plus the potential 

dilution of payments due to the cap imposed by the regulator on ancillary services payments. 

This effectively reduces the revenue as more players enter the market.  

 

There are 2 key findings is listed as follows: 

(i) Battery storage deployed in a system with high renewables will lower emissions and, 

generating and reserve costs. 

(ii) The lack of guaranteed ancillary services revenue plus potential dilution of payments 

introduces an unacceptable risk for investors in battery storage. 

 

This investigation demonstrates how energy storage placed in a power system with a high 

level of renewables complements system operation and facilitates the maximum use of low 



95 

carbon technologies. Recent developments at COP26 may prolong the use of coal fired 

generation but countries are still signing up to prohibit use of coal, albeit at a slower rate than 

what is required to meet climate change goals. However, financial reward mechanisms fall 

short of providing the return that investment in energy storage requires. This highlights the 

gap between revenue from operator incentive schemes for system services and the financial 

returns required for investment in suitable technology. Incentive schemes need to be carefully 

designed to attract investors to install low carbon technology which meets both the technical 

requirements of the system operators and provides a guaranteed and fair return. In the next 

section the focus is on using current unit commitment software packaged with energy storage 

at the distribution level to support increased electrification and renewable generation.  
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5.0 Modelling the effect of distributed battery energy storage in an isolated power 

system 

 

5.1 Introduction 

Wind generation is often curtailed in isolated power systems to ensure system operational 

security. This happens during periods of high wind generation and low system demand. This 

section investigates the effect of battery storage deployed in an isolated power system with a 

high share of renewables, on the total cost of generation, emissions levels, ramping time, and 

excess energy. A commercial unit commitment software package is used to model the 

Northern Ireland power system at the generation level only for various levels of battery storage 

using actual load, wind, and generator data. This modelling is illustrated in Figure 5.1. The 

input data was based on the latest existing Northern Ireland generation portfolio. The demand 

and renewable generation input used real data. The modelling used an existing software 

package and solver. The novelty of this work is that the results compared the effect of battery 

storage on several key outputs using real data. This modelling uses the Northern Ireland 

system as a case study but is readily adaptable to other regions which operate with a high 

share of renewables. The results from the study confirm that deployment of battery energy 

storage can reduce curtailment and emissions, increase renewable generation and limit 

ramping of fossil fuel plant. Based on these results, battery storage should become a key 

piece of infrastructure for low carbon power systems. 

 

Figure 5.1 Northern Ireland power system modelling 
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5.2 Background 

There has been a rapid growth in wind generation in the British Isles and particularly on the 

western edges where the climatic conditions are favourable [261]. In NI, a country of the UK, 

in February 2022 there is currently 1,897 MW of dispatchable fossil fuel generation and 

1,627 MW of partially / non dispatchable renewables [262]. The renewables are made up of 

1271 MW wind, 268 MW solar, 79 MW biomass, 3 MW combined heat and power, and 6 MW 

hydro. The NI electrical system trades in the Single Electricity Market (SEM) which covers 

both Northern Ireland and the Republic of Ireland with connections to Great Britain via the 

Moyle (450 MW) and EWIC (500 MW) high voltage d.c. (HVDC) interconnectors. Although the 

SEM covers electricity trading on the whole island of Ireland there are two distinct grid systems 

linked by a high voltage a.c. interconnector which is currently restricted to 300 MW [263]. The 

systems in NI and ROI are controlled by separate system operators, SONI and Eirgrid 

respectively. Peak load in NI occurs in the wintertime and is circa 1,700 MW. The relatively 

high installed capacity of wind generation means that when climatic conditions are suitable, 

there is the potential to meet 100% of the demand. 

 

The System Non-Synchronous Penetration is the ratio of power from non-synchronous 

generation plus net HVDC imports to the demand plus net HVDC exports [264]. Due to the 

limitations of wind generation in the provision of reserve and other power quality services the 

system operator has imposed an SNSP limit of 65%. In January 2021 a trial period for an 

SNSP limit of 70% commenced [265]. Despite these relatively high SNSP limits, curtailment 

of wind still occurs when wind speeds result in generation levels that exceed the demand. This 

happens especially during the summer when NI night-time loads can drop as low as 370 MW. 

In 2020 the total available energy from wind generation was 3,113 GWh, with 255 GWh (8.2%) 

of this dispatched off due to curtailment [266]. This curtailed amount was replaced by fossil 

fuel generation.  

 

Storage technologies can be used to provide reserve, frequency regulation, peak lopping, and 

power quality services. An established storage technology is pumped hydro storage where 

energy is used during periods of low demand to pump water to an upper reservoir. The 

potential energy stored in the head of water can then be utilised during periods of high demand 

or to cover system emergencies like a rapid loss of generation. In ROI there is a hydro pumped 

storage plant of 292 MW / 1,648 MWh [262]. There is no hydro pumped storage in NI. Battery 

storage is a technology that can be used to complement variable renewable generation such 

as wind and solar. This type of storage technology is rapidly developing with installation times 
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and falling equipment prices contributing to growth [267]. In NI, battery storage is contracted 

using capacity auction mechanisms and system services contracts. The capacity auction 

mechanism is designed to ensure there is adequate generating capacity to meet the peak 

estimated demand. The system services contract mechanism is described in 4.3 and 4.4.2. 

 

In February 2022, there was 10 MW / 5 MWh at Kilroot Power Station [235] and a combined 

100 MW of battery storage at Drumkee and Mullavilly [268]. These facilities are at transmission 

level, however smaller units at distribution level may provide added value in the form of 

network build out avoidance, flexible services, load shifting and energy arbitrage. In addition 

to these network benefits, distributed storage, which is centrally aggregated to provide system 

services, can result in homeowners with combined solar and battery storage equipment 

accruing higher savings compared to individual operation [269]. Placement of batteries in a 

system has been shown to be location agnostic in terms of performance however the closer a 

battery is to a fault location the higher the impact in terms of reducing the system ROCOF 

[270], with this study demonstrating the positive effect of battery storage on the frequency 

nadir and rate of change in a system with a high share of intermittent renewables and low 

inertia. Globally electricity systems are rapidly being transformed with the addition of 

renewables and the retirement of high inertia fossil fuel plants due to stringent environmental 

targets. Environmental reform is outpacing technological solutions to electricity system issues 

caused by renewable generation hence the importance of developing battery storage to 

complement climate change initiatives. 

 

A recent study on the Australian grid concluded that deployment of battery storage lowered 

the levelized cost of electricity where there was a high penetration of renewable sources [271]. 

The paper in [272] reviewed the use of Lithium-Ion battery storage systems. This paper 

recognises that although potential applications of battery energy storage offer technical 

benefits, they may not be currently financially feasible but concludes that this technology will 

make a significant impact on the development of grids with a high share of renewables. The 

scale of battery storage in a system is important to determine, in terms of return of investment, 

and performance. This subject is reviewed in [273] where it is highlighted that the energy 

application type (distributed, microgrid, power plant etc.) is important in determining which 

optimisation criteria (cost, emissions, power quality etc.) is most critical, thus informing system 

size and design. The expansion of both energy storage and transmission systems in achieving 

European decarbonisation targets is discussed in [274]. 
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In this work two models, LIBEMOD and TIMES, are soft linked to achieve adequate time 

resolution and consideration of technological and economic properties concluding that the 

European sector can achieve a 65-70% renewable generation using wind and solar by 2050. 

An integer programming model to optimize the dispatch of a renewable energy system is 

presented in [275], where several venues are analysed. This work demonstrates the long-term 

savings benefits of using a fully populated optimisation model compared to “rule of thumb” 

methods. In [276] a planning model is developed for a renewable power system with energy 

storage as an option using unit commitment constraints for short term operation and a scenario 

tree in the long term. This novel method outperforms conventional techniques and allows 

planning solutions to be solved that hitherto was not possible. The use of battery storage in a 

day ahead market and frequency support services are evaluated for the German market using 

the AMIRIS model in [277]. This work reveals that battery storage capable of providing a high 

degree of short-term power leads to higher revenues compared to high round trip efficiencies.  

 

A mathematical model to evaluate the role of energy storage in a low carbon distributed 

system is developed in [278] revealing the following: it is important to consider battery 

degradation for long term planning studies; battery storage is only an attractive option for 

systems with strict CO2 emission constraints; and finally energy storage will become 

increasingly important as more countries decarbonize their electricity systems. The economic 

and resilience benefit of incorporating battery storage with solar PV is examined in [279] with 

a finding that system generation reliability is improved, and costs are reduced. The joint 

operation of nuclear generation and battery storage is studied to resolve the requirement for 

peak shaving in [280]. This paper concludes that battery storage can enhance the safety 

operation and increase the overall flexibility of this nuclear operation. An analysis of incentives 

for renewable generation and storage observed that the health benefits of reducing natural 

gas and diesel consumption should be considered in monetary terms when calculating the 

cost of reducing GHG emissions [281]. However, none of these studies extend to the inevitable 

situation where there is reference to the retention of fossil fuel plant. 

 

The research gap identified is the quantification of the additional and often financially 

unrecognised effects of battery energy storage in an isolated power system with a high share 

of renewables. To carry out this analysis, the NI electricity system is modelled. To quantify the 

effect of battery storage, the economic dispatch for four daily combinations of load and wind 

with varying levels of SNSP (60%, 65% and 70%), and battery storage (100 MW, 200 MW and 

300 MW) is modelled using datasets from the year 2020. The modelling period is then 
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expanded for a monthly run using datasets from January 2021. The most recent generator 

characteristics for the fossil fuel generators in NI are used in the model. For every dispatch 

scenario the following outcomes are recorded: generation cost, emissions production, total 

minutes of ramping, start-up and shut down costs and energy dumped. The results of the 

modelling are analysed and form the basis for discussion on the benefits, or otherwise, of 

battery energy storage. The research is applicable to other geographical areas which have 

isolated power systems and a high share of renewables.  

 

The novelty of the study in this section is a twin track approach focusing on the effect of battery 

storage on firstly, maximising renewable generation, and secondly establishing the operational 

benefit to the existing fossil fuel plant. As renewable generation levels have grown, system 

operators have introduced schemes to attract providers of system services to maintain stable 

networks. These services can be provided by battery storage. This section investigates the 

wider benefits and complementary nature of battery storage to electrical systems that 

ultimately will operate with a combination of renewable and combustion-based generation. 

Governments will always strive for an electricity system that is secure, low carbon and 

affordable. However, the variable and stochastic nature of renewables means that 

combustion-based plant provides the security aspect of electrical generation thus the 

importance of prudent operation of this equipment.  

 

In this section modelling is used to establish the following:(a) analysis of an isolated power 

system with a high share of renewables using established unit commitment software and real 

data for various levels of battery storage and different loading scenarios; (b) determination of 

the benefit to existing combustion-based generation by the deployment of battery storage; and 

(c) development of a model which can be adapted for other similarly isolated power systems.  

