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Abstract 

In the UK power system, there is currently no battery energy storage system (BESS) 

for providing grid-scale frequency response. According to the UK future energy plan, 

however, with a high penetration of renewable energy sources, battery technologies 

have become increasingly attractive to providing frequency-response-related services. 

The frequency response characteristics of the UK system with reduced inertia and the 

incorporation of BESSs should be investigated. BESSs can either be deployed as an 

independent commercial frequency response provider or be coordinated with 

renewable generation for complementing and fulfilling mandatory frequency response 

required by the grid. Economic optimization of the parameters of BESSs should be 

made according to the regulations of the UK market. Due to the high capital costs of 

batteries, BESSs should be carefully deployed to guarantee the profits of the BESS 

investments in the grid.  

 

The main focus of this research project is to optimize the control algorithm and 

capacities of BESSs for frequency regulation in the UK system. A review of the UK 

balancing services and the method of selecting energy storage technologies is the 

initial part of this work. To investigate the effects of the incorporation of BESSs in the 

UK system under current inertia and future low inertia generation, a UK frequency 

response model was developed and studied. The energy offset strategy and energy/ 

power capacities of BESSs are very important to the reliability and economics of 

BESSs projects. BESSs for firm frequency response service and coordinated wind-

farm-battery system in the UK system to provide frequency regulation were studied 

respectively. This research extends previous studies about BESS energy offset by 

optimizing the battery energy/power ratio, energy offset interval and the preferred SOC. 

The optimal parameters of the studied BESSs were firstly obtained by using gradient 

search. For comparison, Genetic Algorithm searching technique was used and has 

been found to have better performance in terms of reduced computing time and 

improved accuracy. Results suggest that it is profitable to deploy BESSs in the UK 

market. The optimal parameters of BESSs for firm frequency response service differ 

with those for coordinated wind-farm-battery system.  
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Chapter 1 Introduction 

1.1 Background 

 

Nowadays, the capacity and complexity of power systems are increasing rapidly 

following growing power demand and emerging energy resources, such as wind, solar, 

hydro, wave and tidal. The world electricity generation doubled from 11821 TWh in 

1990 to 20181 TWh in 2008, the majority of which was generated from burning fossil 

fuels, such as coal, oil and gas [1]. The carbon dioxide (CO2) emissions from burning 

fossil fuels are primarily responsible for the global climate change. Renewable energy 

resources are drawing more interests and flourish all around the world. 

 

The fast growing consumption of fossil fuels to meet the world power demand is greatly 

worsening greenhouse effects and is pushing up the price of fossil fuels. To prevent 

this trend, the UK aims to achieve a 34% cut of carbon emissions by 2020 and an 80% 

reduction by 2050 according to the 1990 baseline. Most of the UK’s electricity is 

produced by burning fossil fuels. In 2013, natural gas and coal accounts for 27.2% 

and 33.3% respectively. 23.9% of the UK’s electricity comes from nuclear generation 

[2].Renewable technologies, including wind, wave, marine, hydro, biomass solar, 

make up 13.2% of the electricity generated. The power industry is regarded as the 

major producer of greenhouse gas. Power systems are closing low-efficiency coal-

fired power plants and built high-efficiency power plants with carbon capture and 

storage (CCS) to reduce carbon dioxide emissions and keep fossil fuels in the 

electricity supply mix. Fossil-fuelled power plants can contribute to the system inertia 

and help power systems mitigate the intermittency of wind and the inflexibility of 

nuclear. Fossil-fuelled power plants provide relatively cheap power reserves 

compared with the reserves from energy storage. Fossil-fuelled power plants currently 

account for a large proportion of the power reserves in power systems. Other reserve 

sources like energy storage and demand response are supplementary technologies 

to stabilize power systems. At the same time, power systems are gradually increasing 

the penetration of renewable energy mainly from on/off-shore wind farms and 

photovoltaic systems 
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One of the major characteristics of renewables is their generation variability, making it 

difficult to balance load with generation. The increasing renewables penetration 

violates the security and reliability of power systems especially in transmission and 

distribution system. The fast commercialization of electrical vehicles (EVs) would 

make this situation worse [3]. The old power grids are finding it harder and harder to 

accommodate these changes.  

 

An imbalance between generation and load in a power system results in system 

frequency deviation from the system nominal frequency. An effective solution for 

solving balancing problems is using fast-acting generating units, such as oil and gas-

fired plants, and energy storage, such as batteries and flywheels, to mitigate the 

intermittency of renewables and stabilize the systems. Energy storage systems (ESSs) 

mediate between variable sources and variable loads, ideally meeting load demand 

balance continuously and nearly instantaneously. The basic principle of ESSs is to 

move energy through time. An ideal ESS without the consideration of power losses 

can achieve a zero net energy resource with a zero net energy service [4]. It can act 

as a generator at some times and act as a load at other times, varying its output around 

zero. It has been demonstrated that ESSs can provide services, such as frequency 

regulation, voltage support, energy time-shift and component upgrade deferral in the 

whole power system, including generation side, transmission system, distribution 

system and customer side [5]. 

 

In the Danish and the US power markets, ESS as an independent regulation provider 

has been deployed economically coordinated with other regulation resources. ESSs, 

especially battery energy storage system (BESS) and flywheel, are considered as 

excellent frequency regulation providers owing to their fast response characteristic. It 

has been concluded that storage can be up to two to three times as effective as adding 

a combustion turbine to the system for regulation purposes [4] and achieve a more 

accurate and effective regulation [6]. To meet the high ramp rate and high 

recharge/discharge cycle requirement of frequency regulation, energy storage 

technologies that have high cycle life characteristics are the most suitable candidates. 

Along with the increasing penetration level of renewables, the share of conventional 

power plants, which are the main regulation and system inertia providers, will decrease 

according to future energy scenarios. This trend will increase the regulation need in 
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power systems. Due to the changes in generation mix and reduction in system inertia 

in future energy scenarios, system planning and operation should be accordingly 

adjusted to maintain system security and reliability.  

 

With the progress to commercial maturity in battery energy storage, it is increasingly 

cost effective to deploy BESSs in power systems. Due to the case-specific nature and 

high capital cost of BESSs, including the costs of storage units, power electronics and 

maintenance, it is of great importance to evaluate the feasibility of a BESS project and 

choose the most appropriate storage technology/technologies and ratings to maximize 

the benefits. In addition, the control strategy of BESSs greatly determines the stability 

and the economics of the BESSs deployment in power systems. In the near future, the 

costs of current available electricity storage technologies will drop, and emerging 

battery technologies in the stage of early research and development (R&D) are 

expected to be available. The economic assessment of the deployment of BESSs 

should be carefully planned.  

 

1.2 Research Motivations 

 

In power systems, power imbalances between system generation and load happen all 

the time. The imbalances are inevitably caused by the uncertainties and randomness 

in generation and in customer load demand. It is difficult to precisely forecast customer 

load demand especially in day-ahead or longer forecasting. The forecast load demand 

is used as the scheduled generation for the intra-day market. While generators in 

power systems are required to generate the scheduled power at the scheduled time, 

the actual generation and load demand are often not aligned with the forecast 

schedule. The imbalances between system generation and load can be very large 

when the misalignments between the actual power and scheduled power are in the 

same direction. Severe power imbalances can lead to frequency deviation out of the 

statutory limits and even lead to power blackouts. The mismatch between generation 

and load in normal operation is firstly balanced by hour-ahead generation redispatch 

based on high-accuracy short-term load forecasting. This process is called ‘load 

following’ or ‘generation redispatch’ in power systems. The remaining high frequency 
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components of the mismatch, which ‘load following’ providers are not fast enough to 

mitigate, are balanced by different levels of power reserves with different power 

capacities, response time and durations of providing reserves. Eventually, the system 

frequency is maintained within the pre-defined limits by generation redispatch and 

different levels of power reserves. 

 

In conventional power systems, in which the renewable energy’s share of generation 

is very small, the uncertainties in generation are controllable because the majority of 

system generation is produced from nuclear power and burning fossil fuels. However, 

due to renewable energy’s fast-growing share of generation in power systems, 

decreasing system inertia and frequency response reserve pose a challenge for 

utilities when maintaining the quality and security of power supply. It is increasingly 

difficult to balance system demand and generation using the reserve from 

conventional synchronous generators. Frequency response reserve from non-

synchronous generation, such as batteries, flywheels, pumped hydro, and deloaded 

wind turbines, could provide supplementary frequency reserve for the reconstructed 

power markets. BESS is optimally suited to address the emerging challenge because 

of its high efficiency and fast ramp rates [7]. In despite of different adopted strategies 

compared to the research in this thesis, the primary frequency response has been 

found to be the most profitable service using BESSs on the Danish electricity market 

and Li-ion batteries can best fulfill this service [8]. 

 

In the UK power system, there is currently no BESS for providing grid-scale frequency 

response. According to the UK future energy plan, however, with a high penetration of 

renewable energy sources, battery technologies have become increasingly attractive 

to providing frequency-response-related services. The frequency response 

characteristics of the UK system with reduced inertia and the incorporation of BESSs 

should be investigated. BESSs can either be deployed as an independent commercial 

frequency response provider or be coordinated with renewable generation for 

complementing and fulfilling mandatory frequency response required by the grid. 

Economic optimization of the parameters of BESSs should be made according to the 

regulations of the UK market. Due to the high capital costs of batteries, BESSs should 

be carefully deployed to guarantee the profits of the BESS investments in the grid.  
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1.3 Research Objectives 

 

Following from the introduction above, the objectives of this research are to: 

 

1. Investigate BESSs for balancing system demand and generation. 

 

For achieving this objective, reviewing and analysing the applications of energy 

storage in power systems are needed as the initial work of this study. A battery 

lifetime model for the economic assessment of BESSs should be used. 

 

2. Analyse and quantify the input signal to BESSs for frequency regulation purposes. 

 

The input signal refers to the system frequency signal or the dispatch command 

from the system operator. The BESS changes its power output in response to this 

signal. For a grid-scale BESS in a power system, the power capacity of the BESS 

is not negligible. The balancing requirement should be used instead of using 

historic system frequency. The balancing requirement for BESSs with the 

increasing level of renewables in the UK power system should be estimated based 

on system data. 

 

3. Analyse factors that can influence the deployment of BESSs for frequency 

regulation, and investigate the effects of the incorporation of BESSs in the UK 

system. 

 

The benefits of incorporating BESSs in the UK should be studied considering the 

current and future grid parameters of the UK system. 

 

4. Develop new charging/discharging and offset strategies of BESSs, which are 

economical and suitable for the UK system and can be tuned and applied to other 

power systems. 

5. Evaluate the independent BESS and the coordinated wind-farm-battery system in 

the UK system to provide frequency regulation by using gradient search and 

Genetic Algorithm searching technique. 
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For achieving this objective, the characteristics of variable-speed wind turbines for 

providing power reserves should be investigated first, and the results from this 

investigation are used for the study of the coordinated wind-farm-battery system 

in the UK system. 

 

1.4 Contribution from this Research 

 

The major novelty and contributions in this project involve: 

 

1. Reviewing the method of selecting the most suitable energy storage technology 

and battery lifetime modelling method for frequency response purposes in 

power systems. 

 

Lithium battery technology and rain-flow cycle counting for battery lifetime 

modelling were used in this study for their advantages in the application of 

power system frequency regulation. 

 

2. Investigating the kinetic energy and the deloaded operations of variable-speed 

wind turbines. 

 

Variable-speed wind turbines can provide power reserves by meanings of over-

speeding techniques and pitch angle control. However, the deloaded 

operations of wind turbines are not controllable and are limited by the wind 

speed. The findings are used for the study of the coordinated wind-farm-battery 

system in the UK system in Chapter 9. 

 

3. Proposing a frequency response model based on the UK system, and 

investigating the influencing factors and the ratio of the value of BESSs to that 

of conventional generators for providing frequency regulation. 

 

The results have shown that the BESSs can effectively reduce the frequency 

deviation caused by infrequent events. The ratio (≥ 1) of the value of BESSs to 
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that of conventional generators for providing frequency regulation depends on 

many aspects, such as the system inertia and demand. 

 

4. Estimating the balancing requirements of the UK system based on historic data, 

and providing a new design method using the gradient and GA searching 

technique to optimize the operation and capacities of BESSs in the UK system. 

 

By considering future energy scenarios, the BESSs with E/P ratios around 0.43, 

𝑇2 220 minutes and SOC Set-point250-60% were proved to be the optimal 

choice. It was proved that by using the proposed methodology it is currently 

cost-effective to deploy BESSs for participating FFR service in the UK system. 

 

5. Extending the proposed optimization method to the coordinated control 

algorithm of the wind-turbine-battery system for providing mandatory frequency 

response in the UK system. 

 

The results show that the coordinated wind-turbine-battery system can help 

wind farms provide the mandatorily required frequency response based on the 

grid code of the UK system, and wind farm owners can receive higher revenues 

mainly due to the reduced curtailment of wind power. 

 

1.5 Thesis Structure and Content 

 

The thesis is structured in ten chapters. 

 

Chapter 1 

This first chapter briefly introduces the background of this thesis. Then motivations of 

the work presented in this thesis are stated, and main contributions of the work are 

summarized. 

 

Chapter 2 

This chapter presents a literature review of the services that energy storage can 
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potentially provide and sets out the technical characteristics of these services 

especially focusing on frequency regulation. Energy storage technologies, such as 

batteries, supercapacitors and flywheels are discussed in terms of cost and main 

applications. 

 

Chapter 3 

This chapter sets out the concept of balancing services and the nomenclature of 

different frequency regulation reserves in the UK and continental European systems. 

Firstly, an introduction to the general concept of system balancing is given. Then, the 

power reserves in the UK system are discussed in detail. Finally, the timeframes of 

power reserves in the continental European systems are depicted. 

 

Chapter 4 

This chapter introduces the method of selecting energy storage technologies for 

primary frequency regulation (PFR) based on the annual accumulated cycles’ cost 

(AACC). Li-ion batteries are identified as one of the best options for providing 

frequency regulation related services and will be studied in the following chapters. In 

addition, the battery models for frequency regulation analysis and ESS operation 

strategies based on different emphases are also discussed in this chapter. 

 

Chapter 5  

This chapter introduces an algorithm named rain-flow-cycle-counting for battery 

lifetime modelling. Battery life is the period during which the battery can provide 

services before its energy capacity degrades to a predefined level (typically 80% of its 

full capacity). All rechargeable batteries degrade over time. When a battery system 

degrades below 80% of its full capacity, it can be maintained by replacing new battery 

cells, which will prolong the end-of-life of the battery system. A widely used term to 

count the battery life is the battery cycle-life. The battery cycle-life is the number of 

cycles at a certain depth of discharge that the battery can provide before it reaches 

the end of battery life. The battery lifetime modelling method detailed in this chapter 

will be used for the profitability analysis of BESSs in the following chapters. 

 

Chapter 6 

In this chapter, two options for enabling a wind turbine to deload to a lower level of 
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active power – namely, overspeeding techniques and pitch angle control – are 

discussed. When applying overspeeding techniques, a certain amount of kinetic 

energy is stored in the rotating mass of wind turbines, which can be released under 

frequency drop events to supplement the primary frequency response based on the 

deloaded power reserve. In addition, the investigation of the deloaded operation of 

variable-speed wind turbines is presented. 

 

Chapter 7 

In this chapter, a frequency response model based on the UK system is proposed. The 

UK power system is experiencing a great change in its generation capacity mix. The 

installed capacity of renewables will increase and replace the share of the electricity 

from fossil-fuel power plants. Meanwhile the total available system inertia will decline 

accordingly. National Grid, the system operator of the UK, has considered and began 

to investigate the feasibility for BESSs to provide frequency regulation services. To 

ensure the security and stability of the UK system with a 1800 MW infeed-loss, the 

overall rate of response of primary response needs to be increased especially when 

the system inertia is low, which means that the incorporation of BESSs to replace the 

existing slow 10-s timescale response providers is necessary. The results have shown 

that the BESSs can effectively reduce the frequency deviation caused by infrequent 

events. The ratio of the value of BESSs to that of conventional generators for providing 

frequency regulation depends on many aspects, such as the system inertia and 

demand. It is certain that BESSs for frequency regulation purposes would be more 

and more economically attractive and necessary to the UK network as the system 

inertia is expected to decrease greatly in the near future. 

 

Chapter 8 

This chapter explores the potential use of LiFePO4 BESSs to participate in the FFR 

market of the UK National Grid. The fast cycling component of the balancing 

requirement of National Grid associated with forecasting errors for both load and 

generation from intermittent energy resources is extracted based on historic data. A 

real-time energy offset strategy is used to maintain the preferred SOC of the BESS so 

that it could work on a continuous basis. A NPV-based least cost optimization is 

performed to determine the best BESS control scenario in terms of BESS E/P ratio, 

preferred SOC set-point, BESS lifetime and energy offset interval. Owing to the real-
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time energy offset, in 2013-2014 a BESS with an E/P ratio of 0.43 could bid its 

maximum power to the FFR market at £17.4012/MW/h by using gradient search, which 

is already lower than many successfully-tendered prices of FFR providers. By 

considering future energy scenarios, the BESSs with E/P ratios around 0.43, 𝑇2=20 

minutes and SOC Set-point=50-60% are proved to be the optimal choice. When 

applying Genetic Algorithms rather than gradient search, better-optimized results are 

obtained in terms of result accuracy and computation time. In addition, battery 

technology is constantly developing and the ratio of price to performance of batteries 

is declining, which would make BESSs even more attractive for providing frequency 

response. 

 

Chapter 9 

In this chapter, the proposed BESS control algorithm outlined in Chapter 8 is applied 

to the coordinated control algorithm of the wind-turbine-battery system to provide 

mandatory frequency response in the UK system. The results of Chapter 6 regarding 

the deloading information of a 2 MW wind turbine are used in this study. The optimal 

control parameters and the reduced revenue losses of the wind-turbine-battery system 

are obtained by using Genetic Algorithms. 

 

Chapter 10 

This chapter summarizes the main outcomes and conclusions in other chapters of this 

thesis. Further discussions about those conclusions between chapters are presented. 

Future work of this research is also presented in this chapter.  

 

1.6 Summary 

This chapter briefly introduced the background of this thesis. Then the motivations of 

the work presented in this thesis were stated, and the main contributions of the work 

were summarized. A summary of the key findings of each chapter was also included. 
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Chapter 2 Energy Storage Services and Technologies 

2.1 Energy Storage Services  

With the maturity of the electricity storage technology in the restructured and evolving 

electric grid, a number of services provided by storage technology in power systems 

have been identified as providing unique benefits. Jim Eyer and Garth Corey’s report 

[9] identifies 17 grid services by using electricity storage technologies. These can be 

further classified as bulk energy services, ancillary services, transmission 

infrastructure services, distribution infrastructure services and customer energy 

management services. This chapter gives a brief description of some key energy 

storage services and benefits in power systems. 

 

2.1.1 Frequency Regulation and Load Following 

Storage Size Range: Case specific 

Target Discharge Duration Range: 15 minutes to 1 hour 

Minimum Cycles/Year: 250 -10000 [5] 

 

Regulation manages the momentary mismatch between demand and generation 

within the control area, and regulates interchange flows with other control areas 

closely at the scheduled interchange flows. Storage is especially suited to providing 

this service owing to its fast response and zero-net energy nature.  

 

Introduction  

It is difficult for generators to follow loads instantaneously and continuously because 

both generators and loads constantly fluctuate. Load fluctuations result from random 

turning on and off of millions of individual loads [4]. Load profile also varies because 

of long-term variability, such as shifting weather patterns and seasonal load pattern 

changes. On the generation side, because renewable energy penetration has grown 

rapidly in recent years, fluctuating output power from wind generators has become a 

key source of uncertainty.  
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Electric power systems in different areas are highly interconnected for security and 

economic reasons. Each network includes many control areas. A control area is 

defined as a regulated area aiming at supplying the customer load with its own 

generation or electricity bought from other areas. The load from a control area can be 

decomposed into three components. These are base load, load following and 

frequency regulation [10]. Base load is the minimum constant load in the load profile. 

Load following is matching the system generation and load by tracking the intra- and 

inter-hour changes in customer loads, maintaining frequency within its operating limits 

during the operation of power systems. Regulation consists of the random fluctuations 

in load around the underlying trend [4]. In power systems using automatic generation 

control (AGC), regulation is the use of generation and load with AGC to follow the 

moment-to-moment load fluctuations and to restore or mitigate unpredictable outages 

situations. It should be noted that the UK system does not have the concept of 

secondary reserve or AGC.  

 

Regulation Service Market  

Generators that supply frequency regulation increase direct costs from degraded heat 

rate and increased wear and tear because generators cannot operate at their designed 

most economic point, and have to suffer frequent output power ramp up/down 

operations. The dominant cost for generator-supplied frequency regulation is 

generated firstly by lost profit when generators have to reduce output to leave enough 

room for frequency regulation, and secondly by the compensation for the reduced 

efficiency as a result of degraded heat rate. Apart from the frequency regulation 

reserve, the remaining output is sold into power markets. The bottleneck of 

conventional generators for providing frequency regulation is often not the available 

capacity, but the limited unit ramp rate. 

 

At night, most conventional generators are lightly loaded. If load reductions occur, it is 

not only very expensive but even might be impossible when a generator operates at 

its minimum power output for generation ramp down. Factors that influence the 

regulation service price and regulation bid price include, but are not limited to, the 

power market operating mechanism, the thermal generator production cost and 
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efficiency and the unit operating point. In other words, prices are set dominantly upon 

the lost opportunities of generators that are able to sell into the power market if they 

are not providing frequency regulation services. 

 

The capability of generators to follow regulation signals differs in generation 

technologies and regarding different units of the same generation type [11]. However, 

regulation providers in the power market are paid by the capacity they supply rather 

than by the quality of that capacity, and there exists no metrics to measure the quality 

of regulation provision. It is necessary in the future that regulation prices should be set 

based both on the quality and quantity of regulation services. 

 

Regulation and Wind Power  

Increasing levels of wind penetration need considerable regulation requirement due to 

varying wind conditions. However, the regulation requirement of wind plants decreases 

greatly when a large number of wind turbines are aggregated together over a large 

area. This is because wind turbines, which are deployed over a large area, encounter 

different wind speed fluctuations at the same time [11]. Wind plants displace more and 

more conventional generating units that are often the expensive or least economic 

generators providing marginal power for regulation bids. This trend will increase the 

regulation need in power systems.  