 

5.3 Methodology 

5.3.1 Modelling assumptions and limitations 

• In this section the NOx and SOx emissions have not been modelled as their emissions 

rates are dependent on the abatement technology utilised.  

• For the power system model there is no utilisation of the Moyle interconnector. 

• All generators considered to be fully available. 

• The modelling does not include transmission line losses therefore this is a limitation in 

this study. 
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• This study is limited to the actual load and weather data therefore, consideration needs 

to be given to extreme events and changing weather patterns. It is also worth noting 

that the study is dedicated to a small system with a high level of renewables and a 

particular generational and transmission system infrastructure. 

• The potential sources of error which could influence the results of the modelling are: 

a) generation and transmission system planned and forced outages which could 

potentially introduce additional constraints and invalidate the unit commitment solution; 

b) fluctuations in fuel and energy tariffs due to world events and which are not in 

government control and; c) battery degradation and the power / energy ratio of the 

battery fleet. 

 

 

5.3.2 Single Electricity Market 

The Single Electricity Market is the market arrangement used on the island of Ireland for 

trading electricity between generators and suppliers [282]. The market is a gross mandatory 

pool where all generators capable of exporting 10 MW or greater must participate. Generators 

bid their capacity and selling price into the pool for every half hour of the following day, known 

as the Day Ahead Market. In addition to this, the Intra-day Market permits generators to 

change their bids closer to delivery time (up to one hour before trading). Both markets are “ex-

ante” meaning they are run before the energy is delivered. The system marginal price (SMP) 

is set by stacking up bids with the least expensive generator first to be dispatched and so forth 

until the demand is met. The last generator scheduled on, sets the SMP, which is paid to all 

participants required to run. In addition, a capacity market provides generators and 

interconnector owners with a regular payment in return for their availability to generate. 

Generators bid into the market using parameters based on their technical specification (e.g., 

maximum, and minimum load, heat rate, ramping capability etc.) and this establishes their 

short run marginal cost (SRMC) in £ / MWh. A generator with an SRMC greater than the SMP 

is deemed to be out of merit and will be unlikely to be dispatched on and therefore will receive 

no energy payment. In this way generators are incentivised to keep their SRMC as low as 

financially feasible to be included in the running stack and therefore be dispatched on and 

paid the SMP. The bids are used by the SEM operator to solve an unconstrained unit 

commitment model which determines the optimal economic dispatch to meet demand for the 

day ahead. The next day the transmission operator incorporates the results of this model and 

the intraday day model which includes all the constraints and curtailments. Curtailment of 

renewable energy is necessary for adherence to SNSP limits and system reserve 

requirements. Constraints are associated with transmission line and interconnector capacities. 
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Some days later the SMP is calculated by considering the out-turn and the unconstrained unit 

commitment model. This establishes the final SMP which is used in the financial settlement 

with all generators who were dispatched on, receiving the value calculated for each half hour 

period.  

 

5.3.3 Test Method 

Four scenarios each of a duration of 24-hours are selected from system operator data for the 

year 2020 [225]: high wind / high load; low wind / high load; high wind / low load; and low 

wind / low load. The scenarios are then modelled for the following storage cases: no storage; 

100 MW; 200 MW; and 300 MW. The cases for the high wind scenarios are analysed at SNSP 

levels of 60%, 65%, 70% and ‘no curtailment’. For the low wind scenarios, curtailment is 

unnecessary. For each scenario and case, the optimum economic dispatch for the 24-hour 

period is determined using PLEXOS software [283]. The version of PLEXOS used in this 

research is 8.300 R03 on a Dell Precision 3640 with an Intel(R) Xeon(R) W-1250 processor. 

A mixed integer solver SCIP 6.02 is used to economically optimise the unit commitment 

problem [284]. For each scenario and case, the following information is recorded: 

• Cost of generation (£) 

• Gross production emissions (tonnes CO2) 

• Ramping time (mins) 

• Start-up and shut down costs (£) 

• Dump energy (MWh) 

 

The modelling structure of scenarios and cases is presented in Table 5.1.  
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Table 5.1 Modelling structure 

 

Scenario SNSP % Storage MW 

0 MW 100 MW 200 MW 300 MW 

High wind / high load 60 % ✓ ✓ ✓ ✓ 

65 % ✓ ✓ ✓ ✓ 

70 % ✓ ✓ ✓ ✓ 

No curtailment ✓ ✓ ✓ ✓ 

High wind / low load 60 % ✓ ✓ ✓ ✓ 

65 % ✓ ✓ ✓ ✓ 

70 % ✓ ✓ ✓ ✓ 

No curtailment ✓ ✓ ✓ ✓ 

Low wind / low load* No curtailment ✓ ✓ ✓ ✓ 

Low wind / high load* No curtailment ✓ ✓ ✓ ✓ 

* SNSP < 60% for all low wind scenarios   

5.3.4 Fossil fuel generator bids 

The generation portfolio in the model for NI is made up from base load fossil fuel and wind 

and is presented in Table 5.2 [262].  

Table 5.2 NI Generation portfolio 
 

Generation type Fuel No. of 
units 

Installed capacity 
(MW) 

Dispatchable 

Combined cycle gas turbine 
(CCGT) 

Gas, distillate 4 999 Yes 

Open cycle gas turbine (OCGT) Distillate 7 311 Yes 

Dual oil / coal fired Residual fuel oil, 
coal 

2 398 Yes 

Wind n/a n/a 1271 No 

 

The technical parameters and emissions data are assigned to each individual generator on 

the system using the latest information from the SEM Forecast Model (2020-2025) [285]. The 

technical parameter descriptors and units used are presented in Table 5.3. The emissions 

production rate and fuel price data are presented in Table 5.4 which is populated with the 

latest available data [285] [286].  
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Table 5.3 Generator technical parameters 

 

Technical characteristic Units 

Maximum capacity MW 

Minimum stable level MW 

Heat rate base GJ / h 

Heat rate incremental GJ /MWh 

Hot start time h 

Warm start time h 

Cold start time h 

Energy offtake hot start GJ 

Energy offtake warm start GJ 

Energy offtake cold start GJ 

Run up rate MW / min 

Minimum up time h 

Minimum down time h 

Maximum ramp up rate MW / min 

Maximum ramp down rate MW / min 

 
 

Table 5.4 Fuel emissions and price rates 

 

Fuel Emissions (CO2) production rate (kg/GJ) Price (£/GJ) 

Coal 93.65 4.3 

Oil 77.01 7 

Distillate 73.72 8 

Gas 55.82 5 

 

Fuel prices are variable and are subject to movements for various reasons such as demand, 

political instability, and global events like the COVID-19 pandemic. The values used for this 

modelling were current at the time of model execution. In Northern Ireland gas is the 

predominant fossil fuel but the presence of one remaining coal plant skews system operation 

in terms of emissions and cost of generation especially when coal is cheaper than gas. It is 

important to note that the CO2 emission rate is closely linked with the overall efficiency of the 

generation technology. The emission of CO2 occurs when any carbon-based fuel is combusted 

producing heat, CO2, H2O, and other substances like sulphur dioxide which is dependent on 

the constituency of the fuel. Coal has the highest emission production rate due to a 

combination of the combustion process and a relatively low efficiency of around 34%. Natural 

Gas used in CCGT technology has a much lower production rate due to the combustion 

process and a higher efficiency of around 55%. In addition to CO2 emissions, burning fossil 

fuels produces Nitrogen Oxides (NOx), and Sulphur Oxides (SOx). Both NOx and SOx are 
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regarded as greenhouse gases and contribute to climate change. Both gases are responsible 

for smog which is prevalent in large conurbations where measures are not taken at large fossil 

fuel power plants to limit emissions. In a coal fired boiler the NOx emissions are minimised by 

limiting the flame temperature using air injected above the burners [287]. NOx emissions from 

gas turbines are minimised by use of steam or water injection to limit the flame temperature 

or by limiting the fuel air mixture [288]. Catalytic emission control can also be used to reduce 

NOx for fossil fuel generation where the gas is subject to a chemical reaction usually with 

ammonia where the NOx decomposes into N2 and water [289]. The sulphur content in fossil 

fuels is responsible for SOx emissions when combustion occurs. These SOx emissions can 

be controlled by passing them through a seawater shower where a chemical reaction takes 

place to convert the SOx to naturally occurring sulphates which are then discharged to sea 

[290]. In this study the NOx and SOx emissions have not been modelled as their emissions 

rates are dependent on the abatement technology and limited by environmental law which for 

Europe is the Industrial Emissions Directive [291]. An assumption has been made that there 

will be a corresponding movement in SOx and NOx which is proportional to fuel usage. In the 

model any generation using fossil fuel results in emissions and in this way the losses occurring 

due to battery charge efficiency are accounted for. The model does not include transmission 

line losses therefore this is a limitation in this study. In the model the economic dispatch is 

optimised on generation cost rather than emissions with each generator responsible for 

meeting their own individual carbon tax payments.  

 

5.3.5 Battery storage parameters 

The battery parameters were set up as 4 individual batteries capable of a 4-hour output. The 

capacities for the 3 scenarios are 100 MW / 400 MWh, 200 MW / 800 MWh and 

300 MW / 1200 MWH. For each battery the initial state of charge (SOC) was 0% and the 

minimum and maximum SOC were 0% and 100% respectively. This is summarised in Table 

5.5. 

Table 5.5 Battery parameters 

 

 Power 
(MW) 

Energy 
(MWh) 

Max SOC 
(%) 

Min SOC 
(%) 

Initial SOC 
(%) 

Charge µ 
(%) 

Discharge 
µ (%) 

Battery 1 25-75 100-300 100 0 0 70 100 

Battery 2 25-75 100-300 100 0 0 70 100 

Battery 3 25-75 100-300 100 0 0 70 100 

Battery 4 25-75 100-300 100 0 0 70 100 
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The charge and discharge efficiencies were set to 70% and 100% respectively. The charge 

efficiency was set to 70% as a worst-case scenario as this is typically in the range of 70-90% 

depending on battery technology [292]. Further model analysis using different round trip 

efficiencies could be explored in future work. 

 

5.3.6 Wind generation and load demand 

Actual wind generation data is used for the scenarios specified in Table 5.1 [225]. Analysis of 

the wind generation and demand on high wind days show that the wind has been curtailed by 

the system operator to meet SNSP grid code requirements. This is illustrated in Figure 5.1 

where it is evident that the wind generation follows the same profile as the load. However, for 

certain periods the wind generation exceeds the SNSP limits. Therefore, for modelling 

purposes, the actual wind generation and the value represented by the SNSP percentage 

applied to the demand is compared, and the minimum amount chosen. In other words, if the 

wind generation exceeds demand or SNSP limits, a curtailed value is used based on the 

demand, otherwise the actual wind generation. For completeness, data is collected for a ‘no 

curtailment’ scenario which generally resulted in a positive value of dump energy. The demand 

data is the actual load recorded for the chosen days for each scenario [225]. 

 

5.3.7 Objective Function 

The objective function of this model is to minimise the total cost of bulk electricity production 

subject to the constraints of maximum and minimum generation limits, ramping rates, and load 

balance [238]. The objective function is given in (28) and the constraints in (29), (30) (31), 

(32), (33), (34), (35) and (36). 

 

𝑚𝑖𝑛 𝑂𝐶 = ∑ 𝐹𝐶𝑔,𝑡 + 𝑆𝑇𝐶𝑔,𝑡 + 𝑆𝐷𝐶𝑔,𝑡  
 

𝑔,𝑡
 (minimise system operating 

costs) 
(28) 

𝑃 𝑔,𝑡 ≤ 𝑃𝑔,𝑡 ≤ 𝑃𝑔,𝑡 
(time dependent min / max 
power) 

(29) 

 

𝑃𝑔,𝑡 ≤ 𝑃𝑔
𝑚𝑎𝑥[𝑢𝑔,𝑡 − 𝑧𝑔,𝑡+1] + 𝑆𝐷𝑔𝑧𝑔,𝑡+1 (shut down in next hour) (30) 

 

𝑃𝑔,𝑡 ≤ 𝑃𝑔,𝑡−1 + 𝑅𝑈𝑔𝑢𝑔,𝑡−1 + 𝑆𝑈𝑔𝑦𝑔,𝑡 (ramp up after start-up) (31) 

   

𝑃 𝑔,𝑡 ≥ 𝑃𝑔,𝑡
𝑚𝑖𝑛𝑢𝑔,𝑡 (if on power greater than min) (32) 
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𝑃 𝑔,𝑡 ≥ 𝑃𝑔,𝑡−1 − 𝑅𝐷𝑔𝑢𝑔,𝑡 − 𝑆𝐷𝑔𝑧𝑔,𝑡 (ramp down and shut down) (33) 

 

𝑦𝑔,𝑡 − 𝑧𝑔,𝑡 = 𝑢𝑔,𝑡 − 𝑢𝑔,𝑡−1 (on / off states) (34) 

 

𝑦𝑔,𝑡 + 𝑧𝑔,𝑡  ≤ 1 (on / off states) (35) 

 

∑ 𝑃𝑔,𝑡 ≥ 𝐿𝑡 
 

𝑖,𝑡
 (load balance) (36) 

 

𝑂𝐶 Operating costs (£/h), 

𝐹𝐶 Fuel cost of unit 𝑔 (£/ℎ), 

𝑆𝑇𝐶,𝑆𝐷𝐶 Start-up and shut down costs of unit 𝑔 (£/h), 

𝑃 𝑔,𝑡, 𝑃𝑔,𝑡,𝑃𝑔,𝑡 Time dependent power of unit 𝑔 (MW), 

𝑢𝑔,𝑡 On / off status of unit 𝑔, 

𝑦𝑔,𝑡 Start-up status of unit 𝑔, 

𝑧𝑔,𝑡 Shut down status of unit 𝑔, 

𝑅𝑈𝑔 and 𝑅𝐷𝑔 Ramping limits of unit 𝑔 (MW/h), 

𝑆𝑈𝑔 and 𝑆𝐷𝑔 Start-up and shut down ramp limit of unit 𝑔 (MW/h), 

𝐿𝑡 Electric demand at time 𝑡 (MW). 

 

In NI the system operator SONI has imposed a minimum of 3 fossil fired units (excluding the 

peak lopping OCGTs) and at least one generating unit from a specified group to be 

continuously connected [3]. This constraint has been coded into the model for all scenarios 

and cases. 

 

5.4 Results 

5.4.1 High wind / high load 

The high wind / high load scenario occurred on 7th January 2020. This was a winter weekday 

with a night-time nadir of 546 MW at 0430 hrs and an evening peak of 1,382 MW at 1715 hrs. 

The daytime maximum temperature was 14 °C and night-time minimum was 5 °C with a peak 

wind speed of 30 mph [293]. The actual demand and wind generation for the 
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high wind / high load scenario are illustrated in Figure 5.2, and the results presented in Table 

5.6. 

Table 5.6 High wind / high load results 

 

 Increasing battery storage 

In
c

re
a

s
in

g
 S

N
S

P
 

 Storage 0 MW 100 MW 200 MW 300 MW 

60% SNSP 

Cost of generation (£) £348,271 £336,666 £336,666 £339,332 

Emissions (tonnes CO2) 5,020 4,406 4,406 4,175 

Total ramping (mins) 1,350 480 480 135 

Start-up / Shut down costs (£) £22,865 £20,588 £20,588 £5,440 

Dump energy (MWh) 85 0 0 0 

 

65% SNSP 

Cost of generation (£) £335,220 £320,997 £320,997 £320,977 

Emissions (tonnes CO2) 5,292 4,743 4,742 4,743 

Total ramping (mins) 1,125 870 885 810 

Start-up / Shut down costs (£) £3,195 £0 £0 £0 

Dump energy (MWh) 265 0 0 0 

 

70% SNSP 

Cost of generation (£) £306,988 £292,647 £287,304 £287,305 

Emissions (tonnes CO2) 4,981 4,716 4,367 4,367 

Total ramping (mins) 1,095 930 570 525 

Start-up / Shut down costs (£) £3,195 £3,195 £0 0 

Dump energy (MWh) 483 0 0 0 

 

Uncurtailed 

Cost of generation (£) £300,032 £278,976 £265,353 £260,033 

Emissions (tonnes CO2) 5,814 5,489 4,850 4,291 

Total ramping (mins) 915 465 30 0 

Start-up / Shut down costs (£) £4,380 £0 £3,582 £3,195 

Dump energy (MWh) 1606 759 202 0 

 

 

Figure 5.2 Demand and wind profile high wind / high load 
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5.4.2 High wind low load 

The high wind / low load scenario occurred on 3rd June 2020. This was a summer weekday 

with a night-time nadir of 480 MW at 0515 hrs and an evening peak of 958 MW at 1730 hrs. 

The daytime maximum temperature was 15 °C and night-time minimum was 10 °C with a peak 

wind speed of 20 mph [293]. The actual demand and wind generation for the 

high wind / low load scenario are illustrated in Figure 5.3, and the results presented in Table 

5.7. 

Table 5.7 High wind / low load results 
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Increasing battery storage 

 Storage 0 MW 100 MW 200 MW 300 MW 

60% SNSP 

Cost of generation (£) £314,229 £300,228 £300,228 £300,228 

Emissions (tonnes CO2) 5,076 4,511 4,511 4,511 

Total ramping (mins) 1,170 795 1,050 1,020 

Start-up / Shut down costs (£) 3,195 0 0 0 

Dump energy (MWh) 230 0 0 0 

 

65% SNSP 

Cost of generation (£) £297,184 £278,657 £278,607 £278,607 

Emissions (tonnes CO2) 4,922 4,270 4,270 4,269 

Total ramping (mins) 1,230 765 780 825 

Start-up / Shut down costs (£) 3,195 0 0 0 

Dump energy (MWh) 383 0.33 0 0 

 

70% SNSP 

Cost of generation (£) £298,493 £270,310 £262,543 £262,492 

Emissions (tonnes CO2) 5,519 4,538 4,090 4,089 

Total ramping (mins) 1,170 285 165 150 

Start-up / Shut down costs (£) 3,860 3,195 0 0 

Dump energy (MWh) 552 5.25 0 0 

 

Uncurtailed 

Cost of generation (£) £296,879 £270,698 £266,124 £260,520 

Emissions (tonnes CO2) 5,502 4,579 4,456 4,068 

Total ramping (mins) 1,005 285 45 45 

Start-up / Shut down costs (£) 3,860 3,195 3,195 0 

Dump energy (MWh) 960 260 4 0 
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Figure 5.3 Demand and wind profile high wind / low load 

 

5.4.3 Low wind high load 

The low wind / high load scenario occurred on 9th January 2020. This was a winter weekday 

with a night-time nadir of 661 MW at 0345 hrs and an evening peak of 1523 MW at 1715 hrs. 

The daytime maximum temperature was 6 °C and night-time minimum was 1 °C with a peak 

wind speed of 10 mph [293]. The actual demand and wind generation for the 

low wind / high load scenario are illustrated in Figure 5.4, and the results presented in Table 

5.8. 

Table 5.8 Low wind high load results 
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Increasing battery storage 

 Storage 0 MW 100 MW 200 MW 300 MW 

60%, 70%, 80% 
SNSP 

Cost of generation (£) n/a n/a n/a n/a 

Emissions (tonnes CO2) n/a n/a n/a n/a 

Total ramping (mins) n/a n/a n/a n/a 

Start-up / Shut down costs (£) n/a n/a n/a n/a 

Dump energy (MWh) n/a n/a n/a n/a 

 

Uncurtailed 

Cost of generation (£) £942,332 £936,426 £935,950 £927,063 

Emissions (tonnes CO2) 13,217 13,069 12,936 12,075 

Total ramping (mins) 1,740 1,170 1,095 435 

Start-up / Shut down costs (£) £4,086 £751 £0 £76 

Dump energy (MWh) 0 0 0 0 
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Figure 5.4 Demand and wind profile low wind / high load 

 

5.4.4 Low wind low load 

The low wind / low load scenario occurred on 15th June 2020. This was a summer weekday 

with a night-time nadir of 525 MW at 0500 hrs and an evening peak of 1,037 MW at 1730 hrs. 

The daytime maximum temperature was 22 °C and night-time minimum was 14 °C with a peak 

wind speed of 9 mph [293]. The actual demand and wind generation for the low wind / low load 

scenario are illustrated in Figure 5.5, and the results presented in Table 5.9. 

Table 5.9 Low wind low load results 
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Increasing battery storage 

 Storage 0 MW 100 MW 200 MW 300 MW 

60%, 70%, 80% 
SNSP 

Cost of generation (£) n/a n/a n/a n/a 

Emissions (tonnes CO2) n/a n/a n/a n/a 

Total ramping (mins) n/a n/a n/a n/a 

Start-up / Shut down costs (£) n/a n/a n/a n/a 

Dump energy (MWh) n/a n/a n/a n/a 

 

Uncurtailed 

Cost of generation (£) £654,162 £654,162 £654,162 £654,162 

Emissions (tonnes CO2) 7310 7310 7310 7310 

Total ramping (mins) 1,590 1,635 1,755 1,830 

Start-up / Shut down costs (£) £675 £675 £675 £675 

Dump energy (MWh) 0 0 0 0 
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Figure 5.5 Demand and wind profile low wind / low load 

 

5.4.5 Validation 

To validate the results of the PLEXOS model, the actual fossil fuel generation dispatch at 1730 

on the 9th of January 2020 (low wind / high load) was compared with the model results. The 

actual dispatch was obtained from system operator published results [225]. Note that the 

following assumptions were made for the model: no utilisation of the Moyle interconnector and 

all generators considered to be fully available. The actual and model dispatch results are 

presented in Table 5.10. The results of the model show correlation with the actual dispatch. In 

both the actual and the model dispatch, the CCGTs at Coolkeeragh and Ballylumford supply 

the bulk of the base load generation with the coal fired generators at Kilroot making up the 

marginal generation. The Moyle interconnector generation for the actual dispatch displaces 

K2 Kilroot. 