 

ESS for Regulation 

AGC is used to correct the Area Control Error (ACE). ACE is the instantaneous 

difference between a balancing authority's net actual and scheduled interchange, 

taking into account the effects of frequency bias and correction for meter errors [12]. 

Slow-acting generators sometimes increase ACE when short rapid power balance 

direction changes occur, during which generators may increase output in the opposite 

direction. As a result, additional regulation actions need to be taken to counteract their 

negative effect. 

 

An ideal ESS can achieve a zero net energy resource with a zero net energy service. 
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ESS can act as a generator at some times and as a load at others, varying its output 

around zero. Owing to the extremely fast response rate of energy storage compared 

with conventional generators, energy storage can achieve a more accurate and 

effective regulation [13]. Battery energy storage technologies that have high cycle life 

characteristics will be the most suitable candidates to meet the high ramp rate and 

high recharge/discharge cycle requirement of frequency regulation 

 

Because of its fast response, ESS has been claimed to be up to two to three times as 

effective as adding a combustion turbine to the system for regulation purposes. This 

means that a 300 MW combustion turbine is only equivalent to a 100 MW ESS 

dedicated to the purpose of frequency regulation [14]. Using conventional generators 

to provide regulation not only requires more MW capacity, but also causes indirect 

costs, such as additional maintenance costs, equipment wear and tear and more 

greenhouse gas. When the system experiences a sudden load change, systems 

operators can use ESSs to provide enough time and maintain the ACE whilst calling 

up conventional generators in an orderly manner. The basic characteristics of 

regulation and load following are compared in Table 2.1. 

 

Table 2.1 Comparison between frequency regulation and load following characteristics [4]. 

 

 Regulation Load following 

Maximum swing Small 10-20 times regulation 

Ramp rate (MW/min) 5-10 times load following Slow 

Sign changes per 

minute 

20-50 times load following Few 

2.1.2 Other Energy Storage Services 

According to [5], the technical considerations of other energy storage services are 

introduced as follows.  

Energy time shifting 

Technical considerations of this application: 

Storage Size Range: 1-500 MW 

Target Discharge Duration Range: <1 hour 
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Minimum Cycles/Year: 250 + 

 

Energy storage was first widely used to provide electric energy time-shift via 

purchasing and storing inexpensive electricity from coal off-peak or during periods 

when prices are low as well as to replace peak generating units like gas on-peak, 

during which electricity prices are high. This service can achieve arbitrage and also 

maintain coal load units at their optimal output to reduce cycling-related costs. Pump 

hydro plants are particularly qualified for this work in large utility applications, such as 

large wind and photovoltaic (PV) farms. In small applications, energy storage can 

reduce the curtailment of renewable sources in a similar time-shift operation.  

 

Reserves 

Storage Size Range: 10-100 MW 

Target Discharge Duration Range: 15 minutes to 1 hour 

Minimum Cycles/Year: 20-50 

 

It is necessary for electric grids to reserve capacity that can be brought on line within 

a predefined minimum time when some generation units or transmission lines are out 

of service. Reserve capacity is generally equal to 15% to 20% of the normal system 

capacity and must be higher than the largest single generating unit. The fast response 

characteristic of energy storage enables the system back to safe operation after a 

power outage in a short period of time. Reserve includes spinning reserve 

(synchronized), non-spinning reserve (non-synchronized) and supplemental reserve. 

Generation participating in spinning reserve service must be at part load, which 

inevitably results in lost opportunity to generate more power. In contrast to generation 

resources, storage does not have this problem.  

 

Voltage Support 

Storage Size Range: 1-10 MVar 

Target Discharge Duration Range:Not applicable 

Minimum Cycles/Year: Not applicable 
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Maintaining voltage within specified limits is a basic requirement for the operation of 

power systems. It is normally achieved by designated power plants to provide reactive 

power to firm the voltage. Most power conversion systems (PCS) of today’s energy 

system are capable of operating at four quadrants, to generate and absorb reactive 

power. Real power is not needed in the voltage support service from the battery. Thus 

it is not applicable to consider the discharge duration and minimum cycles per year. 

 

Transmission Upgrades Deferral 

Storage Size Range: 1-100 MW 

Target Discharge Duration Range: 2-8 hour 

Minimum Cycles/Year: 10-50 

 

Due to the aging of transmission equipment and the increase of annual load, 

transmission infrastructure should be upgraded when the load peak exceeds the 

transmission designed rating. However, this need for upgrade can be deferred for a 

few years or even avoided by using relatively small amounts of energy storage. This 

small amount of energy storage can provide enough incremental capacity to defer the 

need of the big investment on the equipment upgrading. If the utility fails to estimate 

the load increase, the new equipment and investment would be wasted. The relatively 

small investment of energy storage improves utility asset utilization and reduces the 

risk of the investment in the equipment upgrading.  

 

Transmission Congestion Relief 

Storage System Size Range: 1 – 100 MW 

Target Discharge Duration Range: 1 – 4 hours 

Minimum Cycles/Year: 50 - 100 

 

When the transmission capacity cannot allow the least-cost energy to be delivered to 

all or some loads, transmission congestions occur, and subsequently leads to 

increased locational marginal pricing (LMP) of the wholesale electricity at congested 

areas. Energy storage is well suited to relieving or avoiding transmission congestions 
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and congestion costs, especially when the congestion-related costs are significant. 

ESS would be deployed downstream from the congested parts of the transmission 

system.  

 

2.2 Energy Storage Technologies 

This section presents a review of some currently available storage technologies 

potentially for frequency regulation. Storage technologies that are still in the early 

stages of research and development (R&D) are not discussed. Electricity storage 

technologies can be deployed in electric grids to provide a range of services based on 

their technical characteristics such as power rating, discharge time, response time, life 

cycle etc, as described in section 2.1. Technologies including pumped hydro and 

compressed air energy storage (CAES) that are capable to discharge hours of time in 

hundreds of MW are desired to provide bulk energy services. In contrast, technologies, 

such as batteries, supercapacitors and flywheels, are capable of providing 

transmission and distribution (T&D) grid support, with lower power rating and shorter 

discharge duration spectrum that ranges from several seconds to hours. The following 

subsections present the typical costs, cycle life and trends in the deployment for each 

energy storage technology. 

 

Lead-acid Batteries 

Lead-acid battery was originally invented in 1859 by Gaston Planté and is widely used 

to provide the high current required by power engine starters [5]. One weakness of 

conventional lead-acid batteries is their relatively short lifecycle. In addition to their 

relatively high weight-to-energy ratio, large space requirement and high maintenance 

requirements, most lead-acid batteries can only provide 300-500 deep discharge 

cycles before their end-of-life, and thus make conventional lead-acid batteries 

undesirable for the provision of frequent operation services. Battery manufacturers are 

improving the capability of conventional lead-acid batteries, for example by 

incorporating carbon materials in one or both electrodes, which exhibits characteristics 

such as high recharge rate, fast response time and long cycle life. These advanced 

lead-acid batteries are able to survive over 1600 deep cycles. Such batteries are 

http://en.wikipedia.org/wiki/Gaston_Plant%C3%A9
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particularly suited for frequent and deep discharge applications. Typical power to 

energy ratio of advanced lead acid battery in frequency regulation ranges from 1 to 4, 

which means that batteries can keep discharging at full power from 0.25 to 1 hour. For 

a 1 MW/588 kWh advanced lead-acid battery case designed for frequency regulation, 

the total capital cost is ₤ 1733/kWh with a round-trip efficiency of 90% [5]. 

 

Li-ion Batteries 

Li-ion battery is widely used in mobile phones, laptops and other portable power 

applications for its salient energy densities and reasonable cycle life. This fast growing 

technology is also leading the energy storage system for plug-in hybrid electric 

vehicles (PHEV) and pure electric vehicles. Currently the grid-scale storage market in 

the United States is dominated by Li-ion systems. The cycle life of Li-ion batteries is a 

log function of depth of discharge (DOD) which ranges from over 400,000 at 1% DOD 

to 500 at 100% DOD at normal temperature (20 ℃) [15]. The typical power to energy 

ratio of Li-ion battery in frequency regulation and renewable integration applications 

ranges from 0.75 to 4, which means that batteries can keep discharging at full power 

from 0.25 to 1.35 hours. For a 3 MW/3 MWh li-ion battery case (power to energy ratio 

is 1) designed for frequency regulation, the total capital cost is £ 852/kWh with a round-

trip efficiency of 90% [5]. 

 

Flywheels 

Flywheel energy storage works by storing energy in a spinning mass, called flywheel, 

in the form of angular momentum. The flywheel’s rotational speed is reduced to 

discharge energy from the flywheel energy system. Accelerating the flywheel results 

in additional energy stored in the spinning mass. Kinetic energy and AC power are 

transferred and converted bi-directionally through the use of power conversion and 

control systems. The flywheel designed for providing long discharge time is called the 

energy flywheel, which requires more advanced technologies than the power flywheel. 

This is because the round-trip efficiency and standby power losses are regarded as 

the critical factors of the energy flywheel operating costs considered in the deployment 

of flywheel energy storage in case-specific situations. In contrast, the power flywheel 



Chapter 2 

19 
 

is designed to provide a high magnitude of power lasting a short period of time, during 

which the energy loss is not as important as that for energy flywheels. Typical round-

trip efficiency for energy flywheels ranges from 70% to 80%, with small standby losses 

in the range of 1% to 2 % of the rated output power. Compared with other energy 

storage systems, the flywheel’s superior characteristics involve its excellent cycle life 

in excess of 100,000 deep discharge cycles and its fast response time. Beacon Power, 

a flywheel manufacturer, provides two types of flywheel modules in 100 kW/25 kWh 

and 150 kW/12.5 kWh capacities respectively, which can be configured for any power 

energy value in between. 

 

Supercapacitors 

Supercapacitors, also known as ultracapacitors and electrochemical capacitors, are 

based on the simple double-layer capacitance which was first proposed by Hermann 

von Helmholtz, in 1853 [16]. Supercapacitors resemble capacitors in that they charge 

and discharge via ions with no chemical reaction involved [17]. Owing to the use of 

extremely high surface area electrodes, supercapacitors feature in much greater 

energy densities compared to traditional capacitors. Electrochemical capacitors used 

for load-levelling in the drive-train of electric vehicles had achieved a 10% 

improvement in system efficiency [18]. However, supercapacitors are not suitable as 

a single energy storage technology for grid-scale energy storage applications. A hybrid 

energy storage system, typically batteries with supercapacitors, can be capable and 

cost effective in providing required services. The limitations of supercapacitors include 

high self-discharge rates and high costs. 

 

2.3 Summary 

This chapter discussed the potential choices for primary and compatible services that 

ESS can provide to achieve the greatest benefits for a case-specific project to achieve 

the largest benefit. Services like energy time shift, frequency regulation and reserves 

require a large amount of energy storage capacity, long discharge duration and 

frequent operations, which are suited as the primary service. However, services such 

as voltage support, transmission upgrade deferral and transmission congestion relief 



Chapter 2 

20 
 

that either need much less charge/discharge cycles per year or require a relatively 

small amount of storage capacity are the potential choices for the compatible service. 

It is generally not economical to deploy ESS for a single service from voltage support, 

transmission upgrade deferral and transmission congestion relief, because existing 

solutions, such as installing Static Var Compensator(SVC) to firm voltage and  

upgrading transmission lines and/or equipment can achieve the same service at lower 

costs. 

 

The high power, long discharge time, moderate life cycle and commercially mature 

characteristics of lead-acid batteries and li-ion batteries make them the most widely-

used storage technologies for transmission and distribution applications. With the 

development of high energy flywheels, the flywheel is able to economically serve grid 

applications on its own.  Owing to the supercapacitor’s extreme high power to energy 

ratio, supercapacitors are suited to improving the lifetime of a hybrid energy storage 

system, and to changing the overall power/energy ratio of the system.  
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Chapter 3 Balancing Services of Power Systems 

3.1 Introduction 

Power system operators are obliged to balance the instantaneous power mismatch 

between generation and load and maintain the system frequency within a pre-defined 

range. The actual system frequency response is an outcome of the power imbalance 

between generation and load and is jointly dependent on system inertia, system 

structure, system parameters and activation of power reserves. The imbalance arises 

from all concurrent events and activities of system users. Power reserves can be 

defined as the additional power (positive or negative) from generation and/or demand 

that are in response to system frequency deviations or a despatch instruction from the 

TSO. The widely accepted terminology for the classification of power reserves in terms 

of different levels of deployment time are defined as inertia (instantaneous), primary, 

secondary and tertiary power reserves [19].  

 

Inertia power reserves refer to the kinetic energy stored in synchronous machines in 

the power system. When disturbances in balance occur, the system frequency 

deviates from its nominal value (50 Hz in Europe). The RoCoF is contained initially by 

the inertia power reserve. Then, the primary reserve further contains and stabilises the 

frequency. At the same time, slower reserves (secondary and tertiary reserves) ramp 

up/down to recover frequency and subsequently recover primary reserves. Fig. 3.1 

illustrates the inertia power reserve as a buffer to contain the frequency change when 

the demand is not balanced by the generation in a network [20]. Further discussion 

about the inertia power reserve is given in Section 7.2.  

 

Primary reserves refer to the fast additional power automatically activated by the 

governor control (or droop control) of each generating unit in the network at a 

deployment time of a few seconds when the system frequency deviates from a pre-

defined frequency window.  Primary reserves aim to promptly reduce the RoCoF and 

stabilize the system frequency within a certain range. Due to the proportional control 

characteristic of primary reserves, a steady state frequency deviation remains before 



Chapter 3 

22 
 

secondary and tertiary reserves commence. 

 

Secondary reserves are intended to release primary reserves, eliminate the steady 

state frequency deviation, and restore the power interchanges in different control 

areas to their scheduled points [19]. An anti-windup PI (proportional-integral) type 

controller for secondary reserve providers is needed to guarantee a zero steady state 

frequency deviation [19]. When secondary reserves are not sufficient, or for economic 

purposes, tertiary reserves are activated to replace secondary reserves and further 

restore system frequency to its nominal value.   

 

The general definitions of inertia, primary, secondary and tertiary power reserves are 

given above. However, specific services and technical requirements of different 

reserve levels vary from one country to another and are determined by the TSO in 

each synchronous area. In ENTSO-E, the association of Transmission System 

Operators (TSOs) in continental Europe, primary, secondary, and tertiary power 

reserves are defined as frequency containment, frequency restoration and 

replacement reserves respectively [21]. In the UK, primary reserves are composed of 

primary response, secondary response and high frequency response [22]. UK 

terminology differs from other power market terminologies : The UK's 'primary 

response', 'secondary response', and 'high frequency response' are all regarded as 

'Primary Reserves', whilst, in Continental European systems, all 'Primary Reserves' 

are 'frequency containment reserves'. It should be noted that the UK system does not 

 

 
 

Fig. 3.1 An illustration of the buffer function of inertia during 
generation-demand imbalances [20]. 
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have the concept of secondary reserve. The balancing services in the UK Grid Code 

are introduced in detail in the following section.  

 

3.2 UK System 

In the UK system, National Grid is an electricity and gas company, who is responsible 

for balancing generation and demand to guarantee the security and quality of 

electricity supply in the UK system. National Grid achieves the balance between 

system generation and demand by procuring Balancing Services. 

 

Balancing services basically includes the services of frequency response, reserves, 

reactive power and demand side response in the UK’s terminology [22]. In comparison 

with the widely accepted primary, secondary and tertiary power reserves in Section 

3.1, the services that belong to ‘frequency response’ in the UK balancing services are 

classified as the primary power reserve and the services that belong to ‘reserve’ can 

be classified as the secondary and tertiary power reserves based on their range of 

deployment timescales. In the next few sections, the definition, technical requirements 

and payment structures of frequency response and reserves are discussed in detail.  

 

3.2.1 Frequency Response 

 

In National Grid, the operational and statutory frequency ranges are set at 50±0.2 Hz 

and 50±0.5 Hz respectively. Frequency response services can be defined as two types: 

dynamic frequency response and non-dynamic (static) frequency response [23]. The 

dynamic frequency response is automatically activated and adjusted in active power 

in response to system frequency, while the non-dynamic frequency response is 

triggered at pre-defined frequency levels by low frequency relays. In addition, 

frequency response services can also be divided into mandatory frequency response 

and commercial frequency response, of which commercial frequency response 

services are composed of frequency control by demand management, firm frequency 

response (FFR) and enhanced frequency response. 

 

http://www2.nationalgrid.com/uk/services/balancing-services/frequency-response/frequency-control-by-demand-management/
http://www2.nationalgrid.com/UK/Services/Balancing-services/Frequency-response/Firm-Frequency-Response/
http://www2.nationalgrid.com/UK/Services/Balancing-services/Frequency-response/Firm-Frequency-Response/
http://www2.nationalgrid.com/Enhanced-Frequency-Response.aspx
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Mandatory Frequency Response 

In the UK, all large power stations (≥100 MW for National Grid) connected to the 

transmission network are required to have a 3-5% governor droop characteristic and 

are obliged to provide mandatory frequency response in response to frequency 

changes [23].  

 

National Grid achieves mandatory frequency response by using primary response, 

secondary response and high frequency response. The primary and secondary 

responses refer to low frequency events, during which the system frequency falls 

below 50 Hz. The high frequency response is needed when the system frequency is 

over 50 Hz. Primary response requires the provision of additional active power from 

generation or demand reduction from load within 10 seconds of an event and can 

continue to deliver the service for a further 20 seconds. Secondary response requires 

the provision of additional active power from generation or demand reduction from 

load within 30 seconds of an event and can continue to deliver the service for a further 

30 minutes. High frequency response requires the provision of active power reduction 

from generation within 10 seconds of an event and can continue to deliver the service 

indefinitely [23]. Mandatory frequency response providers receive a holding payment 

((£/h)) for the hours that they are available and a response energy payment (£/MWh) 

for the change in energy output while they are dispatched. 

 

Firm Frequency Response 

FFR is designed to complement mandatory frequency response and is open to all 

balancing mechanism providers, which can meet the service requirement (e.g. 

deliver≥10 MW response energy) to provide dynamic or non-dynamic response in 

response to system frequency [24]. National Grid procures FFR service through a 

competitive tender process and only accepts tenders in FFR that are assessed as 

being better value than the alternative action over the tendered period. Frequency 

response participants who successfully tender into the FFR market receive an 

availability fee (£/MW/h) for the hours that they are available, a nomination fee 

(£/MW/h) for the hours that they are dispatched, and a response energy payment 
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(£/MWh) for the change in energy output while they are dispatched. 

 

Frequency Control by Demand Management 

FCDM is a firm provision of non-dynamic service. Demand customers who participate 

in FCDM are automatically interrupted when the system frequency falls below the pre-

defined setting of the low frequency relay. FCDM providers must be able to provide 

the service within 2 seconds of receiving instructions and deliver for at least 30 minutes 

of minimum 3 MW energy response [25].  

 

Enhanced Frequency Response 

Enhanced frequency response is a new service of National Grid, which was proposed 

in 2015. The procurement of enhanced frequency response will be run through a 

tendering exercise, which will be held in the summer of 2016. Enhanced frequency 

response requires service providers to provide frequency response in sub-second 

timescale. In contrast with the 10-second timescale of primary, high frequency 

response, the deployment time of frequency response is much faster, which would 

maintain the system frequency closer to 50 Hz under normal operation. This service 

is well suited to battery storage technologies. For grid-scale battery energy storage 

systems, according to [26], BESSs can be installed in transmission or distribution 

systems, centralised or distributed and National Grid has no preference.  

 

3.2.2 Reserve 

Introduction 

Reserve services in National Grid are actually classified as the secondary and tertiary 

power reserves according to their range of deployment time. Reserve is defined as the 

addition active power from generation or the reduction of active power from load to 

deal with occasional events. Different reserve services require different maximum 

deployment time to deliver the pre-agreed response. This section will introduce the 

reserve services including: fast reserve, short term operating reserve and balancing 
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mechanism (BM) start-up on an increasing timescale of service deployment. Fig.3.2 

illustrates the timescales of reserve readiness to delivery reserve services in the UK 

system [27]. 

 

Fast Reserve 

Fast reserve provides additional power in the form of either generation increase or 

demand reduction in response to instructions from the system operator. Fast reserve 

is used to assist secondary response (primary power reserve). Fast reserve providers 

must deliver the pre-agreed power instructed by National Grid within 2 minutes at a 

rate in excess of 25 MW/minute and this service should be sustained for at least 15 

minutes [28]. Fast reserve providers will receive an availability fee (£/h) and an 

utilisation fee (£/MW/h) for the availability of service and the energy provided 

respectively. 

 

Short Term Operating Reserve 

STOR is similar to fast reserve. However, the requirement of the maximum response 

time of STOR increases to 240 minutes (although National Grid typically contracts for 

20 minutes or less). The STOR provider will receive an availability fee (£/h) and an 

utilisation fee (£/MW/h) for the availability of service and the energy provided 

respectively [29]. 

 

 

 

 

 
Fig. 3.2 Timescales of reserve readiness to delivery reserve services in the UK 

system [27]. 
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http://www2.nationalgrid.com/UK/services/Balancing-services/Reserve-services/Fast-reserve/
http://www2.nationalgrid.com/uk/services/balancing-services/reserve-services/short-term-operating-reserve/
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BM Start-up 

The BM start-up service allows National Grid to access further power on demand. The 

BM start-up providers should be able to synchronize with the grid upon instructions 

within 89 minutes [30].  

 

3.3 Continental Europe 

The UK electrical network is an islanded system, which does not have access to the 

large power reserves in the continental European network.  The continental European 

network is interconnected between different synchronous areas. The large system 

inertia and power reserves in terms of primary, secondary and tertiary power reserves 

in continental Europe stabilize the system frequency closer to the nominal frequency 

in contrast to the UK network under normal and abnormal operations. In ENTSO-E, 

primary, secondary, and tertiary power reserves are defined as frequency containment, 

frequency restoration and replacement reserves respectively [21]. In the UK, primary 

reserves are composed of primary response, secondary response and high frequency 

response [22]. Due to the differences of network structures and reserve types between 

the UK and continental European networks, the system parameters in the system 

frequency control of the two networks are different, which are compared and shown in 

Table 3.1 [19, 22, 31].  

  

http://www2.nationalgrid.com/uk/services/balancing-services/reserve-services/bm-start-up/
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Table 3.1 Summary of the UK grid code and ENTSO-E’s recommendations in system frequency regulation 
[19,22,31]. 

 

Synchronous areas 
Continental 

Europe 
UK 

𝑓0 50 Hz 50 Hz 

Max. permissible dead-band 
for primary control activation 

[49.98,50.02] Hz [49.985,50.015] Hz 

Max. expected 
instantaneous 

frequency 

50.8 Hz 50.8 Hz 

Min. 49.2 Hz 49.2 Hz 

Max. 
frequency for 
full activation 

of primary 
control 

reserves 

50.2 Hz 50.5 Hz 

Min. 49.8 Hz 49.5 Hz 

Primary 
reserves 

 

Service Name Service Name 

Frequency 
containment 

reserves 

Primary 
response 

Secondary 
response 

High 
frequency 
response 

𝑡𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡 A few seconds 0 0 0 

𝑡𝑚𝑎𝑥100% 30 s 10 s 30 s 10 s 

𝑡𝑚𝑖𝑛𝐸𝑛𝑑 15 min 30 s 30 min 
As long as 
required 

  Service Name Service Name 

Secondary 
reserves 

 
Frequency 

restoration reserves 
Fast reserve STOR 

𝑡𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡 30 s - - 

𝑡𝑚𝑎𝑥100% 15 min 2 min 4 h (typicall≤20 min) 

𝑡𝑚𝑖𝑛𝐸𝑛𝑑 As long as required 15 min 2 h 

Tertiary 
reserves 

 
Service Name 

 
 
 

In TSO’s decision 

Replacement 
reserves 

Requirements In TSO’s decision 
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In continental Europe and the UK networks, the nominal system frequency is identical, 

at 50 Hz. As the continental European network is more stable than the UK network, 

the maximum permissible deadband for the activation of primary reserves of the UK 

network (49.985 to 50.015 Hz) is stricter than that of the continental European network 

(49.98 to 50.02 Hz). The deadband is also set based on the sum of the accuracy of 

the local frequency measurement and the insensitivity of generation controllers [19]. 

The maximum (𝑓𝑚𝑎𝑥) and minimum (𝑓𝑚𝑖𝑛) expected frequency under rare events (e.g. 

loss of large generation or demand) is 49.2 and 50.8 Hz respectively for both networks. 

The maximum (𝑓𝑚𝑎𝑥𝐹𝑢𝑙𝑙) and minimum (𝑓𝑚𝑖𝑛𝐹𝑢𝑙𝑙) frequency for the full activation of 

primary reserves of the UK system is 50.5 Hz and 49.5 Hz respectively. Frequency 

regulation providers are required to deliver full contracted power response when the 

system frequency exceeds 𝑓𝑚𝑎𝑥𝐹𝑢𝑙𝑙 or 𝑓𝑚𝑖𝑛𝐹𝑢𝑙𝑙. However, the full activation frequency 

for the continental European network is 49.8 Hz for low frequency events and 50.2 Hz 

for high frequency events. This is due to that the continental European network is more 

stable and the frequency of continental European network fluctuates less than the 

frequency of the UK network.  

 

In Table 3.1, the timeframes and service names of the UK and continental European 

systems are summarized.  𝑡𝑚𝑎𝑥𝑆𝑡𝑎𝑟𝑡 is defined as the maximum permissible starting 

time for providing service after the detection of frequency deviation out the deadband. 

𝑡𝑚𝑎𝑥100% is the maximum permissible time for providing 100% of registered response 

in response to system frequency. 𝑡𝑚𝑖𝑛𝐸𝑛𝑑  is the minimum sustainable time of the 

service. In the continental European system, frequency containment reserves are 

required to be activated within a few seconds, deliver 100% response within 30 s and 

can be sustained for at least 15 min. Frequency restoration reserves are required to 

be activated within 30 s, deliver 100% response within 15 min and can be sustained 

indefinitely. Replacement reserves are dispatched according to the instructions from 

system operators. 

 

Fig. 3.3 depicts the timeframes and principle frequency responses of the UK and 

ENTSO-E networks under normal and occasional operations [22, 31]. Before 𝑡 = 0, 

continuous service is provided to maintain the system frequency within operating limits. 

After 𝑡 = 0, a severe frequency drop event occurs. All power reserve levels in different 
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networks are involved to mitigate frequency deviation and retore frequency back to the 

nominal value. The schematic illustration of frequency response shows that the 

continental European system is more stable and the first steady state achieved by 

primary reserves are within 𝑓𝑚𝑖𝑛𝐹𝑢𝑙𝑙 . Also, the activation deadbands and detailed 

timeframes of power reserves in the UK and ENTSO-E networks are shown in Fig. 3.3. 

 

 

 

 

  

 

 
 

Fig. 3.3 Schematic illustration of the parameters and frequency responses of the UK and ENTSO-E 
time frames in a frequency drop event [22,31]. 
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3.4 Summary 

In this chapter, the concept of balancing services and the nomenclature of different 

frequency regulation reserves in the UK and continental European systems were 

discussed. Due to the differences in the system inertia, power reserves, networks 

structures, and the timescales of balancing services between the UK and continental 

European networks, the system frequency of the continental European network is 

maintained closer to the nominal frequency. It is worth noting that the primary response, 

secondary response and high frequency response in the UK system are individual 

services of primary power reserves. Due to the fast response characteristic of battery 

energy storage systems, it will be more of interest for battery storage developers to 

participate in fast services such as mandatory frequency response, firm frequency 

response and enhanced frequency response in the UK system. The following chapters, 

which investigate the incorporation of BESSs in the UK system for frequency 

regulation are based on the UK grid code discussed in this chapter.  
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Chapter 4 Review of Energy Storage Systems for Frequency 

Regulation 

4.1 ESS Technologies Selection 

Each energy storage technology features different characteristics. However, there is 

currently no single type of ESS that can fulfil at the same time a variety of needs such 

as high energy density, high power output, low capital/operation costs, long cycle life, 

low leakage [32]. In order to achieve the desired performance of ESS, different types 

of energy storage devices can be hybridized with each other to thus take advantage 

of their differing characteristics in terms of the differences in their specific 

power/energy ratios, their ability to accommodate different rates of change and life 

cycles. In [33], the supercapacitor is incorporated in the BESS to prolong its life span 

and to smooth the fluctuating wind output power. The supercapacitor operates when 

the change rate in power exceeds a specified limit. The life span of the BESS is 

prolonged by operating the supercapacitor to respond to the high frequency power 

component, leaving the steady component for the battery storage system [34]. 

 

The intermittent nature of wind power generation deviates the system frequency from 

the predefined limit, which, to maintain the stability of the system, often leads to wind 

power curtailments. In [15], li-ion batteries are used to provide primary frequency 

regulation (PFR) to avoid renewable resources curtailment in the Danish electricity 

market. Because the frequency regulation service requires a high number of discharge 

cycles from BESSs, the estimation of battery lifetime should be carefully made for the 

analysis of the economic profitability of investments. Considering the frequent load 

cycles of frequency regulation, flywheels are chosen to smooth power fluctuations in 

[35]. Methods, such as adaptive bandwidth (AB), fixed tolerance range and stochastic 

dynamic optimization (StoDO), are compared to determine the tolerance range, within 

which no system action is performed to smooth power fluctuations. 

 

In [8], a methodology for selecting the most economical ESS technology for PFR is 

proposed based on the lowest annual accumulated cycles’ cost (AACC). For PFR, 

ESS candidates are demanded to have the characteristic of low cost per partial cycle 
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as the number of partial cycles within 20% DOD is dominant in the SOC profile of the 

ESS for the PFR service as seen in Fig. 4.1. 

 

 

 

 

𝐶𝐸𝑆𝑆 =
𝐸𝑆𝑆𝑠𝑖𝑧𝑒(𝑘𝑊ℎ)∙𝐶𝑘𝑊ℎ

ɳ
                                      (4.1) 

𝐶𝑐𝑦𝑐(𝐷𝑂𝐷) =
𝐶𝐸𝑆𝑆

𝐿𝑐𝑦𝑐(𝐷𝑂𝐷)
+ 𝐸𝑆𝑆𝑠𝑖𝑧𝑒(𝑘𝑊ℎ) ∙ (

1

ɳ
− 1) ∙ 𝐶𝑀𝑊ℎ ∙ 𝐷𝑂𝐷             (4.2) 

   AACC = ∑ 𝑁𝐶(𝐷𝑂𝐷) ∙ 𝐶𝑐𝑦𝑐(𝐷𝑂𝐷)
𝐷𝑂𝐷=100%
𝐷𝑂𝐷=0                   (4.3) 

Where: 

𝐸𝑆𝑆𝑠𝑖𝑧𝑒(𝑘𝑊ℎ) is the size of energy storage in kWh. 

𝐶𝑘𝑊ℎ is the cost of 1 kWh energy storage. 

ɳ is the round-trip efficiency. 

𝐶𝐸𝑆𝑆 is the corresponding cost of the ESS taking into consideration round-trip efficiency. 

𝐿𝑐𝑦𝑐(𝐷𝑂𝐷) is the cycle life for certain ESS under specific DOD. 

𝐶𝑀𝑊ℎ is the electricity price per MWh. 

𝐶𝑐𝑦𝑐(𝐷𝑂𝐷) is the cycle cost for specific DOD. 

𝑁𝐶(𝐷𝑂𝐷) is the annual number of cycles at certain DOD.  

 

 
 

Fig. 4.1 Annual SOC profile of BESSs for the PFR service (left) and the corresponding histogram of the 
number of cycles in function of the DOD (right) [8]. 
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According to equation 4.1 to 4.3, the AACC of Li-ion batteries is found to be the lowest 

one among the technologies of Lead Acid, NaS, VRB, Supercapacitor, NiCd and 

Flywheel. In addition, if the ESS is not used frequently, its self-discharge and idle time 

should also be taken into account. 

 

4.2 Battery Energy Storage System Modelling 

A wide variety of battery performance models with varying degrees of complexity have 

been developed, with purposes that range from battery design to circuit simulation [36]. 

The models can be divided into three categories: electrochemical models, 

mathematical models and electrical models. 

 

Electrochemical Models 

Electrochemical models are mainly used for optimizing battery cell design and for 

describing and predicting the battery design parameters with macroscopic (e.g. cell 

voltage and current) and microscopic (e.g. local distribution of concentration and 

temperature in the cell) information with high accuracy [37]. However, electrochemical 

models are complex in nature because they comprise a system of coupled partial 

differential equations. A solution for the model requires specific information, 

complicated algorithms and a large amount of simulation time [36].  

 

Mathematical Models 

Mathematical models adopt empirical equations or stochastic approaches to predict 

battery runtime, capacity and efficiency [38]. However, mathematical models are too 

abstract to reflect any practical meaning. The accuracy of these models typically is in 

the range of 5% to 20% error, which is not desirable compared to the accuracy of other 

types of models [36]. In addition, mathematical models are only suitable for specific 

applications. 
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Electrical Models 

Electrical models provide relatively high accuracy (1%-5% error) compared to 

mathematical models, and low modelling complexity compared to electrochemical 

models. Electrical models use the combination of voltage/current sources, resistors 

and capacitors and can be incorporated in application circuits [39]. A Thevenin-based 

battery model is shown in Fig. 4.2, which is composed of a series resistor RSeries, an 

RC parallel network (RTransient and Ctransient ), a self-discharge resistor Rself−discharge 

and an open-circuit voltage VOC for a certain SOC. 

 

 

An impedance-based model is illustrated in Fig. 4.3, which measures the 

electrochemical impedance spectroscopy to obtain an ac-equivalent impedance 

model in the frequency domain. This model consists of an inductance  𝐿 , a series 

resistor  𝑅i , a AARC element 𝑍𝑍𝐴𝑅𝐶  , an RC parallel network ( 𝑅ct and Cdl ) and a 

Warburg impedance 𝑍W [40]. 

 

 
Fig. 4.2 Basic configuration of a Thevenin-based battery model. 

 

 

 

 
Fig. 4.3 Impedance-based electrical battery model [40]. 
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However, both the Thevenin-based and the impedance-based models fail to estimate 

the battery runtime. Fig. 4.4 shows an accurate electrical battery model capable of 

predicting runtime and I-V performance as proposed in [36]. 

 

In the left part of Fig. 4.4, the battery current 𝐼𝑏charges/discharges capacitor Ccapacity, 

which represents the SOC. The right part, including two RC parallel components, is 

quite similar to the basic Thevenin-based battery model with the exception of Rcyc 

which is the incremental resistance caused by cycles  

 

4.3 Droop Control Strategies  

Most ESSs currently emulate generators to participate in the PFR by means of droop 

control, which determines the relationship between the power change and frequency 

deviation of the power system. A fixed droop involved in the PFR is commonly used. 

Fig. 4.5 illustrates the typical PFR with fixed droop in Denmark [15]. 

 
 

Fig. 4.4 Improved Thevenin-based electrical battery model [36]. 
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In [41], three droop control strategies based on SOC of BESSs are proposed. 

According to the emphases of the SOC strategies of BESSs, these are classified as 

conservative, radical and hybrid strategies, and are explained below. 

 

Conservative Strategy  

The conservative strategy based on SOC is given as [42]: 

 

𝐾 = {
𝐾𝑚𝑎𝑥𝑆𝑂𝐶2               ∆𝑓 ≤ 0

𝐾𝑚𝑎𝑥(𝑆𝑂𝐶 − 1)2   ∆𝑓 > 0
                                  (4.4) 

 

where K is the battery charging/discharging power; 𝐾𝑚𝑎𝑥  is the rated power of the 

BESS; SOC is the real-time SOC of the battery and ∆𝑓 is the frequency deviation. 

 

The relationship between the SOC and the battery output power of the BESS is shown 

in Fig. 4.6. The solid line represents the change of K during charging (∆𝑓 > 0). The 

dotted line shows the discharging process. The curves are concave up and decreasing 

for charging and increasing for discharging, which means that for discharging the 

 
 

Fig. 4.5 Fixed droop characteristic for the PFR with ±0.02 Hz dead band in the 
Danish system. 
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battery output is high during high SOC and decreases quickly as the SOC level 

declines. 

 

Radical Strategy  

Radical strategy is shown in Fig. 4.7 [43]. As opposed to those of the conservative 

strategy, the curves for the radical strategy are concave down and decreasing for 

charging and increasing for discharging. During discharging, K falls slowly as the SOC 

declines, which means that the battery output power is higher than that using 

conservative strategy. 

 

Hybrid Strategy  

Hybrid strategy is the combination of the conservative and radical strategies, and is 

shown in Fig. 4.8. 

 

 
 

Fig. 4.6 Conservative strategy. 
 
 

 
 

Fig. 4.7 Radical strategy. 
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Summary 

The SOC holding capability of fixed droop strategy is the worst compared to other 

strategies mentioned above. The choice of droop strategy should be carefully made 

by considering the application scenario and battery capacities. Conservative strategy 

is suitable for the applications with small ESS capacity emphasizing keeping the SOC. 

Radical strategy is potentially suitable for applications that require larger power 

capacity and long discharge time. Hybrid strategy is the trade-off between the 

conservative and the radical strategies.  

 

4.4 Regulation Energy Management  

High-power/energy-ratio ESSs, such as batteries and flywheels, can participate in the 

regulation market for only a small portion of their power capacity because of their 

limited energy capacity. For example, a 1MW/0.25 MWh ESS can only bid at most 

0.25 MW in the regulation market if the system requires at least one hour continuous 

service without energy offset management to maintain the SOC of the ESS. As the 

total delivered energy in the future bid hour is unknown, the system operator must 

ensure the regulation resource is capable of providing energy at its bid power for the 

entire hour. In the frequency regulation market, the payments consist of the capacity 

payment in £/MW/h (also called the holding payment in National Grid UK) and the 

energy payment in £/MWh. 

 

The California Independent System Operator (ISO) is currently managing limited 

 
 

Fig. 4.8 Hybrid strategy. 
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energy resources by Regulation Energy Management (REM) to enable their full 

participation in the regulation market [44]. 

 

REM allows the resources utilizing REM to purchase or sell energy in the real-time 

market to maintain the preferred operating points of the resources. The real-time 

energy offset by REM makes the limited energy resources meet the required 

continuous energy requirement at their full bid capacity and gain more capacity 

payment for regulation. For a 20 MW/5 MWh limited energy resource, it has a preferred 

operating point at 2.5 MWh (SOC250%) and has been contracted for 20 MW for both 

regulation up and down services. A 60-minute energy dispatch profile is shown in Fig. 

4.9. The red line, the blue line and the green line represent regulation up, regulation 

down and real-time energy offset respectively expressed in MWh for each 4-second 

interval. 

 

By means of real-time energy offset, the resource is always within its MWh capacity 

limit around the preferred operating point of 2.5 MWh, as illustrated in Fig. 4.10. 

 

 
 

Fig. 4.9 REM resource energy dispatch profile and real-time energy offset [83]. 
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In [44], the calculation of the energy offset in the real-time dispatch is based on the 

current SOC of the REM resource and on the planned energy offset from T-7.5 minutes 

to the current time, which is given by: 

 

 

𝐸𝑜𝑓𝑓𝑠𝑒𝑡 =  ∆𝑆𝑂𝐶𝑀𝑊ℎ
𝑡−7.5 − 𝐸𝑝𝑙𝑎𝑛                                (4.5) 

 

Where: 

𝐸𝑜𝑓𝑓𝑠𝑒𝑡 is the planned offset energy in the next 5-minute interval. 

∆𝑆𝑂𝐶𝑀𝑊ℎ
𝑡−7.5 is the MWh difference between the energy stored in the BESS at 𝑡 − 7.5 

minutes and the BESS’s preferred operating point expressed in MWh. 

𝐸𝑝𝑙𝑎𝑛 is the planned offset energy from 𝑡 − 7.5 minutes to 𝑡 in MWh. 

𝑡 is the current time. 

 

If the real-time offset power is greater than the maximum charge/discharge rate of the 

resource, the offset power should be set at the resource’s maximum rate. An extension 

of the BESS REM is proposed in Section 8.3. 

 

 

 
 

Fig. 4.10 SOC profile of the REM resource [83]. 
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4.5 Summary 

This chapter introduced the method of selecting energy storage technologies for PFR 

based on the AACC. Li-ion batteries were identified as one of the best options for 

providing frequency regulation related services and will be studied in the following 

chapters. In addition, the battery models for frequency regulation analysis and ESS 

operation strategies based on different emphases were also discussed in this chapter. 

The regulation energy management of BESSs will be studied and extended in Chapter 

8 and 9. 
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Chapter 5 Battery Lifetime Modelling 

5.1 Introduction 

Battery life is the period during which the battery can provide services before its energy 

capacity degrades to a predefined level (typically 80% of its full capacity). All 

rechargeable batteries degrade over time. When a battery system degrades below 80% 

of its full capacity, it can be maintained by replacing new battery cells, which will 

prolong the end-of-life of the battery system. A widely used term to count the battery 

life is the battery cycle-life. The battery cycle-life is the number of cycles at a certain 

depth of discharge that the battery can provide before it reaches the end of battery life.  

 

5.2 Battery Lifetime  

Battery lifetime is the key metric in the evaluation of costs and benefits in BESS 

applications. It is necessary to incorporate the lifetime of BESSs in the later modelling. 

Batteries are non-linear and complicated in nature. Many parameters constitute the 

function of battery aging and along with the complex charge/discharge profiles in 

different applications of BESSs, it is a complex task to accurately predict battery 

lifetime. The power profiles that BESSs may experience in different applications vary 

greatly. High energy/power capacity ESSs, such as pumped hydro, CAES and large 

batteries farms that aim to achieve energy time shift may only undergo one to two 

cycles in a day. ESSs used in applications like wind power smoothing and frequency 

regulation may experience tens of irregular half cycles every day.  

 

The calendar-life ageing components and cycling related ageing components of the 

battery jointly contribute to the degradation of battery life. The calendar-life ageing 

components of BESSs greatly depend on the battery type, the chemistry of cell and 

the working environmental conditions, such as ambient temperature and humidity [45]. 

Cycling related ageing is the battery degradation resulting from amp hour (Ah) 

throughput the battery in charge/discharge cycles. There are a variety of stress factors 

which have varying degrees of impacts on battery degradation during each cycle. In 

[46], stress factors include, but are not limited to, Ah throughput, maximum discharge 



Chapter 5 

44 
 

rate, interval between full charges, duration at high DOD and partial cycling of BESSs. 

 

Currently a comprehensive battery lifetime model, which considers all the stress 

factors, is not available. However, it has been shown by Bindner that in renewable 

power applications, simplified cycling counting algorithms for battery lifetime 

estimation can give a closer estimation of battery lifetime than the FhG model. The 

FhG model combines a performance degradation model and an ageing lifetime model 

closely describing the actual aging mechanisms undergone by the battery [47]. Cycling 

counting records the lifetime of the BESS consumed in each cycle, which is 

determined by the charge cycle amplitude based on the relationship of the cycles to 

failures versus depth of discharge of the BESS [48]. The basis of cycling counting 

estimation is to sum the battery lifetime consumption resulting from all the full and 

partial cycles that the battery experienced. Typically, the data regarding cycles to 

failure at DOD < 0.1 are not included in the manufacturer’s datasheet. For instance, 

according to manufacturers’ datasheets [49], an extrapolated curve of the cycle life of 

the advanced lead-acid battery is illustrated in Fig. 5.1. The short-range cycling effect 

on battery lifetime can be evaluated accordingly. 

 

 
 

Fig. 5.1 Cycles-to-failure against the depth of discharge for the advanced lead-acid battery on a normal scale 
(upper curve) and on a logarithmic scale (lower curve). 
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5.3 Rain-Flow Cycle-Counting 

A cycle counting scheme named ‘rain-flowing counting’, which is widely used in metal 

fatigue tests, is chosen to extract the number of irregular, overlapping cycles at 

different depths of discharge. The rain-flowing counting algorithm reduces a complex 

irregular cycling history to a series of constant amplitude events [50]. Rain-flow 

counting has been successfully applied in the renewable energy system simulation 

package Hybrid2 [51] and Kinetic Battery Model of Manwell and McGowan [52] for the 

purpose of battery lifetime estimation. In addition, this battery life estimation algorithm 

has already been successfully employed in different research areas such as grid scale 

applications [53], electric vehicles [54] and locomotive applications [55]. 