Table 5.10 Comparison of actual and model results for 9th January 2020 at 1730hrs 
 

 Actual dispatch (MW) Model dispatch (MW) 

B10 Ballylumford 94 101 

B31 Ballylumford 189 247 

B32 Ballylumford 189 247 

C30 Coolkeeragh 377 404 

K1 Kilroot 169 124 

K2 Kilroot 0 93 

Moyle Interconnector 227 (not used in model) 
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5.5 Discussion 

This study in this section is limited to the actual load and weather data, therefore consideration 

needs to be given to extreme events and changing weather patterns. It is also worth noting 

that the study is dedicated to a small system with a high level of renewables and a particular 

generational and transmission system infrastructure. However, all of the models are flexible 

enough to allow these parameters to be adapted for different regions. 

 

5.5.1 High wind high load 

Sixteen sets of results were obtained for the high wind / high load scenario. The cost of 

generation information for each scenario is illustrated in Figure 5.6. The cost of generation 

(COG) decreases with increasing SNSP for all levels of storage. This is explained by the zero-

fuel cost of wind generation. Similarly, the COG decreases with increasing battery storage for 

all levels of SNSP except for the 60% SNSP band where the 300 MW storage level shows a 

£3k increase compared to the 200 MW level. However, for the 200 MW level the start-up / shut 

down cost (£20,588) is higher than the 300 MW level (£5,440), therefore overall, the total 

generating costs are decreasing. For each SNSP level as storage levels increase there is a 

plateau point where a further increase in storage levels does not result in any further decrease 

in COG. 

 

Figure 5.6 Cost of generation for high wind high load scenario 

 

The results show a fluctuation in CO2 emissions tonnage as SNSP increases for all levels of 

storage as illustrated in Figure 5.7. However, for all levels of SNSP, as storage levels increase 

the emissions tonnage consistently decreases. The fluctuation in emission tonnage as SNSP 

increases is explained by the model dispatch of coal firing generation which competes on both 

cost and favourable minimum generation settings. The dispatch optimisation algorithm 

therefore favours the coal generators despite their higher emission rate, resulting in the 

fluctuations in emissions tonnage. 
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Figure 5.7 Emissions for high wind high load scenario 

 

The total ramping minutes show a general downward trend as storage levels increase for each 

SNSP level as illustrated in Figure 5.8. However, for each individual storage level as SNSP 

increases there is a fluctuation in total ramping minutes which is explained by the optimised 

dispatch for the combination of demand, wind generation level and minimum generation 

setting for each generator. 

 

Figure 5.8 Total ramping minutes for high wind high load scenario 

 

The start-up / shut down costs show a sharp decrease as SNSP levels increase for all levels 

of storage as illustrated in Figure 5.9. However, following the initial decrease, when moving 

from an SNSP of 65% to no curtailment the costs fluctuate which is explained by the output of 

the dispatch algorithm which optimises on the total cost of generation. 
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Figure 5.9 Total start-up and shut down costs for high wind high load scenario 

 

The dump energy shows a decrease as storage levels increase for all levels of SNSP as 

illustrated in Figure 5.10. As SNSP levels rise there is an increase in dump energy for all levels 

of storage except for 300MW which has the capacity to absorb excess wind generation. 

 

Figure 5.10 Dump energy for high wind high load scenario 

 

The matching wind and load profiles for this scenario shows that curtailment by the system 

operator has been applied. The wind records for a specific location on the day analysed, 

report the following average windspeeds: 14 mph (0000 to 0600hrs), 24 mph (0600 to 

1200hrs), 30 mph (1200 to 1800hrs) and 19 mph (1800 to 2359hrs). Consideration was 

given to translating these average windspeeds to actual generation however, this would 

introduce a significant margin of error due to the distributed location of the wind generators 

and the average nature and wide time resolution of the actual data. 

5.5.2 High wind low load 

Sixteen sets of results were obtained for the high wind / low load scenario. The COG 

information for each scenario is presented in Figure 5.11. The COG decreases with increasing 

storage for all levels of SNSP. However, as the SNSP increases the COG fluctuates at all 
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levels of storage. The emission tonnage presented in Figure 5.12, follows a similar trend as 

the COG with a consistent decrease as storage levels increase but fluctuates with increasing 

SNSP. 

 

Figure 5.11 Cost of generation for high wind low load scenario 
 

 

 

Figure 5.12 Emissions for high wind low load scenario 

 

The total ramping minutes show a general downward trend as storage levels increase for each 

SNSP levels as illustrated in Figure 5.13. The largest reduction occurs between an SNSP of 

65% and 70% for all levels of storage.  
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Figure 5.13 Total ramping time for high wind low load scenario 

 

The start-up / shut down costs show a sharp decrease as SNSP levels increase for all levels 

of storage as illustrated in Figure 5.14. For the 300 MW level of storage there are no start-up 

/ shut down costs.  

 

Figure 5.14 Total start-up and shut down costs for high wind low load scenario 

 

Similar to the high wind / high load scenario, the dump energy shows a decrease as storage 

levels increase for all levels of SNSP as illustrated in Figure 5.15. The 100 MW storage level 

at uncurtailed wind has 260 MWH of dump energy caused by wind generation exceeding the 

demand and insufficient storage capacity to absorb this excess. In cases where there is 

insufficient battery storage to absorb the dump energy a load bank set up as a “private wire” 

or “virtual private wire” contract, as discussed in 2.3.4, could be a potential repository. 



118 

 

Figure 5.15 Dump energy for high wind low load scenario 

 

5.5.3 Low wind high load 

Four sets of results were obtained for the low wind / high load scenario. These results are for 

uncurtailed wind as applying an SNSP limit at low wind levels is not necessary. The COG 

decreases with increasing storage as illustrated in Figure 5.16. There is a £6k reduction 

between the no storage and 100 MW and 200 MW levels and then a further £9k reduction 

between the 200 MW and 300 MW levels. The storage for this scenario is generally charging 

during the hours of 0000hrs to 0700hrs then discharging until 2000hrs. 

 

Figure 5.16 Cost of generation for low wind low load scenario 

 

Emissions tonnages reduce as storage increases with a tonne total reduction of 1,142 tonnes 

as illustrated in Figure 5.17. The total minutes of ramping decreases with increasing storage 

levels as the battery charge / discharge facility is used to control load fluctuations as illustrated 

in Figure 5.18. Start-up and shut down costs decrease between 0 MW and 200 MW as 

illustrated in Figure 5.19. There are start-up and shut down costs for the 300MW storage level 

but the summation of the COG and this start cost remain the lowest of all the cases. For this 
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scenario there is 0 MWh of dump energy for all cases as the wind generation is so low. 

Therefore, the dump energy bar chart has been omitted. 

 

Figure 5.17 Emissions for low wind low load scenario 

 

 

Figure 5.18 Total ramping time for low wind low load scenario 

 

 

Figure 5.19 Total start-up and shut down costs for low wind low load scenario 
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5.5.4 Low wind low load 

Four sets of results were obtained for the low wind / low load scenario. The results are identical 

for all levels of storage and SNSP except for a minor variation in ramping minutes. At this level 

of wind and load storage has no positive or negative effect. 

 

5.5.5 Monthly run 

Based on the findings of the daily runs a modelling run over a one-month period was set up 

using actual load and wind data for January 2021. The wind data was conditioned to be no 

greater than 70% SNSP using the same methodology as outlined in 5.3.6. The model results 

are presented in Table 5.11. The results show the cost of generation decreasing as the storage 

level increases. This cost decrease is set against a load and fossil fuel generation increase 

and an emissions decrease. The overall increase in generation is accounted for by the 70% 

battery charging efficiency. The total ramping minutes for the fossil fuel machines shows a 

52% reduction with increasing battery storage. The start-up / shut down costs show a 55% 

decrease with increasing battery storage. The breakdown of generation by fuel shows a 59% 

decrease in coal, a 9% increase in gas, and a 91% decrease in distillate generation for 0 MW 

to 300 MW of battery storage. The reduction in coal generation is the major contributor to the 

emissions reduction of 28k tonnes of CO2. 

Table 5.11 Results for January 2021 using actual load and wind data at 70% SNSP 

 

 No storage 100 MW 200 MW 300 MW 

Cost of generation (£ M) 20 19.7 19.6 19.5 

Emission (k tonnes CO2) 262 247 237 234 

Start-up / Shut down costs 
(£ M) 

0.771 0.592 0.369 0.346 

Total ramping (mins) 55,200 37,830 31,365 26,535 

Load (MWh) 727,186 740,435 747,766 753,838 

Fossil fuel generation (MWh) 542,848 543,412 545,591 547,398 

Renewable generation 
(MWh) 

187,784 187,784 187,784 187,784 

Battery generation (MWh) 0 9,274 14,406 18,656 

Dump energy (MWh) 3,446 35 15 0 

Coal (MWh) 58,544 40,077 28,427 23,752 

Gas (MWh) 481,680 501,540 515,642 523,403 

Distillate (MWh) 2,625 1,795 1,522 243 

 

5.5.6 General discussion 

The results show that for all scenarios except low wind / low load, there are positive gains for 

all the parameters due to the deployment of energy storage. The energy trilemma [294] where 
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the objectives of an electricity system to compete on cost, sustainability and security of supply 

is partly satisfied by the deployment of battery storage. The use of storage contributes 

positively to sustainability and security of supply however, this should be set against the capital 

cost of installation. In NI, system operation at an SNSP of 70% is likely to prevail [265]. The 

system operator in NI has announced plans to source 70% of electricity generation from 

renewable sources by 2030 which will require operation of the system at an SNSP of up to 

90% [295].  

 

At an SNSP of 70%, the highest daily reduction in COG was £36k for the high wind / low load 

scenario where there was maximum utilisation of zero cost wind generation and no 

curtailment. The low wind / high load daily cost of generation was reduced by £15k due to the 

avoidance on starts on peak lopping open cycle gas turbines. Also, for this scenario the 

batteries enabled load smoothing and, load transfer where the batteries were charged during 

low load periods and discharged later at high load periods. The daily emissions tonnage 

reduction was greatest at 1430 tonnes for the high wind / low load scenario at 70% SNSP and 

300 MW of storage. The direct replacement of fossil fuel generation with renewables 

(facilitated by higher SNSP limits and battery storage) is the main cause of the CO2 emissions 

reduction. For Northern Ireland this decrease will be lowered further when the coal firing plant 

at Kilroot closes in the year 2023 [262]. The reason for this is the reduction in CO2 emission 

rate from 93.65 kg / GJ for coal firing compared to 55.82 kg / GJ for CCGT generation and the 

higher efficiency of CCGT plant. Load smoothing and load transfer for the low wind / high load 

scenario resulted in a daily 1,142 tonnes reduction for the 300MW case.  

 

In general ramping time was reduced with increasing levels of storage. The reduction in 

ramping minutes and start-up and shut down operations reflects the levelling out effect of 

battery storage in a system with high renewables. This change in operation has a positive 

effect on the maintenance regime for CCGTs. The maintenance regime is based on equivalent 

hours run with a multiplier being applied for starts [296]. Therefore, if starts can be minimised 

the period between maintenance outages can be extended. Additionally, emissions during 

ramping tend to be higher than steady state conditions due to over-firing which is required to 

move between load points, therefore any reduction in ramping time will have a positive effect 

on emissions [297]. This benefit is advantageous for power plant operators in reduced 

maintenance costs and should incrementally cause a decrease in the cost of electricity. 

Overall, the daily start-up and shut down costs show a decrease as storage levels increase 

however this is load and wind generation dependent. As mentioned in 5.3.4 a limitation of this 
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study is the omission of the transmission losses and the emissions associated with the 

generation required to feed this energy loss. Future studies could be focused on reducing 

these losses by distributed generation thus avoiding long transmission lines to transfer energy.  

 

For all cases the level of dump energy was dependent on (a) the SNSP limit and (b) the 

amount of energy storage available. Therefore, the level of storage required for the Northern 

Ireland system is an area of future work where the benefits versus the capital cost of 

installation and ongoing running costs needs to be optimised. It is estimated that to meet 

environmental targets by 2030 the level of storage required in Northern Ireland is 200 MW with 

1,450 MW in the Republic of Ireland [202]. A cursory examination of the results for this study 

would indicate the optimum level of storage for the NI system is between 200 and 300 MW.  

 

The generation dispatch profile for the high wind / high load scenario at 70% SNSP and ‘no 

storage’ is illustrated in Figure 5.20. The generation dispatch profile for this scenario and 

200 MW of battery storage is illustrated in Figure 5.21. The dispatch profile with battery 

storage shows a distinct flattening of generator load profile during the high load period during 

daytime. This is facilitated by the battery storage which charges during the low demand / high 

renewable generation period from 0001hrs to 0700hrs then discharges during the high 

demand daytime hours to 1800hrs as illustrated in Figure 5.22. The battery peak discharge of 

142 MW occurs at 0830 hrs which coincides with a dip in wind generation. This is an example 

of how battery storage can provide rapid support services when renewable generation 

fluctuates due to weather conditions. 
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Figure 5.20 Dispatch profile for high wind high load scenario with no storage at 70% SNSP 
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Figure 5.21 Dispatch profile for high wind high load scenario with 200 MW battery storage 
and 70% SNSP 

 

 

Figure 5.22 Battery storage (200MW) dispatch profile for high wind high load scenario and 
70% SNSP 
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The monthly results clearly show the positive effect of battery storage on cost, emissions, and 

dump energy and validate the results from the daily modelling. There are two areas where 

further gains can be achieved by use of storage. Firstly, by improving battery charging 

efficiency, the losses associated with this process can be reduced and overall reduce 

emissions and costs further. Secondly, if battery storage can be proven to provide adequate 

system services in the form of frequency regulation, reserve, and voltage support, then 

operation at SNSPs higher than 70% will be possible providing there is sufficient wind 

generation capacity. 

The Paris Agreement has stimulated governments to set stringent environmental targets. The 

UK government has set a target of net zero carbon emissions by the year 2050 [27]. To 

achieve this target the government published a ten-point plan [298] listed as follows: 

(i) Advancing offshore wind  

(ii) Driving the growth of low carbon hydrogen 

(iii) Delivering new and advanced nuclear power 

(iv) Accelerating the shift to zero emission vehicles 

(v) Green public transport, cycling and walking 

(vi) Jet zero and green ships 

(vii) Greener buildings 

(viii) Investing in carbon capture, usage, and storage 

(ix) Protecting the natural environment 

(x) Green finance and innovation 

 
This plan informs the possible future scenarios for fossil fuels. Point (iii) to develop nuclear 

power could result in all fossil fuel generation being displaced by the year 2050. However, the 

plan details reveal that a demonstrator project is to be delivered by 2030 therefore, it is unlikely 

that sufficient nuclear generation would be in place by 2050 considering the lead time to 

construct and commission these plants. The remaining 8 points are all associated with zero 

or low carbon proposals therefore, the indication is that the UK is planning for a limited and 

continued use of fossil fuel with the net zero target being achieved through carbon capture, 

usage, and storage technology. This vindicates the investigation in this research to analyse 

how battery storage can enhance and lower the carbon emissions of existing fossil fuel 

generation. 

 

This section establishes a linkage between the system services scheme, actual system data 

and revenue. The flexibility of the developed models makes them readily adaptable to other 

regions should testing of battery storage in a system operator incentive scheme be required. 

In addition, the modelling permits an assessment to be made of the technical benefits of 
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distributed battery storage in a region with high renewables and, a financial analysis of 

incentive schemes using established analysis tools 

 

A limitation of this study exists for the high wind / high load scenario on 7th January 2020. It is 

evident from the matching wind and load profile illustrated in Figure 5.1 that curtailment has 

occurred. In the Irish system a curtailment is defined as reducing the output of any or all the 

price-taking generating units to resolve a security issue [299]. In this case the security issue 

will have been the maintenance of the SNSP limit to below 70%. This is a clear example that 

systems with high levels of renewables need sufficient energy storage to harvest all the 

available renewable generation and avoid curtailment issues. The wind records for Belfast for 

that day report the following average windspeeds: 14 mph (0000 to 0600hrs), 24 mph (0600 

to 1200hrs), 30 mph (1200 to 1800hrs) and 19 mph (1800 to 2359hrs). The translation of these 

average windspeeds to actual generation would introduce a significant margin of error due to 

the distributed location of the wind generators and the average nature and wide time resolution 

of the actual data. However, it would be a fair assumption that maximum curtailment occurred 

between 0000hrs and 0600hrs, and 2100 and 2359hrs. Therefore, future research could 

determine the total predicted curtailment by extrapolation and the model used to determine 

the effect of the battery storage for all scenarios. 

5.6 Key findings and conclusions 

This work investigated the effect of battery storage on a daily Northern Ireland system operator 

economic dispatch for four combinations of wind and load. Additionally, a monthly modelling 

run was carried out at 70% SNSP. The system was modelled using software similar to that 

used in the current commercial market. The parameters analysed were, cost of generation, 

emissions, ramping time, start-up and shut down costs, and dumped energy. The parameter 

values were compared for various levels of battery storage and SNSP. The findings are listed 

as follows: 

(i) An optimum level of storage exists which is dependent on demand and wind 

generation.  

(ii) Comparison of the generator dispatch for ‘no storage, and ‘storage’ shows that the 

overall effect is to smooth out the generation profile and reduce peak running.  

(iii) The system operator constraint of a minimum of 3 fossil fuel generators (excluding 

the OCGTs) to be synchronized, together with the relatively low minimum 

generation of the coal fired units results in units being dispatched for baseload 

generation which negatively affects the cost of generation and total emissions and 

curtailment of renewables. Relaxation of these rules and lower minimum 
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generation levels together with battery storage will facilitate increased renewable 

generation.  

(iv) The addition of relatively large (100-300MW) quick start OCGTs with sub 100MW 

minimum generation levels to the system fleet will be a more optimal fit for a system 

equipped with battery storage and a high level of renewables. 

(v) The cost reduction by use of storage is modest however large savings are realised 

by replacing fossil fuel generation with wind. 

(vi) Emission reductions can be realised by use of storage especially when higher 

SNSP levels can be accommodated. 

(vii) The reduction of ramping minutes and start-up and shut down cycles will extend 

the maintenance periods on fossil fuel generating equipment due to less equivalent 

hours running (CCGT actual hours running are subject to a multiplier when ramping 

and start / stop cycles are considered). 

(viii) Analysis on the low wind / high load scenario shows that COG, emissions, total 

ramping time and start-up and shut down costs are all reduced when energy 

storage is used.  

(ix) The monthly model run with 300 MW of battery storage resulted in a generation 

cost decrease of £500k, an emission decrease of 28k tonnes CO2, and total 

ramping decrease of 478 hours compared to the no storage scenario. 

 

The findings reached were based on specific single day model runs for various combinations 

of wind and load and one monthly run with wind curtailed to 70% SNSP. Overall, the use of 

battery storage resulted in an improvement in system operation for the parameters measured. 

However future studies are proposed by running the model for longer periods (up one year) at 

different SNSP and battery storage levels. 
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6.0 Overall discussion and conclusion 

The main aim of this research was to carry out a market analysis of distributed mass energy 

storage. To understand storage and the electricity market, a techno-economic review of 

distributed and embedded energy storage was carried out to establish the current global 

trends. To complement this review, the frameworks and approaches used to regulate, plan, 

and operate retail electricity markets were examined in the form of a gap analysis. The focus 

then shifted to modelling the electricity system in Northern Ireland. The modelling was carried 

out in two parts, in part a) the existing market arrangements to support distributed battery 

energy storage and, in part b) the effect on unit dispatch, generation parameters and overall 

system operation was gauged. The modelling was based on four daily scenarios for different 

combinations of load, wind generation and battery storage plus a high load monthly run. The 

modelling used actual load and wind generation data. The wind data was conditioned for 

various levels of SNSP. The modelling is dedicated to Northern Ireland which is a small 

isolated system with peak loads of circa 1700 MW and a high level of renewable generation 

with the potential to meet 100% of demand with favourable climatic conditions. The key 

conclusions are summarised as follows: 

 

Section 2 provides a broad overview of the technological response to the growth in renewable 

generation based on ten widely dispersed countries. A SWOT and Pugh analysis was used to 

review global literature relating to the technology associated with distributed and embedded 

energy storage. It was determined that solutions to the global issues caused by the penetration 

of renewables into an electricity system vary regionally according to geography, economy, grid 

infrastructure, level of renewables, government policy and overall willingness to change. It was 

demonstrated that solutions to the issues introduced by the transition to renewable generation 

will be based on distributed storage, smart grid, smart metering and electrification of heating 

and transport. In most cases the existing grid infrastructure is not suitable for a low carbon 

grid system. Battery storage, smart metering and enhanced data flow were identified as key 

to providing a safe, secure, and low carbon electricity system however, to attract investment 

the services provided need to be adequately rewarded. 

 

The electrification of heating and transport at domestic level will increase the demand to a 

level which will exceed the rating of the existing cabling, transformers, and switchgear. The 

load profile will change with new demand requirements like overnight vehicle charging. 

Coupling this increase in demand to intermittent renewable generation can only be made 

possible by some form of energy storage. Hydroelectric power is an established form of energy 
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storage but is only suitable for certain topographies and climatic conditions. The conclusion 

reached from this section is that mass battery energy storage will be a key facilitator in the 

transition from fossil fuel generation to renewables.  