 

 

The mechanism of rain-flow counting is to extract and combine half-cycles to get full 

cycles as shown in Fig. 5.2. Fig. 5.2 illustrates a prearranged discharging profile to 

begin and end with maximum peak (or minimum valley). Local peaks and valleys are 

highlighted as black cycles. In Fig. 5.2, the no. 1 full cycle (pink line) is firstly detected, 

counted at its depth of discharge and discarded. Then the no. 2 full cycle (green line) 

experiences the same procedure. The remaining red lines can be combined to form a 

 
Fig. 5.2 Simple example of rainflow counting [48]. 
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new half cycle. Up to now, two full cycles (pink and green lines) at different DOD and 

two half cycles (blue and red lines) are counted for later lifetime estimation. If the 

amplitude of half cycle no. 2 is equal to that of half cycle no.1, they can be combined 

to be counted as a full cycle. 

 

The battery lifetime estimation for this research was programmed in MATLAB® 

according to the rain-flow algorithm No.1 described in [50]. The algorithm processed 

these prearranged peaks and valleys in sequence. The number and range of each 

cycle counted were stored to calculate their cumulative effects on battery lifetime.  

 

The relationship of cycles to failure against the depth of discharge in Fig. 5.1 gives:  

 

  𝐶(𝑑) = 10−1.349∗𝑙𝑜𝑔10(𝑑)+3                                         (5.1) 

 

Where d is depth of discharge, 𝐶(𝑑) is the cycles-to-failure at depth of discharge d. 

 

For example, if the advanced lead-acid battery experiences a depth of discharge of d, 

according to equation 5.1, 1/ 𝐶(𝑑) of the battery life is consumed. If there are i different 

ranges of discharge considered and each range contains 𝑁𝑖 cycles over the time of 

study, the total battery life fraction consumed X is illustrated in equation 5.2 [47]. If the 

study lasts Q days, the expected lifetime of the advanced lead-acid battery can be 

evaluated by equation 5.3. 

 

𝑋＝∑ 𝑁𝑖/𝐶𝑑𝑖
𝑖＝𝑖𝑚𝑎𝑥

𝑖=𝑖𝑚𝑖𝑛
                                                (5.2) 

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 =
𝑄

𝑋
     (𝑑𝑎𝑦)                                              (5.3) 

 

This battery lifetime modelling method detailed above will be used for the profitability 

analysis of BESSs in the following chapters. 

 

 



Chapter 6 

47 
 

Chapter 6 Wind Turbines to Provide Frequency Regulation 

6.1 Introduction 

In power systems, power reserves are continuously regulated to balance the system 

generation and demand to ensure the stability and constancy of system frequency. 

Wind turbines are generally allowed to operate at maximum available power from wind 

energy and do not provide frequency regulation services. When severe disturbances 

occur, wind turbines are disconnected from the grid and reconnected when the system 

resumes normal operation. However, due to wind energy’s fast-growing share of 

generation in power systems, decreasing system inertia and frequency response 

reserve pose a challenge for utilities when attempting to maintain the quality and 

security of power supply. The power system is becoming increasingly unstable in only 

controlling conventional power plants to secure the power system. Thus, the UK and 

Ireland networks have required the participation of wind power plants to provide 

frequency response [22, 56]. Energy storage facilities can help wind turbines meet the 

stricter requirement with respect to the participation of wind power plants to provide 

frequency response. The primary frequency response provided by wind turbines relies 

on the applied deloading techniques and wind speed. Wind turbines with variable-

speed characteristics reserve active power as the primary reserve by means of 

overspeeding techniques and pitch angle control. Wind turbines work on the non-

optimal point of the power /torque-rotor-speed curve [57]. However, the main drawback 

to wind turbines’ operating on non-optimal points lies within the loss of revenues from 

unsold reserved wind power. 

 

The results obtained in this study will be used as the look-up tables for the study of 

the wind-turbine-battery system in Chapter 9. 

 

The following sections introduce the normal operation and the deloading techniques 

of wind turbines. Then an investigation of the deloaded operation of variable-speed 

wind turbines will be presented. 
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6.2 Wind Turbines and Active Power Reserve 

6.2.1 System Description 

 

A variable-speed wind turbine with doubly fed induction generator (DFIG) is 

investigated in this chapter. The rotor of a wind turbine extracts and converts energy 

from the wind into mechanical power. The rotor shaft and generator shaft are often 

coupled through a gearbox and then the mechanical power is converted into electrical 

power by the induction generator. The gearbox enables the rotor and the generator to 

operate in their optimal speed regions [58]. Fig. 6.1 depicts the principle of a DFIG 

connected to a wind turbine. 

 

Due to the fact that the output of generator does not match the requirements of grid 

connection in terms of voltage and frequency, a power electronic converter is installed 

between the generator and the power system to regulate the power from the generator. 

As shown in Fig. 6.1, the rotor winding of a DFIG wind turbine is connected to the 

power system through a back-to-back voltage source converter [58]. The stator 

winding of the DFIG directly connects to the power system. 

 

 

 

 
Fig. 6.1 Doubly fed induction generator wind turbine. 
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6.2.2 Pitch Angle 

 

The pitch angle θ is defined as the angle between the chord line of the blade and the 

plane of rotation as shown in Fig. 6.2. Under a given wind speed, the performance of 

a wind turbine is dependent on the construction and orientation of the blades [59]. The 

chord line is the longest line connecting the leading edge and the trailing edge of an 

airfoil. The pitch angle only depends on the orientation of the blade. However, the 

angle of attack α, which is the angle between the relative wind direction and the chord 

line, is a dynamic angle. The angle of attack depends on the orientation of the blade, 

the wind speed and the rotation speed of the blade. As shown in Fig. 6.2, the relative 

wind is the sum of two vectors, undisturbed wind and relative airfoil motion. The speed 

of the airfoil motion varies at different points of a blade, as the speed of the airfoil 

motion at a point is proportional to its distance from the hub of a wind turbine. Thus, a 

properly twisted blade is often favored maintaining an optimal angle of attack at a 

nearly constant value along the blade. For a twisted blade, the pitch angle is usually 

measured at the 3/4 of the distance from the hub to the tip of the blade [59]. 

 

 

 

 

 

 

 
 

Fig. 6.2 Wind turbine airfoil profile [59]. 
 

 

 



Chapter 6 

50 
 

6.2.3 Power Output 

 

Equation 6.1 gives the well-known relationship between the wind speed and the power 

extracted from wind energy. In addition to the relationship given in equation 6.1, the 

actual electrical power generated is also limited to the efficiency of each component 

in the wind turbine and generator.  

𝑃𝑤 =
𝜌

2
𝐶𝑝𝐴𝑅𝑣𝑤

3                                                        (6.1) 

where 𝑃𝑤 is the power extracted from wind energy in W, 𝜌 is the air density in kg/𝑚3, 

𝐴𝑅 is the area covered by the rotor in 𝑚2 and 𝑣𝑤 is the wind speed upstream the rotor 

in m/s. 

 

𝐶𝑝 is called the performance coefficient. The theoretical maximum value of 𝐶𝑝 is equal 

to 16/2720.593, which means that the wind turbine cannot extract more than 59.3% of 

the power of wind energy in the area covered by the rotor. 𝐶𝑝 = 16/27 is called Betz 

coefficient [59]. 

 

The performance coefficient 𝐶𝑝  is not a constant. For the sake of extracting the 

maximum power from wind energy, 𝐶𝑝 is regulated to its possible maximum value by 

rotor speed control and pitch angle control. It is a function of the tip speed ratio λ and 

the pitch angle θ. The tip speed ratio is defined as: 

𝜆 =
𝑅∙𝜔𝑅

𝑣𝑤
                                                             (6.2) 

where 𝑅 is the radius of the rotating wind turbine in m and 𝜔𝑅 is the angular velocity 

of the rotor in rad/s. Thus, 𝐶𝑝 varies with the pitch angle, the wind speed, the rotor 

angular velocity and the blade construction. 

 

Fig. 6.3 shows a principle variation of the performance coefficient 𝐶𝑝 with the tip speed 

ratio λ. At different pitch angles, the maximum 𝐶𝑝 is achieved at a certain tip speed 

ratio. If the rotor speed is adjusted in relation to the wind speed, a higher over all 

performance coefficient under varying wind speeds can be achieved. Due to the upper 

limit of the rotor speed of wind turbines, the wind turbine cannot always work at optimal 

performance coefficient. A variable-speed wind turbine can extract more electrical 

energy from wind but the increased costs for enabling speed control may compromise 



Chapter 6 

51 
 

the economic of variable-speed wind turbines. 

 

The rotor acceleration and deceleration of wind turbines obey the well-known swing 

equation as follows: 

 

𝑇𝑚 − 𝑇𝑙 = 𝐽
𝑑𝜔𝑅

𝑑𝑡
                                                 (6.3) 

where J is the moment of inertia of the turbine, transmission, and generator, all referred 

to the turbine shaft [59], 𝑇𝑚 is the turbine torque and 𝑇𝑙 is the load torque. 

 

The rotor speed will decrease while the turbine torque is greater than the load torque 

and vice versa. The turbine and load torque must be equal for wind turbines to operate 

at a steady state.  

 

6.2.4 Overspeeding Techniques 

 

The speed of the rotor is controlled by adjusting the electrical power/torque of the 

generator, which is done according to a pre-set rotor speed versus power/torque 

control characteristic. For operations at maximum aerodynamic efficiency under 

different wind conditions, the optimal load power of the generator is given as: 

𝑃𝑜𝑝𝑡 = 𝐾𝜔𝑅
2                                                     (6.4) 

where 𝑃𝑜𝑝𝑡 is the load power reference and K is selected such that the load power 

 
 

Fig. 6.3 Performance coefficient versus tip speed ratio. 
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curve passes through the peaks of the wind turbine power curves at varying wind 

speeds. 

 

 

 

In Fig. 6.4, the blue lines show the power extracted from wind energy versus rotor 

speed at different wind speeds. In normal operation, the energy from wind is captured 

according to the maximum power point tracking (MPPT). The optimal load power in 

black line passes the peaks of the blue lines to maximize power generation.  

 

Overspeeding techniques are achieved by using a deloaded load power curve as 

shown in Fig. 6.4 in red [60, 61]. At 11.5 m/s, the rotor speed in the red curve (point B) 

is higher than the rotor speed in the optimal curve in black (point A) up to the maximum 

rotor speed of the turbine. Also, the wind speed at which the rated rotor speed is 

reached in normal operation (12 m/s) is higher than the wind speed at which the 

maximum rotor speed is reached in overspeeding operation (11.5 m/s). The 

overspeeding techniques must be applied in DFIG-based or full converter based wind 

turbines with variable-speed controller [31]. 

 

The rated rotor speed is the optimal rotor speed when the wind speed is at its nominal 

value (12 m/s in Fig. 6.4), and the wind turbine is generating the nominal power. The 

 

 
Fig. 6.4 Deloaded optimum power-rotor speed curves for a 2 MW wind turbine when 

pitch angle20. 
 
 



Chapter 6 

53 
 

rated rotor speed is often lower than the maximum rotor speed. When the rotor speed 

exceeds the maximum rotor speed, the rotor, generator and converter may be 

damaged. 

 

Overspeeding techniques enable wind turbines to operate at higher rotor speeds, 

which is desirable for providing frequency regulation because when wind turbines are 

instructed to change operation mode from deloaded operation to maximum power 

extraction, the rotor speed decreases from point B to point A and a certain amount of 

kinetic energy in the rotating mass of wind turbines is released and injected to the grid 

for complementing primary frequency response. Thus, the underspeeding technique 

(point C in Fig. 6.4), which enables wind turbines to operate at a lower rotor speed, is 

not applicable, and consumes additional power in accelerating the rotor and increasing 

the kinetic energy in the rotating mass when wind turbines are instructed to change 

operation mode from deloaded operation to maximum power extraction.  

 

There are some considerations that should be taken into account while applying 

deloading techniques. It should be noted that the released kinetic energy and 

deloading process through the fast torque control must not violate the power 

electronics ratings of the turbine. The rate of change of torque should be limited [62]. 

During a deloaded operation, the power ramping is not linear [31]. Wind speed 

measurements are normally necessary for calculating the maximum power that a wind 

turbine could extract from wind while applying deloading techniques. However, the 

measurement technique of wind speed is not adequately accurate and reliable [63]. 

 

Fig. 6.3 and Fig. 6.4 are the results from section 6.4. Detailed explanations about Fig. 

6.3 and Fig. 6.4 are given in sections 6.3 and 6.4.  
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6.2.5 Pitch Angle Control 

In low wind speed conditions, the rotor speed does not reach the rated rotor speed. 

The deloaded operation is preferably applied by means of overspeeding techniques. 

In medium wind speed conditions, the rotor speed mostly reaches the rated rotor 

speed. To operate the wind turbine at partial load and get additional kinetic energy 

stored in the rotor mass, a combination of overspeeding and pitching control is needed. 

In high wind speed conditions, the pitch angle control becomes the key technique to 

limit the power extracted from the wind in order to reserve power and not to exceed 

the power rating of the generator. 

 

The rotor speed is controlled not only by the rotor speed controller but also by the pitch 

angle controller. Under maximum power tracking, the pitch angle controller becomes 

operational when the rotor speed reaches and transiently exceeds the rated rotor 

speed, or when the generated power transiently exceeds the nominal power of the 

generator. Under deloaded operation, the pitch angle controller becomes operational 

when the rotor speed reaches, and transiently exceeds the pre-defined maximum rotor 

speed, or when the generated power transiently exceeds the expected deloaded 

power of the generation. 

 

The pitch angle is usually kept at zero degree at partial load region. When the power 

extracted from wind energy reaches the wind turbine rated power, the blades are 

pitched to maintain the generated electrical power below the wind turbine rated power 

in case of the rotor converter and the generator overload. The pitch angle is usually 

regulated by a PI controller, which minimizes the mismatches between the actual 

generated power and the rated power under non-deloaded operation. The pitch angle 

control applied in deloaded operation varies in different research methodologies. The 

pitch angle control adopted in this research is discussed in section 6.3. 

 

Pitch angle control actions may accelerate the tear and wear of blades and mechanism 

as the actions affect the dynamic loads on blades and mechanism [62, 64]. The 

response time of pitch angle control is slower than that of overspeeding techniques 

due to pitch servo time delays [65]. In [57], the rate of change of pitch angle is limited 

to ±10 degrees per second. 
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6.3 Methodology 

6.3.1 System Equations 

 

Equation 6.1 gives the relationship between the wind speed and the power extracted 

from wind energy. Performance coefficient 𝐶𝑝 is a function of the tip speed ratio λ and 

the pitch angle θ. The numerical approximations of the performance coefficient 𝐶𝑝 [66] 

are as follows: 

 

𝐶𝑝(𝜆, 𝜃)  = 0.22 (
116

𝜆𝑖
− 0.45𝜃 − 5) 𝑒

−12.5

𝜆𝑖                           (6.5) 

𝜆𝑖 = (
1

𝜆+0.08𝜃
−

0.035

𝜃3+1
)

−1

                                       (6.6) 

 

Fig. 6.3 in section 6.2.3 (that depicts the characteristics of 𝐶𝑝 versus λ) was calculated 

based on equations 6.5 and 6.6. If the wind speed 𝑣𝑤, the radius of the rotating wind 

turbine 𝑅, the rotor speed 𝜔𝑅(which determine the 𝜆 as given in equation 6.2) and the 

pitch angle 𝜃 are known, the power extracted from wind can be derived from equations 

6.1, 6.5 and 6.6. 

 

In this thesis, a 2 MW variable-speed wind turbine is studied. The characteristics of 

the 2 MW wind turbine are given in Table 6.1. 

 

Table 6.1 Parameters of a 2 MW wind turbine. 

 

Wind Turbine Parameters Value 

𝑅 37.5 m 

𝐴𝑅 4417.9 𝑚2 

Minimum Rotor speed 9 rpm 

Maximum Rotor speed 21 rpm 

Nominal Power 2 MW 

Cut-in Wind Speed 3.5 m/s 

Cut-out Wind Speed 25 m/s 

Moment of Inertia  5.9 × 106 𝑘𝑔 ∙ 𝑚2 
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6.3.2 Deloaded Operation 

 

Wind turbines can provide reserve by rotor overspeeding techniques or/and pitch 

angle control. Rotor overspeeding techniques increase the rotor speed to store 

maximum kinetic energy in the rotor, and operate at deloaded levels. Basic theories 

of overspeeding techniques and pitch angle control were provided in section 6.2.4 and 

6.2.5. The present section presents the algorithm to produce the deloaded 

power/torque versus rotor speed look up tables, and investigates the kinetic energy 

stored in the wind turbine when applying deloading techniques. 

 

Before introducing the algorithm of this study, the power margin 𝑥 should be defined 

clearly. Wind power plants that participate in primary power reserves should adjust 

their output according to a power-frequency droop characteristic. In National Grid UK, 

the droop characteristic of wind turbines for frequency response is made based on 

wind turbines’ rated power rather than the maximum available power that can be 

extracted from the wind. This droop characteristic of the UK system is in contrast to 

the droop characteristic of the Irish system, in which the active power output of wind 

turbines is proportional to the frequency deviation and to the maximum available power 

that can be extracted from the wind. The droop characteristic of the Irish system is 

shown in Fig. 7.2 [56]. 

 

Power Margin 

In this study, the power margin 𝑥  is derived from the ratio between the generated 

electrical power 𝑃𝑑𝑒𝑙 and the rated power of the wind turbine 𝑃𝑟𝑎𝑡𝑒𝑑 as follows: 

 

𝑥 = 1 −
𝑃𝑑𝑒𝑙

𝑃𝑟𝑎𝑡𝑒𝑑
                                                     (6.7) 

  

For example, 𝑥 of 20% for a 2 MW wind turbine means that the wind turbine is required 

to provide 0.4 MW reserve.  
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Power Deficit 

When wind conditions are not permitted, the wind turbine cannot always provide the 

required reserve level in MW, even when the wind turbine is working on the maximum 

power point. Power deficit 𝑃𝑑𝑒𝑓 (in pu) is defined as the ratio of the deficit in reserve 

active power (in MW) to the rated power of the wind turbine 𝑃𝑟𝑎𝑡𝑒𝑑 (in MW). 

 

Kinetic Energy 

Overspeeding techniques enable the wind turbine to release kinetic energy by shifting 

from deloaded mode at a higher rotor speed to the maximum power point at a lower 

rotor speed. The rotor decelerates and a certain amount of kinetic energy is released. 

The maximum kinetic energy released from rotor speed 𝜔𝑜𝑠 to 𝜔𝑅 is calculated by: 

 

𝐸𝑘𝑒 =
1

2
𝐽(𝜔𝑜𝑠

2 − 𝜔𝑅
2 )   𝐽𝑜𝑢𝑙𝑒 =

1

2
𝐽(𝜔𝑜𝑠

2 − 𝜔𝑅
2 ) ∙ 2.77 × 10−7 𝑘𝑊ℎ            (6.8) 

where 𝐸𝑘𝑒 is the maximum kinetic energy released when the rotor operates from 

rotor speed 𝜔𝑜𝑠 to 𝜔𝑅, and 𝜔𝑂𝑆 is the rotor speed when applying overspeeding 

techniques. 

 

Proposed Algorithm 

The maximum rotor speed of the 2 MW wind turbine under study is 21 rpm (2.2 rad/s). 

The rated rotor speed, at which the wind turbine generates its nominal power at the 

nominal wind speed, is 2.01 rad/s. In this study, the operational parameters of a 2 MW 

wind turbine for ensuring the required power margin at different wind speed conditions 

are investigated. The parameters include, in particular, the rotor speed, the pitch angle, 

the power deficit and the stored additional kinetic energy.  

 

Overspeeding techniques are solely applied when the required power margin 𝑥 is non-

zero and the rotor speed is less than the maximum rotor speed. When wind conditions 

are not permitted to provide the required power margin 𝑥, the power deficit 𝑃𝑑𝑒𝑓 should 

be reduced as much as possible.  
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Before the maximum rotor speed is reached while applying overspeeding techniques, 

the pitch angle is kept at zero. The wind turbine is governed by the deloaded 

power/torque versus rotor speed curves. No wind measurement is needed when only 

applying overspeeding techniques. The deloaded power/torque versus rotor speed 

curves use the required power margin 𝑥 and the rotor speed 𝜔𝑅 as the input signals 

and set the power/torque reference of the generator of the wind turbine as the output 

signals. Equation 6.9 is used to calculate the required rotor speed while applying 

overspeeding techniques to achieve the required deloaded operation. 

 

𝑃𝑑𝑒𝑙

𝑃𝑜𝑝𝑡
=

𝜌

2
𝐶𝑃𝑑𝑒𝑙

𝐴𝑅𝑣𝑤
3

𝜌

2
𝐶𝑃𝑜𝑝𝑡

𝐴𝑅𝑣𝑤
3 =

𝐶𝑃𝑑𝑒𝑙
(𝑣𝑤,𝜔𝑂𝑆,𝜃=0)

𝐶𝑃𝑜𝑝𝑡(𝑣𝑤,𝜔𝑅,𝜃=0)
= 1 − 𝑥, 𝜔𝑜𝑠 > 𝜔𝑅                    (6.9) 

 

where 𝑃𝑑𝑒𝑙 is the deloaded power which is extracted from the wind when applying 

overspeeding techniques, and 𝐶𝑃𝑑𝑒𝑙
 is the sub-optimal performance coefficient for a 

specific wind speed 𝑣𝑤. 

 

In equation 6.9, the equality holds when 𝜔𝑂𝑆 is within the maximum rotor speed and 

the request power margin 𝑥  is achieved. However, in low wind speed range, the 

required power margin 𝑥 cannot be provided even when the wind turbine outputs zero 

electrical power. When the power deficit 𝑃𝑑𝑒𝑓 occurs, deficit 𝑃𝑑𝑒𝑓 is as follows: 

𝑃𝑑𝑒𝑓 = 𝑥 ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 − 𝑃𝑜𝑝𝑡                                          (6.10) 

 

Once the rotor speed transiently exceeds the maximum rotor speed, the pitch angle 

control becomes operational to limit the rotor speed within the maximum rotor speed, 

and to limit the generated electrical power to provide the desired deloaded power. 

When pitch angle control comes into play, the measurement of wind speed is needed. 

The power/torque reference of the generator of the wind turbine and the corresponding 

pitch angle are calculated according to the measured wind speed and the required 

power margin 𝑥 . The maximum pitch angle in this study is set at 30 degrees. In 

equation 6.11, 𝑃𝑜𝑝𝑡  is calculated by the measured wind speed 𝑣𝑤 . By solving this 

equation, the pitch angle 𝜃 can be calculated. 𝜔𝑚𝑎𝑥 is the maximum rotor speed. 

 

𝑃𝑑𝑒𝑙 =
𝜌

2
𝐴𝑅𝑣𝑤

3 𝐶𝑃𝑜𝑝𝑡
(𝑣𝑤, 𝜔𝑚𝑎𝑥, 𝜃) = 𝑃𝑜𝑝𝑡 − 𝑥 ∙ 𝑃𝑟𝑎𝑡𝑒𝑑                         (6.11) 
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6.4 Results 

6.4.1 Optimal Operation 

 

The optimum power generated of a 2 MW wind turbine as a function of wind speed is 

depicted in Fig. 6.5. The wind speed at which the wind power generating starts is called 

the cut-in speed, which is 3.5 m/s for this wind turbine. When the wind speed reaches 

the nominal wind speed of 12 m/s, the wind turbine generates 2 MW power, which is 

the rated power of the generator of the wind turbine. Beyond the nominal wind speed, 

the output power of the wind turbine is maintained at its rated power by pitch angle 

control. When the wind speed increases to 25 m/s, which is the cut-out wind speed of 

the turbine, there is a risk of damage to the rotor. In this case, the wind turbine is 

brought to a standstill by the braking system. 

 

Fig. 6.6 shows the pitch angle as a function of wind speed while the wind turbine is 

operating at maximum power tracking (𝑥 = 0). The pitch angle controller comes into 

play to limit the output power at the rated power from the nominal wind speed of 12 

m/s.  

 

 
Fig. 6.5 Power output versus wind speed for a 2 MW wind turbine. 
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6.4.2 Deloaded Operation 

 

The deloaded optimum power curves for different requested power margins 𝑥 are the 

key aspects for the implementation of overspeeding techniques when pitch angle20, 

as shown in Fig. 6.7. The blue curves give the relationship of the extractable wind 

power as a function of rotor speed and wind speed. The black line, which passes the 

peaks of blue curves that result in maximal energy capture, is composed of the target 

points of maximum power tracking. The wind turbine power output is seen to rise to 

the peak for each wind speed for a particular value of rotational speed. With increasing 

wind speed, the rotor speed is controlled to increase to maintain the optimal tip speed 

ratio. In contrast, for deloaded operation (𝑥 > 0), overspeeding techniques are applied. 

The red curves show the deloaded optimum curves at different power margins 𝑥. 

 

 

 
Fig. 6.6 Pitch control when rotor speed reaches its limit for maximum power point tracking 

(x20). 
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For example, following the deloaded optimum power versus rotor speed curve for the 

power margin 𝑥 = 3%, the wind turbine achieves its maximum rotor speed of 2.2 rad/s 

for the wind speed around 11.5 m/s. The rotor speed for wind speed at 11.5 m/s at 

maximum efficiency is around 1.92 rad/s. The increased rotor speed is due to the 

implementation of overspeeding techniques. The measured rotor speed and the power 

margin as the input signals are used to retrieve the power reference to the generator.  

 

The power reference can be transferred to the torque reference by the following 

mathematical relationship: 

𝑇 =
𝑃

𝜔
                                                     (6.12) 

where 𝑇 is the torque reference and 𝑃 is the power reference. 

The deloaded optimum torque curves for different requested power margins 𝑥 when 

pitch angle20, are given in Fig. 6.8 based on Fig. 6.7. The torque in Fig. 6.8 rises to 

the maximum at a particular rotational speed for each wind speed, in the same manner 

as the power in Fig. 6.7. However, due to equation 6.12, the peak torque is not the 

maximum power point and the peak torque is reached at a lower rotational speed than 

that of the peak power in Fig. 6.7. 

 

 

 
Fig. 6.7 Deloaded optimum power-rotor speed curves for a 2 MW wind turbine when 

pitch angle20. 
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Fig. 6.9 shows the pre-calculated pitch angle as a function of the required power output 

and the power margin 𝑥 of the wind turbine when the pitch angle control becomes 

operational. When the rotor speed reaches the maximum limit, the pitch angle control 

becomes operational. In the meantime, as the wind speed continues to increase, for 

each power margin 𝑥, there is only one pitch angle that enables the wind turbine to 

operate at the required power margin 𝑥, for a given wind speed. Again taking the power 

margin of 𝑥 = 3% as an example, when the rotor reaches the maximum rotor speed, 

 

 
Fig. 6.8 Deloaded optimum rotor torque-rotor speed curves for a 2 MW wind turbine when pitch 

angle20. 
 

 

 

 
Fig. 6.9 Wind turbine power output as a function of pitch angle and power margin. 
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in Fig. 6.7 the wind turbine achieves its maximum rotor speed for the wind speed 

around 11.5 m/s. When the wind speed exceeds 11.5 m/s, the power reference 𝑃𝑑𝑒𝑙 of 

the generator is calculated by equation 6.13 and the pitch angle is controlled to 

maintain the desired power reference. At point A in Fig. 6.9, 𝑃𝑜𝑝𝑡 at the wind speed of 

point A reaches the rated power of the wind turbine. In order to achieve the required 

power margin 𝑥, 𝑃𝑑𝑒𝑙 should be kept at constant by means of pitch angle control even 

when higher wind speed is experienced. 

 

𝑃𝑑𝑒𝑙 = 𝑃𝑜𝑝𝑡 − 𝑥 ∙ 𝑃𝑟𝑎𝑡𝑒𝑑                                           (6.13) 

where 𝑃𝑜𝑝𝑡 is the maximum power that can be extracted from wind at the measured 

wind speed. 

 

Fig. 6.10 gives the torque version of Fig. 6.9 using equation 6.12. 

 

 

 

 

 
Fig. 6.10 Wind turbine rotor torque as a function of pitch angle and power margin. 
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Kinetic Energy  

The additional kinetic energy that can be released as a function of wind speed when 

wind turbine transits from overspeeding mode to the maximum power point tracking is 

shown in Fig. 6.11. For a given power margin 𝑥, the additional kinetic energy that can 

be released increases when the wind speed exceeds around 3.5 m/s. For 𝑥 = 2%, the 

additional kinetic energy reaches its maximum of around 0.65 kWh in the range of 

wind speeds from 3.7 m/s to 11.7 m/s. The additional kinetic energy drops sharply 

when the wind speed is beyond 11.7 m/s. The rotor speed when the rotor is operating 

at maximum power point tracking approaches the maximum rotor speed. 

Overspeeding technique can only increase the rotor speed to its maximum rotor speed. 

In this wind speed region, pitch angle control is mainly used to achieve the required 

power margin 𝑥 = 2%. This also explains why the additional kinetic energy for 𝑥 = 2% 

is the lowest in Fig. 6.11. For 𝑥 = 20%, the maximum additional kinetic energy is seen 

when the wind speed lies at around 6.4 m/s, at which 𝜔𝑜𝑠
2 − 𝜔𝑅

2  reaches its maximum. 

 

The additional kinetic energy can be released in the first a few seconds and it depends 

on the control strategy of rotor overspeeding, when the rotor speed reduces from 𝜔𝑜𝑠 

to 𝜔𝑅. This additionally released kinetic energy is favorable for frequency containment 

when a low frequency event occurs. However, this fast energy discharge process 

should be carefully controlled in order not to damage the converter of the wind turbine.  

 

 
Fig. 6.11 Additional kinetic energy released as a function of wind speed when the wind turbine 

transits from over-speeding mode to maximum power point tracking. 
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Power Deficit 

Fig. 6.12 depicts the power deficit 𝑃𝑑𝑒𝑓  (in pu) as a function of wind speed when 

providing reserve at a power margin of 𝑥. It is seen that when the wind speed reaches 

around 4 m/s, the power deficit for 𝑥 = 2% reduces to zero. For 𝑥 = 20%, the lowest 

wind speed for zero power deficit increases to the wind speed of around 7 m/s. This 

means that the wind turbine cannot always provide the required power margin and 

frequency response because the availability of power margin is wind condition 

dependent. However, the required MW response from the wind turbine when a certain 

frequency deviation occurs is fixed according to the pre-defined droop characteristics. 

The power deficit under low wind conditions may deteriorate the frequency regulation 

of the power system. Energy storage system is a good option to cooperate with the 

wind turbine to guarantee the availability and quality of the frequency response from 

the wind turbine under all wind conditions. 

 

6.5 Summary and Discussion 

This chapter proposed a control algorithm for deloading variable-speed wind turbines 

by means of overspeeding techniques and pitch angle control. A power margin is 

 

 
Fig. 6.12 Wind power deficit as a function of wind speed when providing reserve at a power 

margin of x. 
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reserved from the maximum available power that can be extracted from wind. The 

deloaded optimum rotor power/torque-rotor speed curves for a 2 MW wind turbine 

were produced as the reference for the generator of the wind turbine. In addition, the 

pitch angle for the proposed control algorithm was pre-calculated. One of the 

advantages of implementing overspeeding techniques is the release of additional 

kinetic energy when the wind turbine transits from overspeeding mode to the maximum 

power point tracking. When wind conditions are not permitted, wind turbines cannot 

provide the required power margin. The power deficit during all wind conditions was 

also investigated in this study. 

 

A deloaded operation lookup table is the main outcome of this study. The inputs of the 

lookup table are the measured wind speed and the required power margin. The 

outputs of the lookup table are the power output (or torque), the pitch angle, the rotor 

speed, the additional kinetic energy and the power deficit. This lookup table can be 

used in future modeling of wind turbines for frequency regulation related tasks and for 

the co-operation of wind turbines and energy storage systems. 
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Chapter 7 UK Power System Frequency Response Modelling 

7.1 Introduction 

In a power system, it is particularly important to keep the frequency nearly constant. 

The active power balance directly determines the system frequency. Within a power 

system, a change in the balance between generation and demand would result in a 

change in frequency. Frequency is a common factor, which means that the system 

frequency is identical throughout the system. The control of the speed of both 

asynchronous (induction) and synchronous motors is dependent on the constancy of 

system frequency. Harmful magnetizing currents in transformers and induction motors 

are induced when the system experiences a considerable frequency dip. Loads with 

timing functions or electric clocks require accurate synchronous time, which is 

proportional to the integral of system frequency [67].  

 

As detailed in Chapter 3, National Grid undertakes the role of system operator in the 

UK. The operational frequency set by National Grid ranges from 49.8 Hz to 50.2 Hz. 

Under abnormal situations, system frequency should be maintained within the 

statutory limits (49.5 Hz-50.5 Hz). The minimum allowed frequency after an infeed-

loss of the biggest generator should not be below 49.0 Hz. At 48.8 Hz, low frequency 

relays are tripped to prevent frequency deteriorating [68]. 

 

The generation mix of the UK system has changed greatly in the recent decades. Due 

to renewable energy’s fast-growing share of generation in power systems, decreasing 

system inertia and frequency response reserve pose a challenge for utilities to 

maintain the quality and security of power supply. It is increasingly difficult to balance 

system demand and generation using the reserve from conventional synchronous 

generators. Frequency response reserve from non-synchronous generation, such as 

batteries, flywheels, pumped hydro, and deloaded wind turbines, could provide 

supplementary frequency reserve for the reconstructed power markets. BESS is 

optimally suited to address the emerging challenge because of its high efficiency and 

fast ramp rates [7]. 
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In this chapter, the concepts of system inertia and the Gone Green UK future energy 

scenario are introduced. Emerging wind power technologies, which can contribute to 

the system inertia and participate in primary frequency control, are discussed. Then a 

frequency response model based on the UK system is proposed. In addition, the 

effects of the incorporation of BESSs in the UK system are investigated. 

 

7.2 System Inertia 

7.2.1 Definition 

In the case of a single conventional generator, the energy stored in its rotating mass 

can mitigate the tendency of frequency rise/fall after a disturbance. The energy stored 

in the rotating mass under nominal rotational speed is given by: 

                                                 𝐸 =
1

2
𝐽𝜔0

2                                                   (7.1) 

Where 𝐽 is the moment of inertia of the generator (𝑘𝑔 ∙ 𝑚2), 𝜔 is the rotational speed 

of the generator (𝑟𝑎𝑑/𝑠) and  𝜔0 is the nominal rotational speed of the generator.  

 

The inertia constant 𝐻 of a generator is defined as: 

                                                           𝐻 =
𝐸

𝐻
=

𝐽𝜔0
2

2𝑆
                                               (7.2) 

Where 𝑆 is the rated apparent power of the generator (𝑀𝑉𝐴) 

 

Typical inertia constants for large conventional generators are dependent upon the 

type of power plants. These are in the range of 2-9 s [69]. For a power system 

consisting of 𝑛 generators, the system overall inertia constant can be expressed as: 

                                                   𝐻 =
𝐻𝑀𝑉𝐴𝑠

𝑆𝐵
=

∑ 𝐻𝑖𝑆𝑖
𝑛
𝑖

∑ 𝑆𝑖
𝑛
𝑖

                                        (7.3) 

 

Where 𝐻𝑀𝑉𝐴𝑠 is the total available kinetic energy stored in the synchronous machines 

in the power system (𝑀𝑉𝐴 ∙ 𝑠), 𝑆𝐵 is the system power base (𝑀𝑉𝐴), the sum of the 

rated apparent power of all 𝑛 generators. 

 

7.2.2 Synthetic Inertia of Wind Turbines 

 

In the UK’s Gone Green Scenario, the penetration level of wind power will dramatically 
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increase in the next two decades to meet the UK future emission and renewable 

targets. A large number of synchronous machines will be replaced by renewables. The 

system inertia will decrease as the wind penetration level rises. Wind turbines cannot 

provide direct inertia to the grid because the mechanical part of the turbine is 

decoupled from the electrical system by power electronics. Regarding solar power, 

there is no kinetic energy stored in the solar cell (the power stored in capacitors is 

ignored here). However, for a wind turbine, the kinetic energy in the rotating blades, 

the gearbox and the electrical generator are considerable. Therefore it is physically 

feasible for wind turbines to contribute to system inertia. It has been validated that 

supplementary control actions can be added to the turbine control system and make 

the turbine contribute to the inertia and primary response of the system [70, 71]. 

National Grid, the UK System Operator, has already investigated the possibility of wind 

turbines to provide synthetic inertia and started discussions with turbine manufactures 

to determine the control settings [72]. The size of modern turbines is steadily 

increasing. There is a rough estimation of the relationship between the inertia constant 

and the blade diameter of a wind turbine as given by [73]. 

 

𝐻 = 2.63𝑑0.12                                               (7.4) 

Where 𝑑 is the turbine blade diameter (m). 

 

Synthetic inertia 

 

In [71], the inertia response of the wind turbine can be achieved by introducing an 

additional torque signal to the torque set point of the electrical torque controller, which 

is used to extract maximum power from the wind [74].  

 
 

Fig. 7.1 Inertia Controller. 
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Fig. 7.1 shows the inertia control strategy from [71], which is quite similar to the inertia 

response of a conventional synchronous generator. The RoCoF (
𝑑𝜔

𝑑𝑡
=

𝑑𝑓

𝑑𝑡
  in pu) 

through a low-pass filter, which is used to filter the noise from the speed measurement, 

is multiplied by 2H to get the inertia torque 𝑇𝑖𝑛𝑒𝑟𝑡𝑖𝑎. 

 

Droop control  

 

The additional torque signal can also be obtained based on the frequency deviation 

from the nominal value. This strategy is equivalent to the primary control (droop control) 

of conventional synchronous generators. The inertia torque 𝑇𝑖𝑛𝑒𝑟𝑡𝑖𝑎 is given by: 

 

𝑇𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 𝑘 ∙ ∆𝜔                                                 (7.5) 

 

Where 𝑘  is the proportional coefficient and ∆𝜔  is the frequency deviation from the 

system nominal frequency.  

 

To behave like conventional power plants, wind turbines must deload their maximum 

power output under the current wind speed to provide reserve for ramping up during 

a frequency drop. Fig. 7.2 shows the droop characteristic of wind turbines required by 

the TSO of Ireland [75]. The dead band, reserve volume, positive and negative droop 

characteristics of wind turbines should be carefully tuned to provide optimum 

frequency response. 

 

 
 

Fig. 7.2 Wind turbine droop characteristic in Ireland [75]. 
 

 



Chapter 7 

71 
 

7.3 UK Gone Green Scenario 

7.3.1 Introduction 

 

National Grid has produced four sets of future energy scenarios that plan the profiles 

of future system power/gas demand, flexible power sources and power/gas supply. 

Future energy scenarios aim to instruct what investment and changes should be made 

to meet future grid operational requirements. The four future energy scenarios, 

including Low Carbon Life, Gone Green, No Progression and Slow Progression, are 

driven by political, economic, social and technology uncertainties [76]. Scenarios of 

Low Carbon Life and Gone Green require more money than those of No Progression 

and Slow Progression. Low Carbon Life is a world with strong new targets and money 

availability. The number of electric vehicles and renewable generation units increases 

greatly in this scenario. The Slow Progression Scenario is less aggressive than Low 

Carbon Life and Gone Green. In the No Progression Scenario, with the assumption of 

slow UK economic recovery, no new targets are introduced. System regulation and 

policies remain the same. 

 

Gone Green is an optimistic estimate of the future financial availability to build an 

environmentally friendly UK energy infrastructure. There are strong government policy, 

regulation and new targets introduced in this scenario. With the assumption that the 

UK is able to achieve a growing economy, the Gone Green Scenario has been chosen 

as the future UK energy scenario and the input for the author’s future research. 

 

 

7.3.2 Demand and Generation 

 

In the Gone Green Scenario, the UK will experience a fall in demand between now 

and 2025 because of the wide spread use of high-efficiency smart technologies which 

encourage electricity consumers to use electricity according to time-of-use tariffs. Due 

to the technical and economical maturity of heat pumps and electric vehicles, the 

demand will be driven up after 2025. The installed wind capacity will increase to 26.42 

GW (13.7 GW of this being onshore) by 2020 and to 55.42 GW by 2035 (19.56 GW of 

this being onshore) [44]. Most of the wind capacity growth is contributed by the rapid 
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growth of offshore turbines. Hydro, biomass and marine will reach 7.42 GW by 2020 

and 13.06 GW by 2035. Coal-fired capacity will fall dramatically over the next two 

decades from 18 GW by 2014 to 7 GW by 2020 and to 0 GW by 2030. Carbon capture 

and storage (CCS) will appear in the UK generation capacity mix from 2024. Solar 

power will reach 7.42 GW by 2020 and 19.56 by 2035. Nuclear capacity will remain 

stable in the future generation mix. Interconnector capacity will increase gradually from 

3 GW by 2014 to 6 GW by 2020 and to 11.4 GW by 2035. The installed capacity of 

renewables (wind, solar, biomass and other renewables) accounted for 14% of the UK 

capacity in 2014, rising to 39% in 2020 and to 54% in 2035 [77]. 

 

7.3.3 System Inertia  

 

Due to the changes in generation mix and the reduction in system inertia in the future 

energy scenarios, system planning and operation should be accordingly adjusted to 

maintain system security and reliability. The worst situation is most likely to occur 

during periods of low demand and high non-synchronous generation (i.e. high 

renewables and HVDC interconnectors), which cannot provide direct inertia response. 

The Gone Green Scenario is the worst scenario in terms of system inertia because of 

the high penetration level of renewables and HVDC interconnectors. Traditionally 

inertia is the energy stored in the rotating mass of synchronous generators and large 

induction motor loads. System inertia can resist the RoCoF in response to transient 

demand and generation imbalance. Higher inertia can reduce the time for the system 

 
 

Fig. 7.3 UK inertia changes under the Gone Green Scenario-Taken from 
[77]. 
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to enter a new steady state frequency following a disturbance, leaving enough time for 

primary/secondary reserves to maintain the system frequency within predefined limits. 

Some wind turbines electrically decoupled from the grid would in the future contribute 

to the overall system inertia by providing synthetic inertia. Fig. 7.3 shows the trend of 

system inertia (H) in GVAs under the Gone Green Scenario at 70% wind output (i.e. 

70% of the installed wind capacity is generating). 

 

7.4 UK Frequency Response Modelling 

7.4.1 Introduction 

 

This study looks into the transient effects of the incorporation of BESSs and the 

adequacy of primary power reserve in the UK system. An aggregated dynamic model 

based on the UK system is proposed. This model considers the actual parameters of 

the system such as the system demand, varying system inertia and different types and 

volumes of power reserves.  

 

This frequency response model is used to investigate the effects of the reduced inertia 

of the UK system based on the UK’s renewable energy target. The future requirements 

regarding the technologies and volumes of the primary reserves to provide frequency 

control for grid code compliance under a severe infeed-loss in the UK system are 

studied. The participation of BESSs in the primary reserves of the UK system can 

effectively mitigate the negative effects of the renewable energy target on the stability 

and security of the UK power system. 

 

Before introducing the frequency response model of the UK system, the historic 

frequency of the UK system and the parameters used in the frequency response model 

are discussed in the following sections. 
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7.4.2 Historic Frequency 

 

Figs. 7.4 and 7.5 show the histogram of the UK system frequency in 2013 and 2014 

respectively. The number of bins of the histograms are 3000. The summary of the UK 

system frequency in 2013 and 2014 with respect to the maximum, the minimum, the 

mean and the median frequency is given in Table 7.1. It can be seen from Fig. 7.4., 

Fig. 7.5 and Table 7.1 that the distribution of system frequency remains almost the 

 
 

Fig. 7.5 Histogram of the UK system frequency in 2014 [101].  
 

 

 
 

Fig. 7.4 Histogram of the UK system frequency in 2013[101]. 
 