 

In Section 3 a review of the current state of the retail markets was carried out using the same 

selected countries used for the work in Section 2 thus ensuring a consistent approach. The 

purpose of the review was to establish the trends, technologies and plans to inform the 

transitionary process for retail markets so they can fully contribute to decarbonisation. The 

study revealed two distinct approaches. In developed countries like Australia, Germany and 

UK, reform is advanced, and the retail markets have incorporated supplier competition, tariff 

choice, smart metering plans, renewable energy and some distributed battery energy storage. 

However, in contrast, in the Russian Federation and South Africa there is little or no 

development from the original utility model where bulk generation is delivered via transmission 

and distribution systems to customers at the retail level who are charged regulated utility rates. 

In the developed countries technology in the form of smart metering, smart devices, rooftop 

PV and domestic energy storage is available and ready to be used in a smart grid incorporating 

the concepts of transactive energy.  

 

Customer engagement emerges as a key concept for the development of retail markets. The 

review in Section 3 revealed that customer engagement is heavily influenced by the complexity 

introduced by retail suppliers associated with tariffs and charging methods. Price and security 

of supply are the main customer priorities but less so the link between energy usage and 

climate change. Thus, the emphasis for retail companies should be to engage with customers 

based on securing the best product in terms of price, security, quality of supply, and the 

environment. 

 

Finally in Section 3 a review of unit commitment models was carried out. The objective function 

of the models examined was mainly associated with the maximization of profit or revenue but 

with little or no comment regarding the maximization of renewable generation. Market 

operators often introduce an ancillary service market to incentivize providers with a view to 

increasing renewables and stabilising the grid at the transmission level. The model review 

revealed that a gap exists at the retail level for a distribution unit commitment model. This 

model could be used to determine the most economic combination of energy provision at the 

distribution and retail levels comprising embedded renewable generation, demand-side 
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management, and energy storage. Future retail markets will bear no resemblance to the 

traditional model where customers were encouraged to purchase electrical appliances to 

increase system load and maximize the profit for utility suppliers. This concept has now 

reversed with suppliers sending communication on tariff design, fringe benefits, usage data. 

However, this flow of consumer information needs to broaden to include the benefits of smart 

metering, smart devices, load or appliance scheduling, electric vehicle charging, integrated 

district heating or heat pumps in rural areas and the need for decarbonisation.  

 

In Section 4, modelling was developed to test the market feasibility of investment in battery 

storage at the distribution level. The modelling used a frequency dataset for Ireland for 2020 

to determine the temporal scalars associated with the ancillary services payments and from 

this the revenue for a 100 kW / 400 kWh battery is determined. In addition to this, the revenue 

from a distribution network operator “build out avoidance” scheme was modelled for the same 

size of battery. The total revenue from these two products was compared against investment 

costs using the standard financial tools of payback, return on assets, internal rate of return, 

and net present value. The results indicated that an investment based on returns from ancillary 

services and the network avoidance scheme was high risk due to the lack of guaranteed 

income plus the potential dilution of payments due to the cap imposed by the regulator.  

 

Further analysis was carried out using dynamic economic dispatch and unit commitment 

models. The results of this modelling indicated that energy storage in a system with a high 

share of renewables is beneficial in terms of lowering costs and emissions. The installed 

storage permitted surplus renewable energy to be stored during periods of low demand and 

then used later at peak times. Additionally, the cost of carrying system reserve was lowered 

when a system carries energy storage due to a reduction of ramp rates, the avoidance of 

uneconomic peak load running, and less short-term dispatch of expensive peaking plant. 

However, the financial reward mechanisms fall short of providing the return that investment in 

energy storage requires. Therefore, a gap exists between revenue from operator incentive 

schemes for system services and the financial returns required for investment in suitable 

storage technology. The conclusion reached is that incentive schemes need to be carefully 

designed to attract investors to install low carbon technology to meet both the technical 

requirements of the system operators and provide a guaranteed and fair return. The DED and 

UCM methodologies developed in this section are generic. However, the ancillary services 

methodology is new and is specific to regions which use SNSP as a scalar for calculating 
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revenue contributions. This methodology is readily adaptable to other regions as the coding 

can be easily modified to suit different payment arrangements. 

 

In Section 5 a model was built of the Northern Ireland generation system using PLEXOS 

software to investigate the effect of battery storage on a daily economic dispatch for four 

combinations of wind and load. The combinations were chosen to be a representation of all 

the possible scenarios in terms of system demand and wind generation. The parameters 

analysed were, cost of generation, emissions, ramping time, start-up and shut down costs, 

and dumped energy. For each level of wind penetration there is an optimum storage amount 

which minimizes curtailment and maximises the technical and financial benefits on the 

remaining system generation. The results for this study would indicate the optimum level of 

storage for the NI system is between 200 and 300 MW. Currently there is 110MW of 

transmission connected battery storage in Northern Ireland. The methodology developed in 

this section demonstrates the positive benefits of battery storage. This is specific methodology 

where metrics on relevant parameters are extracted from the generic PLEXOS approach to 

UCM and DED modelling. This methodology is specific to regions with a high share of 

renewables, and which are planning to evaluate the use of battery storage. It can be easily 

extended to include elements like interconnectors, transmission losses and location. The 

specific methodologies developed in Sections 4 and 5 are contributions to the research 

associated with quantification of investment opportunities for battery storage and the 

determination of the beneficial effect of battery storage on existing fossil fuel generation.  

 

The results from the modelling in Section 5 had an overall smoothing effect on the dispatch of 

the remaining fossil fuel generation. The high wind / low load scenario is used as an example 

to illustrate this. For a 70% SNSP level the total ramping minutes for the fossil fuel generation 

was reduced from 1,170 minutes to 165 minutes by the deployment of 200 MW of storage. 

For the same level of storage, the cost of generation was reduced by £36k, the start-up / shut 

down costs reduced by £4k, the CO2 emissions reduced by 1,430 tonnes, and the dump 

energy reduced by 550 MWh. These benefits to system generation may be recognised by 

transmission system operators but there is no evidence of adequate compensation to battery 

energy storage operators. The model was extended to run for one month with similar results 

to the daily scenarios.   
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6.1 Synopsis of key findings and contribution  

Section 2 

• The choice of technological solutions will vary regionally depending on geography, 

economy, grid, renewable generation level, government policy and willingness to 

change. All solutions will embrace distributed storage, smart grid, smart metering, and 

electrification.  

 

• Distributed storage in the form of batteries will be a key technology in a low carbon 

electricity system. However, there must be careful planning with consideration given 

to the supply chain and the total life cycle costs including recycling of materials and 

disposal.  

 

• The ancillary services that batteries can deliver must be properly recognised and 

rewarded by system operators.  

 

• Smart grid and smart metering will be a key enabler in developing the growth of smart 

devices facilitating participation in demand side management.  

 

• A radical change in network design at both transmission and distribution levels is 

required to allow for smart loads and storage.  

 

• Electrification of heating and transport are highly significant in terms of carbon 

reduction and in maximising the use of renewable energy with storage as the key 

enabler.  

 

• In regions where there is a high economic dependency on the fossil fuel industry, 

careful planning is required to ensure a smooth transition to low carbon systems.  

 

Section 3  

• The countries examined, despite all being signed up to the Paris Agreement, had 

very differing levels of retail reform. 

 

• The retail markets in developed countries like Australia, Germany and UK had 

been thoroughly reformed. However, in the Russian Federation and South Africa 

there is little or no development from the original utility model.  
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• Although technology is readily available for a low carbon operated smart grid it was 

only prevalent in developed countries. 

 

• Plans are needed for a coordinated approach between countries to implement a 

transition. 

 

• A gap exists at the retail level for a distribution unit commitment model to be used 

to determine the most economic combination of energy provision at the distribution 

and retail levels comprising embedded renewable generation, demand-side 

management, and energy storage. 

 

Section 4 

• Battery storage deployed in a system with high renewables will lower emissions and, 

generating and reserve costs. 

 

• The lack of guaranteed ancillary services revenue plus potential dilution of payments 

introduces an unacceptable risk for investors in battery storage. 

 
Section 5 

• An optimum level of storage exists which is dependent on demand and wind 

generation. The research in this thesis indicates this level to be between 200 MW and 

300 MW. A report published in the year 2021 by the system operator stated an 

expected storage in Northern Ireland of 200 MW by 2030 [202]. Therefore, this 

expected storage rating may need revised based on the results of the research in this 

thesis. 

 

•  Comparison of the generator dispatch for ‘no storage, and ‘storage’ shows that the 

overall effect is to smooth out the generation profile and reduce peak running.  

 

• Battery storage may permit relaxation of the Northern Ireland system operator 

constraint of a minimum of 3 fossil fuel generators to be always connected. 

 

• The addition of relatively large (100-300MW) quick start OCGTs with sub 100MW 

minimum generation levels to the system fleet will be a more optimal fit for a system 
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equipped with battery storage and a high level of renewables. Ultimately these 

machines should be designed to run with low or zero carbon fuels. 

 

• The cost of generation reduction by use of storage is modest however large savings 

can result by displacement of fossil fuel generation with wind. 

 

• CO2 emission reductions result from the use of storage especially when higher SNSP 

levels can be accommodated. 

 

• The reduction of ramping minutes and start-up and shut down cycles will extend the 

maintenance periods on fossil fuel generating equipment due to less equivalent hours 

running.  

 

• Analysis on the low wind / high load scenario shows that the cost of generation, 

emissions, total ramping time and start-up and shut down costs are all reduced when 

energy storage is deployed.  

 

• The monthly model run with 300 MW of battery storage at 70% SNSP resulted in a 

generation cost decrease of £500k, an emission decrease of 28k tonnes CO2, and total 

ramping decrease of 478 hours compared to the no storage scenario. 

 

6.2 Recommendations for future work 

The aim of the research in this thesis was to carry out a market analysis on distributed mass 

energy storage. The objective of the research was to quantify the benefits of battery storage 

in the Irish Single Electricity Market. Both the aim and the objective have been achieved and 

the results of the work have been described in the preceding sections. Future research topics 

are suggested as follows. 

 

• Area studied: The research was concentrated on the Northern Ireland system which 

has a relatively small demand but a high share of renewable generation. However, this 

work can be extended to other areas due to the flexibility of the models developed. 

The electricity systems in Northern Ireland and the Republic of Ireland are linked by a 

high voltage a.c. interconnector. Future work could extend this model to the whole 

island and subsequently to Great Britain and Europe. 

 

• Transmission line losses: Future work could measure the effect of battery storage 

placement in the network on minimising these losses. 
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• Dispatch criteria: In the model the economic dispatch is optimised on generation cost 

rather than emissions with each generator responsible for meeting their own individual 

carbon tax payments. Future work could optimise the generation dispatch firstly on 

minimising the emissions and secondly on cost. 

 

• Curtailment of wind generation and location of battery storage: Future research 

could determine the total predicted curtailment by extrapolation and the model used to 

determine the effect of locational battery storage for all scenarios. 