 



Chapter 7 

75 
 

same from 2013 to 2014. In 2014, the maximum frequency is 50.319 Hz, while the 

minimum frequency is 49.556 Hz. The mean and median frequency are below the 

nominal frequency of 50 Hz. As illustrated in Fig. 7.5, the frequency data are not 

symmetrically distributed and are biased towards frequency below 50 Hz. A symmetric 

distribution is one where the left and right hand sides of the distribution are roughly 

equally balanced around the mean. Unsymmetrical distribution implies that the UK 

system suffers more low frequency events due to insufficient generation than high 

frequency events due to surplus generation. For BESSs providing frequency 

regulation services, the power output of the BESSs varies in proportion to system 

frequency. Based on the histogram of the UK system frequency, BESSs need to 

recharge themselves to maintain the preferred SOC according to the non-zero mean 

frequency response signal. Fig. 7.6. presents the historic frequency response of 

National Grid when the nadir frequency happened in 2014. 

 
Table 7.1 Summary of the UK system frequency in 2013/2014. 

 

  

Year 

Max. 

Frequency 

Hz 

Min. 

Frequency 

Hz 

Mean 

Frequency 

Hz 

Median 

Frequency 

Hz 

2013 50.3130 49.5880 49.9998 49.9950 

2014 50.3190 49.5560 49.9997 49.9960 

 

 
Fig. 7.6 The nadir frequency happened in National Grid 2014. 
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7.4.3 Model Parameters 

 Demand 

In 2013, the average demand, which includes the customer load demand, station load, 

pump storage and interconnector power interchange, in the UK system was around 

36 GW [78]. The highest demand was observed in January at 55.77 GW and the 

lowest demand happened in June at 18.455 GW, and it should be noted that the 

embedded generation, station load, pump storage, pumping and interconnector 

exports are not accounted for. The average monthly demand of the UK system in 2013 

is given in Table 7.2 [78]. 

 

Table 7.2 Average monthly demand of the UK system in 2013 [78]. 

 
Month of 

2013 
Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

Demand 

GW 

40.3

95 

40.4

24 

39.6

21 

35.3

43 

31.8

27 

30.4

25 

31.0

31 

30.1

77 
32.00 

33.4

40 

37.4

16 

36.7

17 

Note: Station load, pump storage and interconnector power interchange are not included. 

 

 

In [76], the average demand of the UK system in the next few decades will stay around 

40 GW (including embedded generation). The peak demand is expected to be around 

60 GW. Thus, the demand in the UK system is assumed to range from 20 GW to 60 

GW. 

 

Inertia 

In Fig. 7.3, the UK inertia as a function of system demand of the Gone Green scenario 

is depicted. The inertia for 20 GW to 30 GW demand ranges from 45 GVAs to 350 

GVAs. By a linear extrapolation of Fig. 7.3, the expected maximum inertia for 60 GW 

system demand is 650 GVAs. 

 

Thus, the system inertia in the frequency response model is a variable ranging from 

45 GVAs to 650 GVAs. It should be noted that the system inertia is coupled with the 
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system demand and the share of renewable generation. Low inertia is often observed 

in low demand and high wind conditions in summer in the UK. For simplicity, the 

system inertia and demand as the parameters of the model are decoupled in this study. 

However, the rationality of the combination of system inertia and demand should be 

carefully judged. It is obviously unreasonable for a 60 GW load system with 45 GVAs 

inertia or for a 20 GW load system with 650 GVAs inertia. 

 

Reserves  

In Chapter 3，the balancing services for system frequency regulation in the UK 

system are discussed in detail. To maintain the secure level of system inertia and 

power reserves, a certain amount of conventional generating units, which provide 

power response in proportion to frequency deviation, must be running at all times. 

 

Since 1 April 2014, the infrequent infeed-loss risk of National Grid has been 1800 MW, 

which should not cause a frequency deviation greater than 0.8 Hz [68]. Thus an infeed-

loss of 1800 MW requires a minimum system stiffness of 2250 MW/Hz for reliable 

operation [68]. 

 

A rough estimation of the holding volume of primary power reserves of the UK system 

is as follows: 

𝑆𝑏𝑎𝑠𝑒𝑀𝑊

4%×50 𝐻𝑧
+

𝐷%×𝐷𝑒𝑚𝑎𝑛𝑑 𝑀𝑊

1%×50 𝐻𝑧
≥ 2250 𝑀𝑊/𝐻𝑧                          (7.6) 

𝑃𝑅0.5𝐻𝑧 =
𝑆𝑏𝑎𝑠𝑒

4%×50 𝐻𝑧
× 0.5𝐻𝑧   𝑀𝑊                                 (7.7) 

 

In equation 7.6, 𝑆𝑏𝑎𝑠𝑒  is the droop capacity of the power system with a droop 

characteristic of 4%, which is introduced in Section 7.4.4. 𝐷 is the power system load 

damping value. Load damping factor means the percent change in load for 1% 

frequency change. A value of 𝐷 21 is used in equation 7.6 and it means that a 1% 

change in frequency would lead to a 1% change in load. 𝑃𝑅0.5𝐻𝑧  is the minimum 

holding volume of primary power reserve at 0.5 Hz frequency deviation in MW. 

 

While 𝐷𝑒𝑚𝑎𝑛𝑑220 GW, the minimum holding volume of primary power reserve at 0.5 
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Hz frequency deviation 𝑃𝑅0.5𝐻𝑧 is 925 MW. While Demand240 GW, 𝑃𝑅0.5𝐻𝑧 is 725 MW, 

which is similar to the value in [68]. Equation 7.6 and 7.7 are only used for the rough 

estimation of the primary power reserve. Accurate result can be obtained based on the 

dynamic system model, considering the system inertia and the capabilities of power 

reserves.   

 

Also based on the market information of National Grid, the holding volume of primary 

power reserve at 0.5 Hz frequency deviation should be no less than 725 MW [79]. 

 

7.4.4 UK Power System Model 

Power System Dynamics  

 

Where: 𝑠 is the Laplace operator           H is the system inertia constant (s)  

∆𝑓 is frequency deviation (Hz)  ∆𝑃𝑚 is the change of generation output (MW) 

∆𝑃𝑙𝑜𝑎𝑑 is the change of load demand (MW)  

 

Fig. 7.7 shows the basic concepts regarding the relationship between load/generation 

mismatch and frequency deviation in power systems. A change in the electrical torque 

as the result of a load change causes an imbalance between the mechanical torque 

and electrical torque. This imbalance results in a speed/frequency deviation 

determined by the transfer function as illustrated in Fig. 7.7. 

 

 
 

Fig. 7.7 .  Power system frequency dynamics. 
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Load Response to Frequency Deviation 

 

Loads in power systems can be classified into non-frequency-sensitive loads and 

frequency-sensitive loads. Non-frequency-sensitive loads, such as lighting and 

heating devices, are independent of system frequency. However, the speed of motor 

loads changes as frequency fluctuates, which results in the power changes of these 

frequency-sensitive loads. The electrical power of a composite load in terms of 

frequency-sensitive and non-frequency-sensitive load change is given as: 

 

               ∆𝑃𝑒 = ∆𝑃𝑙𝑜𝑎𝑑 + ∆𝑃𝑙𝑜𝑎𝑑
𝑓

= ∆𝑃𝑙𝑜𝑎𝑑 +
1

𝐷
∆𝑓                              (7.8) 

 

Where: ∆𝑃𝑙𝑜𝑎𝑑 is the non-frequency-sensitive load change 

            ∆𝑃𝑙𝑜𝑎𝑑
𝑓

  is the frequency-sensitive load change 

 

Load damping factor D means the percent change in load for 1% frequency change. 

The value of D21 means that a 1% change in frequency would lead to a 1% change 

in load. The effect of load damping is incorporated as shown in Fig. 7.8. 

 

The system frequency change due to load generation imbalances depends on the 

system inertia and damping constant in the absence of other correction mechanisms. 

System inertia is directly proportional to the energy stored in the rotating mass of 

synchronous generation and motor load in the system. Load damping refers to the 

 
 

Fig. 7.8 Transfer function relating to load generation imbalance and 
frequency deviation. 
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frequency-sensitive load change when system frequency deviation arises. 

 

Primary Frequency Control 

 

As stated in Chapter 3, the primary power reserves of the UK system are composed 

of three services namely: primary response, secondary response and high frequency 

response. The primary and secondary responses refer to low frequency events, during 

which the system frequency falls below 50 Hz. The high frequency response is needed 

when the system frequency is over 50 Hz. Primary response requires the provision of 

additional active power from generation or demand reduction from load within 10 s of 

an event and can continue to deliver the service for a further 20 s. Secondary 

response requires the provision of additional active power from generation or demand 

reduction from load within 30 s of an event and can continue to deliver the service for 

a further 30 minutes. High frequency response requires the provision of active power 

reduction from generation within 10 s of an event and can continue to deliver the 

service indefinitely [5]. 

 

Frequency response providers, which are classified as primary reserve providers, 

normally provide all of the primary response, secondary response and high frequency 

response services. In this study, the total volumes of primary response, secondary 

response and high frequency response are 𝑃𝑅0.5𝐻𝑧
𝑃  , 𝑃𝑅0.5𝐻𝑧

𝑆   and 𝑃𝑅0.5𝐻𝑧
𝐻   in MW 

respectively. All primary reserve providers are assumed to deliver their maximum 

droop capacity in MW at ±0.5 𝐻𝑧 frequency deviation. 𝑃𝑅0.5𝐻𝑧
𝐻  is not necessary to be 

equal to 𝑃𝑅0.5𝐻𝑧
𝑃  or 𝑃𝑅0.5𝐻𝑧

𝑆 . Normally National Grid procures more 𝑃𝑅0.5𝐻𝑧
𝑃  and 𝑃𝑅0.5𝐻𝑧

𝑆  

than 𝑃𝑅0.5𝐻𝑧
𝐻  for coping with low frequency events. 

 

It should be noted that reserve 𝑃𝑅0.5𝐻𝑧
𝑃  and 𝑃𝑅0.5𝐻𝑧

𝑆  are for low frequency events and 

𝑃𝑅0.5𝐻𝑧
𝐻  is for high frequency events. For example, if a generator can provide 10 MW 

additional active power within 10 s of an low frequency event and can continue to 

deliver the 10 MW additional power for a further 20 s, 𝑃𝑅0.5𝐻𝑧
𝑃  is 10 MW. During the 30 

s, if the generator can further increase the additional active power to 25 MW and can 

continue to deliver the service for a further 30 minutes, 𝑃𝑅0.5𝐻𝑧
𝑆  is 25 MW (10 MW of 
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this being 𝑃𝑅0.5𝐻𝑧
𝑃 ). During a high frequency event, if the generator can provide 10 MW 

additional active power within 10 s, 𝑃𝑅0.5𝐻𝑧
𝐻  is 10 MW. 𝑃𝑅0.5𝐻𝑧

𝑃 , 𝑃𝑅0.5𝐻𝑧
𝑆  and 𝑃𝑅0.5𝐻𝑧

𝐻  will 

be used as the input data of the UK dynamic frequency response model in the following 

sections. 

 

Governor with Droop Characteristics 

 

For a conventional generating unit with governor control mechanisms, an imbalance 

between the electrical power output and demand of a generator can result in the action 

of the turbine governor to regulate the steam into the turbine. A given change in 

frequency/speed results in a specific change in turbine power. A typical relationship is 

described in equation 7.9. 

 

∆𝑃′𝑚 =
−∆𝑓

𝑅
                                                      (7.9) 

 

Where: ∆𝑃′𝑚 is the change of generation output (MW). 

 R is the droop characteristic. 

              ∆𝑓 is the change of frequency (Hz). 

 

The value of R determines the power change of a generator under a steady-state 

speed deviation. A 4% droop means that a 4% frequency deviation causes 100% 

change in the power output of a generator. 

 

Composite Frequency Response Characteristic of Power Systems 

Regarding the analysis of power systems’ frequency response characteristics, the 

focus of this study has been the collective performance of all generators in the system. 

In the following discussion, the damping value D represents the equivalent load 

frequency sensitivity of all frequency-dependent loads in the system. 

 

National Grid requires the generators, which provide dynamic frequency response, to 
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have a 3-5% governor droop characteristic. The system droop characteristic in MW/Hz 

is given by: 

 

𝐷𝑟𝑜𝑜𝑝 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 =
 𝑆𝐷𝑟𝑜𝑜𝑝

𝑅∙𝑓0
     MW/Hz                          (7.10) 

 

𝑆𝐷𝑟𝑜𝑜𝑝  is the total capacity of generation with droop characteristics in the system. It 

varies with the total system demand, the generation mix, the penetration of renewables 

and the volumes of procured MW response capability by balancing mechanism units 

(BMUs) and non-BMUs.  

 

Equations 7.11 to 7.13 and Fig. 7.9 show the illustrative block diagram of the primary 

reserves in terms of primary response, secondary response and high frequency 

response in response to frequency deviation. As all the primary reserve providers are 

assumed to deliver their maximum droop capacity in MW at ±0.5 𝐻𝑧  frequency 

deviation, a saturation block of |∆𝑓| ≤ 0.5 𝐻𝑧 is added before the dynamics of reserve 

providers, the ramp rate limiter and the gain of droop characteristic in Fig. 7.9. The 

blocks of dynamics and ramp rate limiter are used to simulate the behaviors of primary 

response, secondary response and high frequency response providers. The activation 

of primary reserves is set at ±0.015 𝐻𝑧 based on the UK grid code [22]. 

𝐷𝐶𝑃 = 𝐷𝑟𝑜𝑜𝑝 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑃 =
𝑃𝑅0.5𝐻𝑧

𝑃

0.5
 MW/Hz                           (7.11) 

𝐷𝐶𝑆 = 𝐷𝑟𝑜𝑜𝑝 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑆 =
𝑃𝑅0.5𝐻𝑧

𝑆

0.5
 MW/Hz                            (7.12) 

𝐷𝐶𝐻 = 𝐷𝑟𝑜𝑜𝑝 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝐻 =
𝑃𝑅0.5𝐻𝑧

𝐻

0.5
 MW/Hz                           (7.13) 

 
 

Fig. 7.9 Frequency response from primary power reserves. 
 

 



Chapter 7 

83 
 

Dynamics and Ramp Rate Limiter 

 

Fig. 7.10 shows the subsystem of the block of ‘Dynamics & Ramp rate limiter’ in Fig. 

7.9. This subsystem represents conventional frequency response providers only. The 

time constants of the governor TG and the turbine TCH are 0.2 and 0.3 respectively. 

Ramp rate limiters are used to achieve the required deployment timescales for primary 

response (10 s), secondary response (30 s) and high frequency response (10 s). 

 

Battery Energy Storage System 

 

In this study, the capacity of BESSs that participate in primary reserves is 𝑃𝐵0.2𝐻𝑧 in 

MW. In contrast to 𝑃𝑅0.5𝐻𝑧
𝑃  , 𝑃𝑅0.5𝐻𝑧

𝑆   and 𝑃𝑅0.5𝐻𝑧
𝐻   that are provided by conventional 

generators, the droop characteristic of BESSs requires that the BESSs deliver the 

maximum power response when the frequency deviation reaches ±0.2 𝐻𝑧 rather than 

±0.5 𝐻𝑧. The 𝐷𝐶𝐵 of BESSs is given in equation 7.14. 

 

𝐷𝐶𝐵 = 𝐷𝑟𝑜𝑜𝑝 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝐵 =
𝑃𝐵0.2𝐻𝑧

0.2
 MW/Hz                          (7.14) 

 

As BESSs can discharge and charge at the same power level, the BESSs in this 

study provide primary response, secondary response and high frequency response 

with the same MW volume. Thus the total volumes of primary response 𝑃𝑅𝑃 , 

secondary response 𝑃𝑅𝑆 and high frequency response 𝑃𝑅𝐻 are as follows: 

𝑃𝑅𝑃 = 𝑃𝑅0.5𝐻𝑧
𝑃 + 𝑃𝐵0.2𝐻𝑧                                        (7.15) 

𝑃𝑅𝑆 = 𝑃𝑅0.5𝐻𝑧
𝑆 + 𝑃𝐵0.2𝐻𝑧                                         (7.16) 

𝑃𝑅𝐻 = 𝑃𝑅0.5𝐻𝑧
𝐻 + 𝑃𝐵0.2𝐻𝑧                                         (7.17) 

 

 

 
 

Fig. 7.10 The blocks of dynamics and ramp rate limiter. 
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The response time of BESSs is in sub-second scale. Together with precise control, 

BESSs could be more effective than conventional frequency response providers. The 

block diagram of the frequency response from BESSs in MW is given in Fig. 7.11. In 

[80], the time constant of battery is 0.026 s, but it is ignored in this study. 

Secondary Reserves 

As stated in Chapter 3, reserve services, including fast reserve, short term operating 

reserve and BM start-up in National Grid are actually classified as the secondary and 

tertiary power reserves according to their range of deployment time but the UK system 

does not have the concept of secondary reserves and AGC. In this study, the 

frequency response model does not include secondary and tertiary reserves, thus the 

frequency cannot reach exactly its nominal value. 

 

The primary reserves (primary response, secondary response and high frequency 

response) can reduce the RoCoF to zero but the static frequency error persists unless 

secondary reserve control acts to restore the frequency to its nominal value. The 

response from secondary reserves adjusts the power reference of the generators that 

participate in the secondary reserve control. For a one-area system, the secondary 

response can be expressed as:  

 

                                       ∆𝑃𝑠𝑒𝑐 = −(𝐶𝑝 +
1

𝑇𝑁∙ 𝑠
) ∙ 𝐵 ∙ ∆𝑓                                   (7.18) 

Where B is frequency bias factors (MW/Hz),  (𝐶𝑝 +
1

𝑇𝑁∙ 𝑠
) is the PI control  

 

B is commonly set at 1/R for the sake of Non Interactive Control [81]. The PI control 

ensures that the deviated frequency can be brought back to the nominal frequency. 

However, equation 7.18 does not apply to the UK system.   

 

 
 

Fig. 7.11 Frequency response from BESSs. 
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UK Power System Frequency Response Model 

 

The aggregated UK model is illustrated in Fig. 7.12. 

 

Model Validation  

 

For validating the proposed model, the BESSs are disabled (𝑃𝐵0.2𝐻𝑧 = 0). According 

to the trend of system inertia (H) in GVAs under the Gone Green Scenario in Figure 

7.3, the average GVAs in 2013 at a total system demand of 40 GW is assumed to be 

370 GVAs. 

 

In the UK system, primary response requires the provision of additional power (or the 

reduction in demand) in 10 s and in 30 s for secondary response when the system 

frequency is below 50 Hz. During the time when frequency is over 50 Hz, high 

 
 

Fig. 7.12 Simulink model of the UK system. 
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frequency response is needed to reduce active power within 10 s. In Figure 7.12, two 

speed limiters are put in the loops of primary response control and secondary 

response control to ensure that the response services are always delivered in the 

predefined time limits.  

 

In order to validate this model, a generator of 345 MW is tripped at t210 s, which is 

expressed as a step rise of 345 MW in the block of imbalance of Fig. 7.12. The results 

are shown in Fig. 7.13. This gives similar results to other studies in terms of nadir 

frequency, nadir frequency time, primary response time and secondary response time 

[68, 72]. Fig. 7.14 gives the frequency control standards of National Grid in terms of 

pre-fault and post-fault situations [82]. 

 

 
 

Fig. 7.13 Frequency response after a loss of 345MW generator at t210 s 
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7.5 Investigation of the Incorporation of BESSs 

7.5.1 Objectives 

 

As shown in Fig. 7.3, the inertia of the UK system will drop dramatically in the next few 

decades due to the increasing share of renewable energy, which does not contribute 

to system inertia. BESSs with fast response and precise control characteristics can 

maintain the pre-fault system frequency closer to the nominal frequency and reduce 

the post-fault nadir frequency. It is increasingly beneficial to the UK system to procure 

a certain amount of BESSs primary reserve capacity to firm the security and stability 

of the UK power network. This chapter investigates the effects of the incorporation of 

BESSs for providing primary reserves in the UK system. 

 

The deployment time of the current conventional primary reserve providers is 10 s, 

which is able to balance the system and maintain the frequency within the required 

limits under current system inertia. The incorporation of BESSs to increase the primary 

reserves and displace a certain percentage of the 10-s timescale conventional primary 

reserves of the UK system is modelled and investigated in the following sections. A 

major objective of this study is the analysis of the adequacy of primary reserves and 

 
 

Fig. 7.14 Frequency control standards of National Grid [82]. 
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the reduced frequency deviation when an infeed-loss occurs with the incorporation of 

BESSs at varying system inertia. As BESSs can respond in sub-second timescales, 

this faster response will have a higher commercial value compared with the 10-s 

timescale conventional generators. This topic is currently under investigation in 

National Grid. Drawing on National Grid, this study also discusses the reasonable 

frequency response price ratio between the frequency response from BESSs and that 

from conventional generators.  

 

 

7.5.2 Method & Results 

 

The scenario of Fig. 7.15 looks at an infeed-loss of 1800 MW and an average system 

demand of 40 GW. The total volume of primary response 𝑃𝑅𝑃  is set at 1100 MW 

(including battery reserve 𝑃𝐵0.2𝐻𝑧). The total volume of secondary response 𝑃𝑅𝑆 is set 

at 1600 MW. 𝑃𝐵0.2𝐻𝑧 is a variable in this scenario and is expressed as 1 pu when 

𝑃𝐵0.2𝐻𝑧 = 1100 𝑀𝑊.  