 

• Model extension to 2030: The current NI governmental policy is to replace fossil fuel 

generation with indigenous renewables for a 70% renewable target by 2030 which will 

require operation of the system at an SNSP of up to 90% [295]. Therefore, future 

modelling is required to determine how this could be achieved. 
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Appendix 

 

MATLAB code (Section 4) 

Fast frequency response 

∑ FFR payment = available volume (MW) × payment rate (£/MW) × scaling factor × 

trading period duration 

TPD=.25 
%Set up if in dynamic or static mode 
if FFRDynamic==1 
    FFRStatic=0 
elseif FFRDynamic==0 
        FFRStatic=1 
end 
% FFR Product Scalar = (FFR Dynamic Trigger Scalar * 0.4)+ (FFR Trajectory 
% Scalar * 0.6) 

  
if  FFRresTrigCap < 49.8 
    FFRDynTrigScal=0 
elseif FFRresTrigCap >= 49.8 
    FFRDynTrigScal=1-((49.985-FFRresTrigCap)*(3/1.85)) 
end 
if FFRTrajCap>0.7 
    FFRDynTrajScal=0.2 
elseif FFRTrajCap<=0.7 
FFRDynTrajScal=1-((FFRTrajCap-.05)*(.5/.65)) 
end 
% Set up of parameters for static control 
if FFRresTrigCap < 49.3 
    StaticTrigScal=0 
elseif FFRresTrigCap >= 49.3 
    StaticTrigScal=0.5-((49.8-FFRresTrigCap)*(4/5)) 
end 
%Set up of Static FFR Hysteris Control for every discrete step  
if FFRHysControl==1 
    FFRHysContNotPoss=0 
elseif FFRHysControl==0 
       FFRHysContNotPoss=1 
end 
if FFRHysControl==1 
    StaticHysScal=1 
elseif FFRHysContNotPoss==1 
    StaticHysScal=.5 
end 
if StaticStepsCap>9 
    StaticStepsScal=1 
elseif StaticStepsCap<=9 
    StaticStepsScal=1-((9-StaticStepsCap)*(.9/8)) 
end 
if FFRDynamic==1 
FFRProSca=(FFRDynTrigScal*.4)+(FFRDynTrajScal*.6) 
elseif FFRDynamic==0 
    FFRProSca=(StaticTrigScal*.4)+(StaticHysScal*.4)+(StaticStepsScal*.2) 
end 
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% FFR Fast response scalar is 3 if FFR Resp Time <=0.15secs, 0.15 < FFR 
% Resp time <0.5 AND 0.5<= FFR Resp Time < 2 as formulae below. 
if FFRFRtime>=2 
    FFRFRSca=0 
elseif FFRFRtime<2&&FFRFRtime>=0.5 
    FFRFRSca=((2-FFRFRtime)/(1.5))+1 
elseif FFRFRtime<0.5&&FFRFRtime>0.15 
    FFRFRSca=((0.5-FFRFRtime)/(0.35))+2 
else FFRFRSca=3 
end 
%FFR Scal Factor=FFR Perf Scal*FFR Product Scal*FFR Continuous Scal*FFR 
%Fast Resp Scal* FFR Locational Scal*FFR Temporal Scal 
%FFRTSS is determined below from SNSP data 
SNSP1=SNSP2020 
%FFR temporal scalar, 0 for SNSP<=50%, 1 for 50% > SNSP <= 60%, 4.7 for 60% 
%> SNSP <= 70%,6.3 for SNSP > 70%. 
SNSP1(SNSP1<70)=0 
SNSP1(SNSP1>0)=6.3 
SNSP2=SNSP2020 
SNSP2(SNSP2>=70)=0 
SNSP2(SNSP2<60)=0 
SNSP2(SNSP2>0)=4.7 
SNSP3=SNSP2020 
SNSP3(SNSP3>=60)=0 
SNSP3(SNSP3<50)=0 
SNSP3(SNSP3>0)=1 
FFRTSS=SNSP1+SNSP2+SNSP3 
FFRScalF=FFRPerfSca*FFRProSca*FFRContSca*FFRFRSca*FFRLocSca*FFRTSS 
% FFR Period Payment= FFR Available Volume * FFR Rate * FFR Scal factor  
%(for period selected)  
FFRTPP=FFRAV*FFRrate*FFRScalF*TPD 
FFRtotalpay=sum(FFRTPP,'all','omitnan') 

 

Primary operating reserve 

∑ POR payment = available volume (MW) × payment rate (£/MW) × scaling factor × 

trading period duration 

 

TPD=.25 
%Set up if in dynamic or static mode 
if PORDynamic==1 
    PORStatic=0 
elseif PORDynamic==0 
        PORStatic=1 
end 
% (i) Reserve Type Scalar is an amount equal to: 
%  1 in the event that Dynamic Response is provided by the Providing Unit 
%  and Reserve Trigger Capability is >= 49.3 Hz; or 0.5 in the event that 
%  Static Response is provided by the Providing Unit and Reserve Trigger 
%  Capability is >= 49.3 Hz; or zero in the event that Reserve Trigger 
%  Capability < 49.3 Hz; and 
% (ii) Reserve Trigger Scalar is an amount equal to: 
%  1 – ((49.985 – absolute value of Reserve Trigger Capability) x (5 ÷ 
%  6.85)), if the value of the Reserve Trigger Capability is >= 49.3 Hz; 
% or 
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%  zero if the value of the Reserve Trigger Capability is < 49.3 Hz. 
if PORDynamic==1 && PORResTrigCap >=49.3 
PORResTypScal=1 
elseif PORStatic==1 && PORResTrigCap >=49.3 
    PORResTypScal=0.5 
else PORResTypScal=0 
    end 
if PORResTrigCap >=49.3 
    PORresTrigScal=1-((49.985-PORResTrigCap)*(5/6.85)) 
else PORresTrigScal = 0 
end 
PORProScal=(PORResTypScal+PORResTrigScal)/2 

  
%PORTSS is determined below from SNSP data 
SNSP1=SNSP2020 
%POR temporal scalar, 1 for SNSP<=60%, 4.7 for 60% > SNSP <= 70%, 6.3 for 
%SNSP > 70%. 
SNSP1(SNSP1<70)=0 
SNSP1(SNSP1>0)=6.3 
SNSP2=SNSP2020 
SNSP2(SNSP2>=70)=0 
SNSP2(SNSP2<60)=0 
SNSP2(SNSP2>0)=4.7 
SNSP3=SNSP2020 
SNSP3(SNSP3>=60)=0 
SNSP3(SNSP3>0)=1 
PORTSS=SNSP1+SNSP2+SNSP3 
PORScalF=PORPerfScal*PORProScal*PORLocScal*PORTSS 
% POR Period Payment= POR Available Volume * POR Rate * POR Scal factor  
%(for period selected)  
PORTPP=PORAV*PORrate*PORScalF*TPD 
PORtotalpay=sum(PORTPP,'all','omitnan') 
if PORDynamic==1 
disp 'dynamic mode' 
else disp 'static mode' 
end 

 

Secondary operating reserve 

∑ SOR payment = available volume (MW) × payment rate (£/MW) × scaling factor × 

trading period duration 

 

TPD=.25 
%Set up if in dynamic or static mode 

  

  

  
if SORDynamic==1 
    SORStatic=0 
elseif SORDynamic==0 
        SORStatic=1 
end 
% (i) Reserve Type Scalar is an amount equal to: 
%  1 in the event that Dynamic Response is provided by the Providing Unit 
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%  and Reserve Trigger Capability is >= 49.3 Hz; or 0.5 in the event that 
%  Static Response is provided by the Providing Unit and Reserve Trigger 
%  Capability is ? 49.3 Hz; or zero in the event that Reserve Trigger 
%  Capability < 49.3 Hz; and 
% (ii) Reserve Trigger Scalar is an amount equal to: 
%  1 – ((49.985 – absolute value of Reserve Trigger Capability) x (5 ÷ 
%  6.85)), if the value of the Reserve Trigger Capability is >= 49.3 Hz; 
% or 
%  zero if the value of the Reserve Trigger Capability is < 49.3 Hz. 
if SORDynamic==1 && SORResTrigCap >=49.3 
SORResTypScal=1 
elseif SORStatic==1 && SORResTrigCap >=49.3 
    SORResTypScal=0.5 
else SORResTypScal=0 
    end 

      
if SORResTrigCap >=49.3 
    SORResTrigScal=1-((49.985-SORResTrigCap)*(5/6.85)) 
else SORResTrigScal = 0 
end 
SORProScal=(SORResTypScal+SORResTrigScal)/2 

  

  
%SORTSS is determined below from SNSP data 
SNSP1=SNSP2020 
%POR temporal scalar, 1 for SNSP<=60%, 4.7 for 60% > SNSP <= 70%, 6.3 for 

SNSP > 70%. 
SNSP1(SNSP1<70)=0 
SNSP1(SNSP1>0)=6.3 
SNSP2=SNSP2020 
SNSP2(SNSP2>=70)=0 
SNSP2(SNSP2<60)=0 
SNSP2(SNSP2>0)=4.7 
SNSP3=SNSP2020 
SNSP3(SNSP3>=60)=0 
SNSP3(SNSP3>0)=1 
SORTSS=SNSP1+SNSP2+SNSP3 
SORScalF=SORPerfScal*SORProScal*SORLocScal*SORTSS 
% SOR Period Payment= SOR Available Volume * SOR Rate * SOR Scal factor  
%(for period selected)  
SORTPP=SORAV*SORrate*SORScalF*TPD 
SORtotalpay=sum(SORTPP,'all','omitnan') 
if SORDynamic==1 
disp 'dynamic mode' 
else disp 'static mode' 
end 

             

Tertiary 1 operating reserve 

∑ TOR1 payment = available volume (MW) × payment rate (£/MW) × scaling factor × 

trading period duration 

 

TPD=.25 
%Set up if in dynamic or static mode 
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if TOR1Dynamic==1 
    TOR1Static=0 
elseif TOR1Dynamic==0 
        TOR1Static=1 
end 
% (i) Reserve Type Scalar is an amount equal to: 
%  1 in the event that Dynamic Response is provided by the Providing Unit 
%  and Reserve Trigger Capability is >= 49.3 Hz; or 0.5 in the event that 
%  Static Response is provided by the Providing Unit and Reserve Trigger 
%  Capability is >= 49.3 Hz; or zero in the event that Reserve Trigger 
%  Capability < 49.3 Hz; and 
% (ii) Reserve Trigger Scalar is an amount equal to: 
%  1 – ((49.985 – absolute value of Reserve Trigger Capability) x (5 ÷ 
%  6.85)), if the value of the Reserve Trigger Capability is >= 49.3 Hz; 
% or 
%  zero if the value of the Reserve Trigger Capability is < 49.3 Hz. 
if TOR1Dynamic==1 && TOR1ResTrigCap >=49.3 
TOR1ResTypScal=1 
elseif TOR1Static==1 && TOR1ResTrigCap >=49.3 
    TOR1ResTypScal=0.5 
else TOR1ResTypScal=0 
    end 

      
if TOR1ResTrigCap >=49.3 
    TOR1ResTrigScal=1-((49.985-TOR1ResTrigCap)*(5/6.85)) 
else TOR1ResTrigScal = 0 
end 
TOR1ProScal=(TOR1ResTypScal+TOR1ResTrigScal)/2 