 

 

 

 

 
Fig. 7.15 Maximum frequency deviation after an infeed-loss of 1800 MW. 
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Fig. 7.15 presents the results of the maximum system frequency deviation after an 

infeed-loss of 1800 MW with varying system inertia and 𝑃𝐵0.2𝐻𝑧 in pu. It can be seen 

that a smaller maximum frequency deviation is obtained with higher system inertia 

and/or higher 𝑃𝐵0.2𝐻𝑧 in pu. In Section 7.4.3, the system inertia ranges from 45 GVAs 

to 650 GVAs. When 𝑃𝐵0.2𝐻𝑧 = 1 𝑝𝑢, the maximum frequency deviation varies from -

0.3763 Hz (650 GVAs) to -0.7416 Hz (45 GVAs), which is shown in Fig. 7.16 and Fig. 

7.17. The difference between -0.3763 Hz (650 GVAs) and -0.7416 Hz (45 GVAs) is 

0.3653 Hz. However, when 𝑃𝐵0.2𝐻𝑧 = 0 𝑝𝑢, the maximum frequency deviation varies 

from -0.491 Hz (650 GVAs) to -1.55 Hz (45 GVAs), which is shown in Fig. 7.18 and 

Fig. 7.19. The difference between -0.491 Hz (650 GVAs) and -1.55 Hz (45 GVAs) is 

1.059 Hz. This suggests that the incorporation of BESSs for providing primary 

reserves can greatly mitigate the frequency drop especially during the periods of low 

system inertia. As shown in Fig. 7.14, National Grid requires that the frequency 

deviation should not be greater than -0.8 Hz for an infrequent loss (1000 MW to 1800 

MW). Thus it can be expected that as the system inertia decreases in the near future, 

10-s timescale primary reserves are not adequate to maintaining the system frequency 

within a secure range. BESSs are necessary to be deployed in the UK system. 
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Fig. 7.16 .  Frequency response after an infeed-loss of 1800 MW at t210 s (inertia2650 GVAs, 𝑃𝐵0.2𝐻𝑧 =
1 𝑝𝑢). 

 

 

 
 

Fig. 7.17 Frequency response after an infeed-loss of 1800 MW at t210 s (inertia245 GVAs, 𝑃𝐵0.2𝐻𝑧 = 1 𝑝𝑢). 
 

 



Chapter 7 

91 
 

 

  

 
 

Fig. 7.18 Frequency response after an infeed-loss of 1800 MW at t210 s (inertia2650 GVAs, 𝑃𝐵0.2𝐻𝑧 = 0 𝑝𝑢). 
 

 

 
 

Fig. 7.19 Frequency response after an infeed-loss of 1800 MW at t210 s (inertia245 GVAs, 𝑃𝐵0.2𝐻𝑧 = 0 𝑝𝑢). 
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In Fig. 7.20, a common case is depicted in which inertia2350 GVAs and 𝑃𝐵0.2𝐻𝑧 =

0.5 𝑝𝑢. 

 

Fig. 7.21 shows the time to reach the nadir frequency of Fig. 7.15 after an infeed-loss 

of 1800 MW. The time to reach the nadir frequency decreases as the system inertia 

 

 
Fig. 7.21 Time to reach the nadir frequency after an infeed-loss of 1800 MW. 

 

 

 
 

Fig. 7.20 Frequency response after an infeed-loss of 1800 MW at t210 s (inertia2350 GVAs, 𝑃𝐵0.2𝐻𝑧 = 0.5 𝑝𝑢). 
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and/or the 𝑃𝐵0.2𝐻𝑧 in pu reduce/s. In other words, the system with higher inertia and/or 

BESSs power reserves has more time to activate its primary reserves before the nadir 

frequency is reached. 

 

The scenario in Fig. 7.22 looks at an infeed-loss of 1800 MW and an average system 

demand of 40 GW. The maximum volume of primary reserve 𝑃𝑅𝑃 is set at 2000 MW 

(including battery reserve 𝑃𝐵0.2𝐻𝑧). The total volume of secondary response 𝑃𝑅𝑆 is set 

at 1600 MW. Both 𝑃𝑅𝑃 and 𝑃𝐵0.2𝐻𝑧 in MW are variables in this scenario. 

 

 

Fig. 7.22 illustrates the minimum required BESSs reserve 𝑃𝐵0.2𝐻𝑧 in MW to limit the 

maximum frequency deviation within -0.8 Hz under varying total primary response 𝑃𝑅𝑃 

and system inertia. In the top graph in Fig. 7.22, the system inertia is 45 GVAs. In 

order to limit the maximum frequency deviation within -0.8 Hz after an infeed-loss of 

1800 MW, when 𝑃𝑅𝑃 22000 MW, at least 735 MW of 𝑃𝑅𝑃  should be provided by 

BESSs reserve 𝑃𝐵0.2𝐻𝑧 . When 𝑃𝑅𝑃 21264 MW, at least 950 MW of 𝑃𝑅𝑃  should be 

provided by BESSs reserve 𝑃𝐵0.2𝐻𝑧. In the middle graph in Fig. 7.22, the system inertia 

is 166 GVAs. When 𝑃𝑅𝑃 ≥ 1780 𝑀𝑊, BESSs reserve is not necessarily needed.  𝑃𝑅𝑃 

that is only composed of 10-s timescale primary reserves is adequate to secure the 

system. When 𝑃𝑅𝑃2980 MW, at least 500 MW of 𝑃𝑅𝑃 should be provided by BESSs 

 

 

Fig. 7.22 The minimum primary reserve 𝑃𝑅𝑃 against the minimum BESS reserve at the frequency 
deviation of -0.8 Hz under a 1800 MW infeed loss. 
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reserve 𝑃𝐵0.2𝐻𝑧. In the bottom graph in Fig. 7.22, the system inertia is 287 GVAs. When 

𝑃𝑅𝑃 ≥ 778 𝑀𝑊, BESSs reserve is not necessarily needed. 𝑃𝑅𝑃 that is only composed 

of 10-s timescale primary reserves is adequate to secure the system. When 𝑃𝑅𝑃2597 

MW, at least 399 MW of 𝑃𝑅𝑃 should be provided by BESSs reserve 𝑃𝐵0.2𝐻𝑧. 

 

The average slope of the top graph in Fig. 7.22 is 3.423, which means that every MW 

increase in 𝑃𝐵0.2𝐻𝑧 can reduce the minimum requirement of the primary reserve 𝑃𝑅𝑃 

by 3.423 MW. In other words, 1 MW 𝑃𝐵0.2𝐻𝑧 is equivalent to 4.423 MW 10-s timescale 

primary reserves under the scenario in the top graph in Fig. 7.22. 

 

When the system inertia increases to 166 GVAs, the average slope of the middle graph 

in Fig. 7.22 is 1.6, which means that every MW increase in 𝑃𝐵0.2𝐻𝑧 can reduce the 

minimum requirement of the primary reserve 𝑃𝑅𝑃 by 1.6 MW. In other words, 1 MW 

𝑃𝐵0.2𝐻𝑧 is equivalent to 2.6 MW 10-s timescale primary reserves under the scenario in 

the middle graph in Fig. 7.22. 

 

When the system inertia further increases to 287 GVAs, the average slope of the 

bottom graph in Fig. 7.22 is 0.454, which means that every MW increase in 𝑃𝐵0.2𝐻𝑧 

can reduce the minimum requirement of the primary reserve 𝑃𝑅𝑃 by 0.454 MW. In 

other words, 1 MW 𝑃𝐵0.2𝐻𝑧 is equivalent to 1.454 MW 10-s timescale primary reserves 

under the scenario in the bottom graph in Fig. 7.22. 

 

It can be concluded that the BESSs with sub-second response time are more effective 

than conventional generators with 10-s response time at providing primary power 

reserves in the UK system. The specific ratio of the value of BESSs to that of 

conventional generators depends on the transient inertia, the demand of the system, 

the generation mix, the volumes and technologies of reserves and the level of the 

studied infeed-loss. During the periods when the system inertia is low, the frequency 

response from BESSs is more valuable than during the periods when the system 

inertia is high. Due to the significant capital costs of BESSs, the expected frequency 

response price in £/MW/h of BESSs is higher than that of conventional generators. As 

the system inertia decreases in the next few decades, deploying BESSs in the UK 

system for frequency regulation services will be more economical and secure for the 
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operation of the UK power system. 

 

7.6 Summary and Discussion 

In this chapter, a frequency response model based on the UK system was proposed. 

The UK power system is experiencing a great change in its generation capacity mix. 

The installed capacity of renewables will increase and replace the share of the 

electricity from fossil-fuel power plants. Meanwhile the total available system inertia 

will decline accordingly. National Grid, the system operator of the UK, has considered 

and begun to investigate the feasibility for BESSs to provide frequency regulation 

services. To ensure the security and stability of the UK system with a 1800 MW infeed-

loss, the overall rate of response of primary response needs to be increased especially 

when the system inertia is low, which means that the incorporation of BESSs to replace 

the existing slow 10-s timescale response providers is necessary. The results have 

shown that the BESSs can effectively reduce the frequency deviation caused by 

infrequent events. The ratio of the value of BESSs to that of conventional generators 

for providing frequency regulation depends on many aspects, such as the system 

inertia and demand. It is certain that BESSs for frequency regulation purposes would 

be more and more economically attractive and necessary to the UK network as the 

system inertia is expected to decrease greatly in the near future. 
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Chapter 8 Optimizing LiFePO4 Battery Energy Storage 

Systems for Frequency Response in the UK System 

8.1 Introduction 

Due to renewable energy’s fast-growing share of generation in power systems, 

decreasing system inertia and frequency response reserve pose a challenge for 

utilities when maintaining the quality and security of power supply. It is increasingly 

difficult to balance system demand and generation using the reserve from 

conventional synchronous generators. Frequency response reserve from non-

synchronous generation, such as batteries, flywheels, pumped hydro, and deloaded 

wind turbines, could provide supplementary frequency reserve for the reconstructed 

power markets. Battery energy storage system (BESS) is optimally suited to address 

the emerging challenge because of its high efficiency and fast ramp rates [7]. Primary 

frequency response has been found to be the most profitable service using BESSs on 

the Danish electricity market [8] and Li-ion batteries can best fulfil this service. But the 

wide spread deployment of BESS is constrained by high capital costs. The BESS 

control strategy is crucial for both security and economic considerations. Some BESS 

control strategies rely on grid real-time dispatch to offset energy-limited resources to 

maintain the resources’ preferred operating point [80, 83, 84]. These strategies enable 

energy limited resources to bid more MW capacity to the frequency regulation market 

and reduce the capital cost of BESS.  

 

In the US and Danish power markets, regulation is procured on an hourly basis [85]. 

In the UK, there are three mechanisms contributing to frequency response. They are 

mandatory frequency response, firm frequency response (FFR) and frequency control 

by demand management. National Grid, the system operator of the UK, achieves 

frequency response by using primary response, secondary response and high 

frequency response. The primary and secondary responses refer to low frequency 

events, during which the system frequency falls below 50 Hz. The high frequency 

response is needed when the system frequency is over 50 Hz. The terminologies of 

the so-called primary, secondary and high frequency responses used in the UK system 

are actually classified as the primary reserve of the widely used terminologies in other 
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power markets. It should be noted that the UK system does not have the concept of 

secondary reserve. National Grid procures FFR service through a competitive tender 

process. Frequency response participants who successfully tender into the FFR 

market receive an availability fee (£/MW/h) for the hours that they are available, a 

nomination fee (£/MW/h) for the hours that they are dispatched, and a response 

energy payment (£/MWh) for the change in energy output while they are dispatched 

[22]. In the UK, the bid regulation capacity (MW) for each hourly interval must ensure 

that the resource is able to provide the bid capacity continuously for 30 minutes. For 

a BESS coordinated with real-time dispatch to maintain the availability of the BESS, 

the energy capacity of the BESS does not need to satisfy the 30-minute requirement. 

If the dispatch requirement for offsetting the BESS’s state of charge (SOC) is beyond 

the capability of the system, the dispatch system cannot meet the system demand 

plus the real-time energy offset for the BESS. Therefore, the offset dispatch profile 

should be carefully judged by system planners to choose the most suitable control 

strategy for their system in consideration of both real-time dispatch pressure and 

economic interests.  

 

A lot of studies have been conducted on the utilization of BESSs for regulating power 

system frequency. In [86], a control algorithm for BESSs with emergency resistors was 

proposed based on the Germany energy market. BESSs are mainly designed for low 

frequency events. The economic feasibility of BESS for primary frequency response 

is assessed in consideration of BESS lifetime and market price in [85]. In [84, 85, 87], 

different BESS control strategies for primary frequency regulation were proposed and 

compared. However, the process of energy offset (charge/discharge to preferred SOC) 

of these strategies is not controllable within the design because the offset timing, 

duration and power amplitude are irregular and unforeseeable, which would lay a 

heavy burden on the grid from the non-periodic energy offset process. By comparison, 

the BESS in this study was assumed to provide frequency regulation services on a 

continuous basis. The energy offset in terms of preparation time, offset interval, 

maximum offset power and BESS saturation are controllable and designed in, which 

is necessary for a reliable grid-scale BESS project. In [88], the BESS energy offset 

processes occur either when the wind production is inside the predefined range of the 

schedule or when there are allowed power margins for the BESS to adjust its SOC. 

However, this BESS energy offset process conflicts with the purpose of maintaining a 

link:controllable
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high availability and sustainable frequency regulation service using BESSs. 

 

In this study, a methodology for optimizing BESSs with respect to the size of the BESS 

and the control parameters for providing frequency response is proposed under the 

UK regulatory framework using historic data. This study is from the point of view of the 

system operator, thus the BESS should respond to the dynamics from both demand 

and generation (mainly wind power) forecasting errors. As a result, the minimum 

average tender price, which is the sum of the availability fee and the nomination fee 

expressed in £/MW/h for the BESS to participate in the FFR market, is evaluated 

based on NPV. The methodology is set out as follows: In Section 8.2, the frequency 

response requirement, as the input for the methodology, is estimated based on system 

data. In Section 8.3, the proposed control strategy is discussed. In Section 8.4 and 

8.5, the methodology for optimizing the BESS and the method for economic 

assessment are proposed and discussed. The optimized results for the current UK 

 

 
Fig. 8.1 10-second resolution national demand in 2013. 

 

 



Chapter 8 

99 
 

system and future UK energy scenarios are discussed in Section 8.6 and  Section 8.7. 

 

8.2 Balancing Requirement Estimation and Extraction 

 

This section describes the method of estimating the balancing requirement for National 

Grid associated with forecasting errors for both load and generation from intermittent 

energy resources. The annual transmission demand and observable wind power 

outturn in 2013 UK are shown in Fig. 8.1 and Fig. 8.2 respectively. Historic data sets: 

𝐿𝑎 , 𝐺𝑓, 𝐺𝑎
𝑤 and 𝐺𝑓

𝑤 [89] were used to estimate the balancing requirement [90]. 

 

It was assumed that the actual half-hourly generation output is aligned with the half-

hourly demand forecast. The total balancing requirement 𝐺𝑏 is given as follows: 

 

𝐺𝑏=(𝐿𝑎−𝐺𝑓) −( 𝐺𝑎
𝑤 − 𝐺𝑓

𝑤)                                         (8.1) 

𝐺𝑏 = 𝑅𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 + 𝐹𝑎𝑠𝑡 𝐶𝑦𝑐𝑙𝑖𝑛𝑔 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡                 (8.2) 

 

 

Fig. 8.2 5-min resolution wind power outturn in 2013. 
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The term (𝐿𝑎−𝐺𝑓)   represents the demand forecasting error. The wind generation 

forecasting error, ( 𝐺𝑎
𝑤 − 𝐺𝑓

𝑤), can be treated as negative generation forecasting error. 

Fig. 8.3 shows the total balancing requirement and the forecasting errors on 1st Jan 

2013. The balancing requirement can be decomposed into components in different 

frequency ranges, of which slow cycling components (called the Redispatch 

Component in equation 8.2) can be most economically balanced by generation 

redispatch from slow-acting generating units and pumped hydro storage. The 

remaining frequency components are called the Fast Cycling Component, which will 

be the input data for the simulation algorithm in this study. The fast cycling component 

can be addressed using frequency response reserve and fast generating units. The 

balancing components in different frequency ranges were extracted by Fast Fourier 

Transform and band pass filters. The upper cutoff frequency for the generation 

redispatch component is 1/1𝐻𝑜𝑢𝑟 = 1/3600  Hz. This cutoff frequency is decided 

based on the fact that for National Grid the demand forecast and hence the generation 

output are updated/dispatched in each half hour. For the fast cycling component, the 

pass band ranges from 1/3600 Hz to 0.5 × Sampling Frequency = 0.05 Hz. 

 

The upper graph of Fig. 8.4 shows the resulting generation redispatch component and 

the fast cycling component of the total balancing requirement on 1st Jan 2013. The 

 

 
Fig. 8.3 Total balancing requirement and forecasting errors on 1st Jan 2013. 

 
 

http://en.wikipedia.org/wiki/Cutoff_frequency
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lower graph of Fig. 8.4 shows the measured system frequency on 1st Jan 2013 [89]. 

During the transitions from each half-hour period, the system frequency experienced 

a variation due to the change of generation schedule according to half-hourly demand 

forecast. During the transitions at each hour, the system frequency experienced a 

greater variation due to the joint effect of the change of generation schedule and the 

hourly wind outturn forecast. 

 

The system frequency depends on the quality of balancing services in terms of 

response time and response capacity. For the dimensioning of a BESS to provide 

frequency response, it was not appropriate to use the post-regulated historic system 

frequency to simulate the BESS behavior, especially for high MW BESS, because the 

participation of the BESS in the frequency response service would have had a 

noticeable influence on the system frequency. The actual system frequency depends 

on the instantaneous system inertia, reserve capacities and how the frequency 

regulation providers respond to the system imbalances. Therefore, the fast cycling 

component extracted from total balancing requirement, 𝐺𝑏 would be more suitable for 

evaluating the BESS for frequency response applications than historic system 

frequency. Fig. 8.5 compares the historic system frequency with the negated fast 

cycling component on 1st Jan 2013 from 00:00-05:00 am. When the negated fast 

 

 
Fig. 8.4 Generation redispatch/ fast cycling component (upper graph) and grid frequency 

(lower graph) on 1st Jan 2013 [11]. 
 

. 
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cycling component was positive, it indicates a shortage of load (frequency rises). It 

can be observed that the shape and trend of the two curves are quite similar, except 

during the period from 2:00 to 3:30 am. The mismatches result from the misalignment 

between the actual generation output and the half hourly demand forecast. This is due 

to the slow response reserves differing dramatically in how well they track control 

signals, where thermal units inherently have more difficulty.  

 

The MW response of the BESS at different frequency deviations is up to its bid MW 

capacity. When the need for balancing occurs, the responsibility of the BESS is to 

provide the required response within the minimum time specified by the grid. The 

prices accepted in FFR are in 10-second timescales.  However BESS can respond in 

<1s timescales, and this faster response will have a higher commercial value. This 

topic is currently under investigation in National Grid and is discussed in Chapter 7. 

 

In this study, the charging/discharging processes of a BESS in terms of providing 

frequency response and energy offsetting are as follows: 

 

 

 
Fig. 8.5 Grid frequency [11] and computed negated fast cycling component are similar in 

trend. 
 

 



Chapter 8 

103 
 

𝑃𝐺𝑟𝑖𝑑 = 𝑃𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ − 𝑃𝑜𝑓𝑓𝑠𝑒𝑡                                              (8.3) 

 Charging:    𝐸𝐵𝑎𝑡 = 𝜂𝐶ℎ ∫ 𝑃𝐺𝑟𝑖𝑑 ∙ 𝑑𝑡  , 𝑃𝐺𝑟𝑖𝑑 > 0                            (8.4) 

Discharging:𝐸𝐵𝑎𝑡 =
1

𝜂𝐷𝐶ℎ
∫ 𝑃𝐺𝑟𝑖𝑑 ∙ 𝑑𝑡, 𝑃𝐺𝑟𝑖𝑑 < 0                           (8.5) 

 

Positive 𝑃𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ  means providing regulation down service (reducing system 

frequency).  𝜂𝐶ℎ and 𝜂𝐷𝐶ℎ of the lithium batteries are both set at 95%, which accounts 

for all the losses in the power conditioning system (PCS) [91]. Battery self-discharge 

is neglected as it is negligable compared to other losses and can be easily 

compensated for in operation. In Section 8.3, the BESS normal operation will be 

introduced in detail. 

 

8.3 BESS Normal Operation 

 

This section introduces the process of energy offsetting for maintaining the preferred 

SOC, and discusses the BESS saturation during operation.  

 

 

 

 

 

 

 
Fig. 8.6 Energy offset concept illustration when t20 (upper graph) and t2𝑇2 (lower graph) [3]. 
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8.3.1 BESS Energy Offset 

 

The BESS energy offset strategy in this study is an extension of that based on the 

regulation energy management already utilized by California ISO [83]. 𝑇2 is the energy 

offset interval. The real time market compensates the BESS at 𝑃𝑜𝑓𝑓𝑠𝑒𝑡 during each 

consecutive energy offset interval, 𝑇2, which is illustrated in Fig. 8.6. 𝑇1 is the real-time 

dispatch preparation time and 𝑡 is the current time. Positive 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 is the amount of 

planned offset energy actually discharged from the BESS in the next 𝑇2  interval 

considering efficiency losses. When 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 < 0, it represents the actual energy stored 

in the BESS during charging. 𝑃𝑜𝑓𝑓𝑠𝑒𝑡  is equal to 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 ∙ 𝜂𝐷𝐶ℎ / 𝑇2  (𝐸𝑜𝑓𝑓𝑠𝑒𝑡 > 0 ) or 

𝐸𝑜𝑓𝑓𝑠𝑒𝑡/𝜂𝐶ℎ /𝑇2  (𝐸𝑜𝑓𝑓𝑠𝑒𝑡 < 0) .  ∆𝑆𝑂𝐶𝑀𝑊ℎ
𝑡−𝑇1  is the MWh difference between the energy 

stored in the BESS at 𝑡 − 𝑇1 and the BESS’s preferred operating point expressed in 

MWh. 𝐸𝑝𝑙𝑎𝑛 is the planned offset energy from 𝑡 − 𝑇1 to 𝑡 (MWh). The calculation of the 

energy offset in the real-time dispatch is based on the SOC of the BEES at 𝑡 − 𝑇1 and 

the planned energy offset from 𝑡 − 𝑇1 to 𝑡, which is given by: 

 

𝐸𝑜𝑓𝑓𝑠𝑒𝑡 =  ∆𝑆𝑂𝐶𝑀𝑊ℎ
𝑡−𝑇1 − 𝐸𝑝𝑙𝑎𝑛                                       (8.6) 

 

For 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 > 0, 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 of stored energy in the BESS would be discharged in the next 

𝑇2 interval. The grid will receive 𝐸𝑜𝑓𝑓𝑠𝑒𝑡∙𝜂𝐷𝐶ℎ of energy due to efficiency losses during 

discharging. For 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 < 0, | 𝐸𝑜𝑓𝑓𝑠𝑒𝑡/𝜂𝐶ℎ| of energy would be drawn from the grid to 

charge the BESS in the next 𝑇2 interval. The BESS will actually receive |𝐸𝑜𝑓𝑓𝑠𝑒𝑡| of 

energy due to efficiency losses during charging. When 𝑡 = 𝑇2 × 𝑛  (n20,1,2…), the 

(𝑛 + 1)𝑡ℎ energy offset dispatch compensates the BESS for its efficiency loss and the 

zero net energy imbalance during the period from (𝑇2 ∙ 𝑛 − (𝑇2 + 𝑇1)) to (𝑇2 ∙ 𝑛 − 𝑇1). 