  

  
%TOR1TSS is determined below from SNSP data 
SNSP1=SNSP2020 
%TOR1 temporal scalar, 1 for SNSP<=60%, 4.7 for 60% > SNSP <= 70%, 6.3 for 

SNSP > 70%. 
SNSP1(SNSP1<70)=0 
SNSP1(SNSP1>0)=6.3 
SNSP2=SNSP2020 
SNSP2(SNSP2>=70)=0 
SNSP2(SNSP2<60)=0 
SNSP2(SNSP2>0)=4.7 
SNSP3=SNSP2020 
SNSP3(SNSP3>=60)=0 
SNSP3(SNSP3>0)=1 
TOR1TSS=SNSP1+SNSP2+SNSP3 
TOR1ScalF=TOR1PerfScal*TOR1ProScal*TOR1LocScal*TOR1TSS 
% TOR1 Period Payment= TOR1 Available Volume * TOR1 Rate * TOR1 Scal factor  
%(for period selected)  
TOR1TPP=TOR1AV*TOR1rate*TOR1ScalF*TPD 
TOR1totalpay=sum(TOR1TPP,'all','omitnan') 
if TOR1Dynamic==1 
disp 'dynamic mode' 
else disp 'static mode' 
end 
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Replacement reserve synchronized 

∑ RRS payment = available volume (MW) × payment rate (£/MW) × scaling factor × 

trading period duration 

 

TPD=.25 
%RRSTSS is determined below from SNSP data 
SNSP1=SNSP2020 
%RRS temporal scalar, 1 for SNSP<=60%, 4.7 for 60% > SNSP <= 70%, 6.3 for 
%SNSP > 70%. 
SNSP1(SNSP1<70)=0 
SNSP1(SNSP1>0)=6.3 
SNSP2=SNSP2020 
SNSP2(SNSP2>=70)=0 
SNSP2(SNSP2<60)=0 
SNSP2(SNSP2>0)=4.7 
SNSP3=SNSP2020 
SNSP3(SNSP3>=60)=0 
SNSP3(SNSP3>0)=1 
RRSTSS=SNSP1+SNSP2+SNSP3 
RRSScalF=RRSPerfScal*RRSLocScal*RRSTSS*TPD 
% RRS Period Payment= RRS Available Volume * RRS Rate * RRS Scal factor 
%(for period selected) 
RRSTPP=RRSAV*RRSrate*RRSScalF 
RRStotalpay=sum(RRSTPP,'all','omitnan') 
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Dynamic economic dispatch 

close all; 
gen_data=xlsread('practice4_1NI_rev1.xlsx','A1:J4'); 
load=xlsread('practice4_1NI.xlsx','M6:M29'); 
SOC_0=10; 
SOC_max=80; 
SOC_min=0.1*SOC_max; 
eta_c=0.95; 
eta_d=0.90; 
Pth=sdpvar(4,24,'full'); 
SOC=sdpvar(1,24,'full'); 
Pd=sdpvar(1,24,'full'); 
Pc=sdpvar(1,24,'full'); 
Con=[SOC_min<=SOC,SOC<=SOC_max,SOC(24)==SOC_0,0<=Pc,Pc<=0.25*SOC_max,0<=Pd,

Pd<=0.25*SOC_max]; 
for i=1:24 
    Con=[Con,gen_data(:,7)<=Pth(:,i)<=gen_data(:,8)]; 
    Con=[Con,sum(Pth(:,i))+Pd(i)>=load(i)+Pc(i)]; 
end 
Con=[Con,SOC(1)==SOC_0+Pc(1)*eta_c-Pd(1)/eta_d]; 
for i=2:24 
    Con=[Con,Pth(:,i-1)-gen_data(:,10)<=Pth(:,i)<=Pth(:,i-

1)+gen_data(:,9)]; 
    Con=[Con,SOC(i)==SOC(i-1)+Pc(i)*eta_c-Pd(i)/eta_d]; 
end 
OF=sum((gen_data(:,1))'*(Pth.*Pth))+sum((gen_data(:,2))'*Pth)+24*sum(gen_da

ta(:,3)); 
EM=sum((gen_data(:,4))'*(Pth.*Pth))+sum((gen_data(:,5))'*Pth)+24*sum(gen_da

ta(:,6)); 
options=sdpsettings('solver','cplex'); 
result=optimize(Con,OF,options); 
Total_cost=value(OF); 
Total_emission=value(EM); 
Schedule=value(Pth); 
Emissions=value((gen_data(:,4)'*(Pth.*Pth))+(gen_data(:,5)'*Pth)+24*sum(gen

_data(:,6))) 
Dispatch=[value(sum(Pth));value(SOC);value(Pd);value(Pc)]'; 
plot([load,value(sum(Pth))',value(SOC)']); 
figure; 
bar([value(Pd'),value(Pc')]); 
figure; 
plot(value(Pth')); 
legend('G1','G2','G3','G4','Location','northwest') 
axis([0 24 0 300]) 
xlabel('time (hr)') 
ylabel('load (MW)') 
grid on 
title(' Generator Schedule (battery storage)') 
GenTot=[value(sum(Pth))]' 
figure 
Batt= GenTot-load 
bar (Batt) 
axis([0 24 -50 50]) 
xlabel('time (hr)') 
ylabel('discharge / charge (MW)') 
grid on 
title(' Battery mode') 
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figure 
plot (Emissions) 
title('Emissions') 
xlabel('time') 
ylabel('total emissions kg') 
emissionratewithbatt=[Emissions./load'] 
figure 
plot (emissionratewithbatt) 
title('Emission rate') 
xlabel('time') 
ylabel('kg/MW') 

 

Unit commitment  

close all; 
gen_data=xlsread('practice5 NIversionrev1.xlsx','B2:Q11'); 
demand=xlsread('practice4_1NI.xlsx','M6:M29'); 
demand=demand*1; 
n=20; 
UTmin=min((gen_data(:,8)-gen_data(:,14)).*gen_data(:,15),24); 
DTmin=min((gen_data(:,9)-gen_data(:,16)).*(1-gen_data(:,15)),24); 
y=binvar(10,24); 
z=binvar(10,24); 
u=binvar(10,24); 
% Linearization 
pthk=sdpvar(10,24,n,'full'); 
Pth=sum(pthk,3); 
for i=1:24 
    Pth(:,i)=Pth(:,i)+gen_data(:,12).*u(:,i); 
end 
dP=(gen_data(:,13)-gen_data(:,12))/n; 
Pdiv=zeros(10,24,n+1); 
Cdiv=zeros(10,n+1); 
for i=1:n+1 
    Pdiv(:,i)=(i-1)*dP+gen_data(:,12); 
    

Cdiv(:,i)=gen_data(:,1).*(Pdiv(:,i).*Pdiv(:,i))+gen_data(:,2).*Pdiv(:,i)+ge

n_data(:,3); 
end 
s=zeros(10,n); 
for i=1:n 
    s(:,i)=(Cdiv(:,i+1)-Cdiv(:,i))./dP; 
end 

  
Con=[y+z<=1]; 
Con=[Con,u(:,1)==y(:,1)-z(:,1)+gen_data(:,15)]; 
for i=2:24 
    Con=[Con,u(:,i)==y(:,i)-z(:,i)+u(:,i-1)]; 
end 
% Min Up/Down Time Constraints 
for i=1:10 
    for j=1:UTmin(i) 
        Con=[Con,sum(1-u(i,1:j))==0]; 
    end 
    for j=max(1,UTmin(i)+1):min(24,24-gen_data(i,8)+1) 
        Con=[Con,sum(u(i,j:j+gen_data(i,8)-1))>=gen_data(i,8)*y(i,j)]; 
    end 
    for j=24-gen_data(i,8)+2:24 
        Con=[Con,sum(u(i,j:24)-y(i,j))>=0]; 
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    end 
    for j=1:DTmin(i) 
        Con=[Con,sum(u(i,1:j))==0]; 
    end 
    for j=max(1,DTmin(i)+1):min(24,24-gen_data(i,9)+1) 
        Con=[Con,sum(1-u(i,j:j+gen_data(i,9)-1))>=gen_data(i,9)*z(i,j)]; 
    end 
    for j=24-gen_data(i,9)+2:24 
        Con=[Con,sum(1-u(i,j:24)-z(i,j))>=0]; 
    end          
end 
% Linearization constraints 
for i=1:10 
    for j=1:24 
        Con=[Con,0<=pthk(i,j,:)<=u(i,j)*dP(i)]; 
    end 
end 
% Ramp Rate Constraints 
Pthup=sdpvar(10,24); 
Con=[Con,Pthup(:,24)<=gen_data(:,13).*u(:,24)];%´Ë´¦Ô¼ÊøÊéÉÏËÆºõÃ»ÓÐ 
for i=1:24 
    Con=[Con,Pth(:,i)>=gen_data(:,12).*u(:,i)]; 
end 
for i=1:23 
    Con=[Con,Pthup(:,i)<=gen_data(:,13).*(u(:,i)-

z(:,i+1))+gen_data(:,10).*z(:,i+1)]; 
end 
for i=2:24 
    Con=[Con,Pthup(:,i)<=Pth(:,i-1)+gen_data(:,6).*u(:,i-

1)+gen_data(:,11).*y(:,i)]; 
    Con=[Con,Pth(:,i)>=Pth(:,i-1)-gen_data(:,7).*u(:,i)-

gen_data(:,10).*z(:,i)]; 
end 
Con=[Con,Pth<=Pthup]; 
% Demand Generation Balance 
Con=[Con,sum(Pth)>=demand'];% "=" was faster 
% Reverse Constraints 
Con=[Con,sum(Pthup-Pth,1)>=0.4*demand']; 
% OF 
CostTh=sum(Cdiv(:,1)'*u)+sum(sum(squeeze(sum(pthk,2)).*s)); 
STC=gen_data(:,5)'*sum(y,2); 
SDC=gen_data(:,4)'*sum(z,2); 
OF=CostTh+STC+SDC; 
options=sdpsettings('solver','cplex'); 
optimize(Con,OF,options); 
OF_value=value(OF); 
schedule=value(Pth'); 
reserve=value(Pthup'-Pth'); 
plot(value(Pth')); 
legend('G1','G2','G3','G4','G5','G6','G7','G8','G9','G10','Location','north

west') 
axis([0 24 0 300]) 
xlabel('time (hr)') 
ylabel('load (MW)') 
grid on 
title(' Generator Schedule (with reserve)') 

 

 