The real-time market is informed 𝑇1 minutes before the next energy offset to calculate 

the required energy offset according to equation 8.6 and adjust the forecast 

generation. 𝑃𝐺𝑟𝑖𝑑 should be within the rated BESS power capacity range. If 𝑃𝐺𝑟𝑖𝑑 is 

greater than 𝑃𝑀𝑎𝑥𝑅𝑎𝑡𝑒, the offset power 𝑃𝑜𝑓𝑓𝑠𝑒𝑡 should be met as much as possible prior 

to providing frequency regulation service, which occasionally leads to curtailed 

frequency response from the BESS. 𝑃𝑀𝑎𝑥𝑅𝑎𝑡𝑒  is the rated power or the maximum 
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continuous power of the BESS specified by the manufacture. 𝑃𝑀𝑎𝑥𝑅𝑎𝑡𝑒 for charging 

and discharging processes is identical in this study. 

 

8.3.2 BESS Saturation 

 

From the point of view of the real-time dispatch market, a longer preparation time 𝑇1 

would leave more time for the adjustment of the next real-time interval output. But for 

the BESS, a longer 𝑇1 would increase the possibility of saturation. Assuming the BESS 

is at its preferred SOC at 𝑡 = 0, in each period (n20,1,2…), the saturation constraint is 

given as follows:  

 

−𝑆𝑂𝐶𝑝𝑟𝑒 ∙ 𝐸𝐵𝑎𝑡𝑡𝑒𝑟𝑦 < ∫ 𝑃𝑜𝑢𝑡 ∙ 𝑑𝑡
𝑡2

𝑡1

< (1 − 𝑆𝑂𝐶𝑝𝑟𝑒) ∙ 𝐸𝐵𝑎𝑡𝑡𝑒𝑟𝑦 

𝑡2 = 𝑀𝑎𝑥(𝑇2 × 𝑛 + 𝑇2,0) 

𝑡1 = 𝑀𝑎𝑥(𝑇2 × 𝑛 − 𝑇1,0) 

|𝑃𝑜𝑢𝑡| ≤ |𝑃𝑀𝑎𝑥𝑅𝑎𝑡𝑒|                                            (8.7) 

 

For BESSs with only a 15-minute discharge time at its rated power, if 𝑆𝑂𝐶𝑝𝑟𝑒 is set at 

50%, the BESS can only provide 7.5 minutes in either the up or down direction. This 

means that under the most extreme cases (BESSs charge/discharge at their rated 

power), 𝑇1 + 𝑇2  should be no more than 7.5 minutes. But this extreme regulation 

situation is not very common (usually during failures of large generators or loads) and 

the BESS is designed and intended to balance the zero net energy imbalance. It is 

feasible and economical to allow 𝑇1 + 𝑇2 to be higher than 7.5 minutes, but this range 

is limited. In this study, 𝑇1=5 minutes was chosen as a result of compromise between 

offset preparation time and BESS saturation. The offset interval 𝑇2 is a variable that 

needs to be carefully determined by the methodology described in Section 8.4. The 

control strategy would reduce the capacity requirement of the BESS to provide a 

continuous frequency regulation service and prolong battery lifetime by reducing the 

number of deep cycles. 
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8.4 BESS Optimization Methodology 

 

The participation percentage of the BESS for frequency response services was set at 

100% for this study, which means that the entire frequency response service was 

provided by the BESS. Thus, the power capacity was a constant. As the BESS only 

responds up to its bid MW frequency response, essentially the BESS lifetime depends 

on the charging/discharging profile of each battery cell in the BESS. In this study, 

battery cells in the BESS are regulated at the same SOC level. At different participation 

percentages, for any battery cells in the BESS, they would experience the same 

charging/discharging processes. Thus, the BESS lifetime is independent of the 

participation percentage. The change of the participation percentage only influenced 

the amplitude of the offset power provided by the real-time market. The regulation 

price expressed in £/MW/h and the BESS lifetime are independent of the participation 

percentage. As the participation percentage drops, the energy rating, the power rating 

and the maximum offset power are driven down in proportion. The system operator 

should determine the maximum BESS participation percentage by consideration of the 

existing frequency response providers and the system capability to offset the BESS in 

each 𝑇2 interval. 

 

If the sum of the frequency regulation signal and the offset signal is greater than the 

maximum charge rate of the BESS, for the aim of maintaining the preferred SOC, the 

energy offset signal should be met prior to the regulation signal. When the maximum 

charge rate (power rating) is not high enough, or the offset interval 𝑇2  is not 

appropriate, the frequency regulation requirement would have to be partially met. For 

the sake of quantifying the degree of frequency regulation curtailment, 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 and 

𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 are defined. 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 represents the percentage of time that the regulation 

signal is partially met. For example, 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 = 1/(24 × 60) = 0.0694% means that for 

one minute in one day the regulation signal is partially met. 𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 describes the 

degree of the curtailed regulation signal when the BESS is not able to respond to the 

full regulation signal and the offset signal. For example, when 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 = 0.0694% and 

𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 = 50%, during the one minute when the regulation is partially met, 50% of 

the regulation signal is met by the BESS. In this study, 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 was chosen to be no 
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more than 0.5% and 𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 was chosen to be greater than 50% to ensure the high 

reliability of the BESS providing the frequency response service. The criteria of 

𝑃𝑐𝑡𝑡𝑖𝑚𝑒 ≤ 0.5% was decided based on Bonneville Power Administration’s customary 

99.5% probability bound, which means that 0.5% of all of the anticipated balancing 

capacity exceeds that bound [92]. The criteria of 𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 ≥ 50% was designed by 

the authors to further improve the quality of the frequency response service.  

 

A less variable charging/discharging profile of the BESS with less deep discharge 

cycles would obviously achieve a longer lifespan. For BESSs with fixed MW frequency 

response profile, the BESS with larger power and energy capacities would obviously 

survive longer. An increased energy rating of BESSs can reduce the range of the SOC, 

which can contribute to a longer BESS lifetime. But the resulting increased battery 

cost would conflict with the benefits from the prolonged BESS lifetime. The BESS 

lifetime is a variable that reflects the capital costs in the NPV calculation in this study 

to obtain the optimal results. 

 

Initial Choice of the BESS Power Capacity 

 

The first step is to find the power capacity rating of the BESS that is able to balance 

the fast cycling component of the UK National Grid in 2013. The BESS power capacity 

should be no lower than the peak MW of the fast cycling component. A power margin 

of 10% of the peak MW was chosen for the purpose of reducing 𝑃𝑐𝑡𝑡𝑖𝑚𝑒.  

 

Influencing Factors 

 

In this study, E/P ratio is used for sizing the BESS, rather than specific power and 

energy capacities. For example, if E/P ratio=0.43, 𝑇2=20 and the system is able to 

provide up to 100 MW energy offset in each 𝑇2  interval and 100 MW BESS FFR 

service is procured, the power capacity of the BESS should be 100 MW and the energy 

capacity should be 43 MWh (0.43×100). Inappropriate power and energy capacity 

would lead to BESS saturation or capacity waste. 
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For a single battery cell with C capacity (Ah), 𝑉𝑐𝑒𝑙𝑙  voltage (V) and maximum 

continuous charge/discharge current 𝐼𝑚 (A), the energy stored in the cell is equal to 

𝐶 ∙ 𝑉𝑐𝑒𝑙𝑙 (Wh). If there are 𝑛𝑠 cells connected in series in each string and 𝑛𝑝 parallel 

connected strings, the total energy capacity of the battery system is equal to 𝑛𝑠𝑛𝑝𝐶𝑉𝑐𝑒𝑙𝑙 

(Wh). The power that the battery system can provide ranges from 0 to 𝑛𝑠𝑛𝑝𝐼𝑚𝑉𝑐𝑒𝑙𝑙 (W). 

Thus the minimum technically realizable E/P ratio of the battery cell is equal to 

𝑛𝑠𝑛𝑝𝐶𝑉𝑐𝑒𝑙𝑙

𝑛𝑠𝑛𝑝𝐼𝑚𝑉𝑐𝑒𝑙𝑙
= C/𝐼𝑚(h), which depends on the battery technology. 

 

The preferred SOC for energy offset, BESS E /P ratio and offset interval 𝑇2 are the 

three variables that jointly influence the results. As shown in Fig. 8.7, SOC steps from 

30% to 70% with increments of 5%. 𝑇2 ranges from 5 to 90 minutes with increments 

 

 
Fig. 8.7 Procedure for evaluating LiFePO4 battery system for frequency regulation. 

 

 

 



Chapter 8 

109 
 

of 1 minute. The E/P ratio of the BESS should be kept within the normal specification 

of the battery manufacturer for the application of frequency response by setting 

𝐸/𝑃𝑚𝑖𝑛 = 25% and 𝐸/𝑃𝑚𝑎𝑥 = 200%. In each loop, E /P is increased by 1.75% from 

25% to 200%. 

 

Net Present Value (NPV) Evaluation  

 

NPV is defined as the sum of present values of incoming and outgoing cash flows by 

a project over a period of time. The calculation of the NPV is given in equation 8.8. 

The costs and incomes for NPV calculations are listed in Table 8.1 and Table 8.2 [91]. 

The NPV analysis lasts for the estimated BESS lifetime, and so the remaining value 

of the batteries is zero. R is the net cash inflow expected to be received in each period, 

which includes the costs of Operation and Maintenance and recharging BESSs and 

the incomes of frequency regulation service payments and selling electricity to 

discharge BESSs. 𝑖 is the required rate of return per period. n is the number of periods 

during which the project is expected to operate and generate cash inflows. 

 

𝑁𝑃𝑉 = ∑
𝑅𝑛

(1+𝑖)𝑛 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡                                    (8.8) 

 

A return rate of 5% per year was assumed because it is reasonable for an early-stage 

BESS project. The power cost in terms of £/kW includes various components: costs 

Table 8.1 Costs and incomes for NPV Calculation 
 

Cost Income 

Initial investment of 
BESS 

Frequency regulation 
service payment 

Fixed and variable 
O&M fees 

The remaining value 
of the batteries 

Buying electricity to 
recharge BESS 

Selling electricity to 
discharge BESS 

 
Table 8.2 BESS cost information [13]. 

 

Storage Cost Power Cost O&M fixed O&M variable 

£625/kWh £310/kW £3.75/kW-year £0.001/kWh 

 

http://en.wikipedia.org/wiki/Present_value
http://en.wikipedia.org/wiki/Time_series
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for PCS equipment and integration, costs for project engineering, utility connection 

(transformers) and enclosures.  

 

By applying the proposed BESS control strategy, given that the BESS SOC is between 

0 and 100%, 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 ≤ 0.5%  and𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 ≥ 50% , the NPV for the period of the 

estimated BESS lifetime was evaluated. 

 

According to the UK’s Grid Code [22], a FFR provider must deliver a minimum 10 MW 

response capacity. It would be worth thinking about where BESSs are connected and 

other associated costs. Typically, smaller batteries are likely to connect to the 

distribution system. However >50 MW batteries may be too large for the distribution 

networks, and would have to be connected in the transmission systems. They would 

then be liable for Transmission Network Use of System (TNUoS) charges and 

Balancing Services Use of System (BSUoS) charges, which were not included in the 

NPV calculation in this study. TNUoS tariffs cover the cost of installing and maintaining 

the transmission network. BSUoS tariffs cover the costs of day to day operations of 

the transmission network. For the BSUoS calculation, as the net energy of the BESS 

seen from the grid is small, which equals the losses involved in charging and 

discharging and the unsymmetrical frequency regulation signal, the BSUoS tariffs can 

be ignored compared with other costs and revenues [93]. On TNUoS, as this is a 

locational signal it will depend on the location of the BESS. It also depends on the 

historical load factor of the site, which for a battery we could assume to be similar to 

an intermittent generator, i.e. 30%.  This gives a range of annual tariffs from -£4.88 

/kW in Central London to £18 /kW in parts of Scotland [94]. Therefore for a 50 MW 

BESS the annual transmission charge would be between -£244 k and £900 k, which 

could be significant. 
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8.5 Economic Analysis 

8.5.1 BESS Degradation 

 

Lithium iron phosphate battery technology (LiFePO4) was selected in this research 

because of its superb cycle life and reliability. The state of the art LiFePO4 can achieve 

a wide SOC range utilization and extended cycle life for both deep and shallow cycling 

[95]. The lifetime of a battery is calculated based on the stresses to which the battery 

is subjected in an incremental manner. The ambient air temperature in this study was 

assumed to be maintained at 25 ° C and the capacity loss of the battery results from 

cycling and calendar life associated degradations. The calendrical capacity loss only 

occurs at the rest time of the battery. The maximum calendar life of a LiFePO4 battery 

at 25 ° C is 15 years regardless of the energy throughput. The relationship of cycles 

to failure against depth of discharge is presented in Fig. 8.8 [8]. A method called ‘rain-

flow counting’ can be used for battery lifetime modelling [50]. This is applied by 

counting the number of irregular, half cycles for each charge/discharge cycle [50, 96]. 

𝐶𝑑 is the cycles-to-failure at depth of discharge d. If the battery experiences a depth of 

discharge of d, according to Fig. 8.8, 1/𝐶𝑑 of the battery life is consumed. If there are 

i different ranges of discharge considered and each range contains 𝑁𝑖 cycles over the 

 

 
Fig. 8.8 Cycles-to-failure against depth of discharge of LiFePO4 battery. 
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time of study, then the total battery life fraction consumed 𝑋𝑐 is illustrated by equation 

8.9. If the study lasts Q days, the expected lifetime of the LiFePO4 battery was 

evaluated by equation 8.11. 𝑋𝑐  is the percentage of degradation caused by cycle 

aging. 𝑋𝑡 is the percentage of degradation caused by calendrical aging. X=1 means 

that the BESS reaches its end-of-life (80% of its full capacity). Q is equal to 365 days 

in this study. The maximum power capacity of the BESS is assumed to be constant 

during its lifetime. 

 

𝑋𝑐＝∑ 𝑁𝑖/𝐶𝑑𝑖
𝑖＝𝑖𝑚𝑎𝑥
𝑖=𝑖𝑚𝑖𝑛

                                                    (8.9) 

𝑋 = 𝑋𝑐 + 𝑋𝑡                                                     (8.10) 

Lifetime =
Q

X
                                                     (8.11) 

 

8.5.2 Power and Energy Payment 

The BESS is assumed to provide frequency regulation services on a continuous basis 

at the average tender price (£/MW/h). The energy payment results from the cost of 

procuring energy from the grid to charge the battery and the income of selling energy 

to the grid. The payments for offsetting the BESS to maintain the preferred SOC point 

are settled at the real-time system sell/buy price of the UK National Grid. Fig. 8.9 

 

 
Fig. 8.9 Annual average system sell/buy price of energy in 2013 used for simulation [11]. 
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shows the annual average system sell/buy price of energy of National Grid in 2013 

[89]. It can be seen from Fig. 8.9 that during the course of offsetting the BESS, the buy 

price for charging is always higher than the sell price for discharging and the prices 

vary with time of day. The energy payments associated with providing regulation 

up/down were assumed to be settled at the off-peak price of £36 /MWh in this study 

[76].  

 

8.6 Results 

 

Table 8.3 shows the scenarios with lowest average tender price under different 

preferred SOC set-points. The lowest price of £17.4012/MW/h is obtained when E/P 

ratio20.43, offset interval 𝑇2220 minutes and SOC set-point250%. In this scenario, the 

estimated lifetime of the BESS is 5.3 years. The ratio of the maximum offset power to 

𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦  is 54%. With the exception of SOC set-point265%, as the SOC set-point 

deviates from 50%, the E/P ratio increases accordingly, leading to a higher energy 

capacity requirement. This is due to the fact that the biased SOC set-point would 

increase the probability of BESS saturation in the biased direction of the SOC set-

point. As the E/P ratio increases, the estimated lifetime of the BESS increases, 

because with higher energy capacity relatively shallow discharge cycles would be 

experienced by each battery cell. In general, a shorter offset interval 𝑇2 would result in 

higher maximum offset power.  

 

Table 8.3 Scenarios with lowest price under different SOC set-points. 
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Fig. 8.10 presents the results of the NPV evaluation when SOC set-point250% and 

the scenario with the lowest price is highlighted. It can be seen that when the offset 

interval 𝑇2 is either too short or too long, NPV is not evaluated because of the criteria 

of 0 ≤ SOC ≤1, 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 ≤ 0.5% and 𝑃𝑐𝑡𝑑𝑒𝑔𝑟𝑒𝑒 ≥ 50% as shown in Fig. 8.7. In essence, 

this is because the fast cycling component is non-zero mean. Sometimes for a short 

period of time, the fast cycling component can be either dominated by positive or 

negative components. An inappropriate 𝑇2  would lead to BESS saturation and the 

conflict between regulation dispatch and energy offset dispatch, which would cause 

the violation of SOC and 𝑃𝑐𝑡𝑡𝑖𝑚𝑒 constraints. Fig. 8.10 is composed of the monotonic 

part when E/P ratio is over around 0.5 and the non-monotonic part when E/P ratio is 

below around 0.5. In the monotonic part, the minimum average tender price rises 

monotonically as E/P ratio increases. This is because a larger BESS energy capacity 

would increase the costs and longer 𝑇2 leads to larger BESS energy capacity to avoid 

BESS saturation. For the part when the E/P ratio is below 0.5, the minimum average 

tender price does not decrease monotonically as the E/P ratio decreases. The global 

minimum is located at E/P ratio20.43, 𝑇2 220. Beyond this point, the tender price 

increases due to the joint effects of BESS capacity costs, cycling costs and energy 

offset costs. 

 

 
Fig. 8.10 Minimum tender price in function of E/P Ratio and 𝑇2 when SOC Set-point250%. 
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In Fig. 8.11, the upper graph shows the 24-hour BESS SOC profile on a typical day in 

2013, when the SOC Set-point=50%, 𝑇2=20 and E/P=0.43. The lower graph shows 

the energy delivered or consumed in MWh in 10-second intervals for regulation 

dispatch (black line) and energy offset dispatch (red line).  

 

The authors of [97] proposed a method to evaluate the wind penetration limited by grid 

frequency deviation and to size the BESS to increase the permitted wind penetration. 

However, their proposed BESS sizing strategy did not evaluate the costs, revenues 

and life span of the BESS. There is no energy offset to compensate the BESS 

efficiency loss and the non-zero mean frequency response signal, which makes the 

size of the BESS too large. Based on the figures in Table 8.3 of [97], the equivalent 

E/P ratio is over 24.13. From an economic point of view, the optimal BESS E/P ratio 

obtained above is around 0.43. Given that the power requirement is similar in both 

papers, this means that the cost of the BESS for the method described in this study is 

considerably less. However, a larger BESS would be more reliable and experience 

relatively fewer deep cycles.  

 

 
Fig. 8.11 24-hour BESS SOC profile (upper graph) and energy dispatched for frequency 

regulation and energy offset (lower graph) when SOC Set-point250%, 𝑇2220 and E/P20.43. 
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In this study, the BESS reaches its maximum tendered MW at ±0.2Hz deviation for 

primary response (PR) service, secondary response (SR) service and high frequency 

response (HR) service. But for conventional frequency response service providers, 

their tendered maximum MW response varies at different frequency deviations for 

different response services. Table 8.4 compares the service prices and tendered 

response MWs between the best BESS scenario (SOC set-point=50%) in Table 8.3 

and successfully tendered MWs and prices from different generating units accepted 

by the National Grid FFR service [98].  

 

National Grid only accepts tenders in FFR that are assessed as being better value 

than the alternative action over the tendered period. In assessing the FFR tender, 

National Grid has to consider all service types together in order to compare the 

tenders. This is because generators cannot provide individual services, i.e. just 

secondary or just high frequency response, they provide all at the same time. 

Therefore in order to compare tenders, National Grid summates the tendered MW 

response levels for primary, secondary and high frequency response at the 0.5 Hz 

deviation. The tendered price in £/h divided by the summated MWs gives the PSH 

price in £/MW/h, which is used as the index for assessing FFR tenders. The BESS in 

this study is aimed at providing frequency regulation services on a continuous basis 

and gets paid the sum of the availability and nomination fees.  
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The lowest PSH price is achieved by the BESS in Table 8.4. Compared with 

conventional frequency response providers, such as CCGT, coal, and pumped hydro, 

the best BESS scenario in Table 8.3 with the proposed real-time energy offset 

strategy, is more cost effective and is able to provide faster and more precise 

frequency response. For the best BESS scenario, the preferred SOC set-point is 50% 

and E/P ratio is 0.43, which means the BESS can operate at its rated power in either 

charge or discharge mode for 12.9 minutes. The sum of 𝑇1 and 𝑇2 is 25 minutes. As 

𝑇1 +𝑇2 > 12.9 , there is a low probability of BESS saturation during the course of 

operation according to equation 8.7 and the BESS is able to achieve continuous 

commitment for the vast majority of the time. Thus, the BESS is economically viable 

and able to participate in the FFR market to provide supplementary frequency 

response in the UK.  

 

If the proposed energy offset strategy is perfectly provided by the grid, in order to 

guarantee a 100% continuous commitment of the BESS for FFR service, we can set 

another constraint in Fig. 8.7 to increase the energy capacity and/or decrease 𝑇2of the 

BESS at the expense of increased £/MW/h. The offset interval 𝑇2 should meet the 

following constraint: 

 

𝑇1+𝑇2

60
≤ E/P ratio ∙ min (𝑆𝑂𝐶𝑝𝑟𝑒, 1 − 𝑆𝑂𝐶𝑝𝑟𝑒)                        (8.12) 

The results considering equation 8.12 are discussed in Section 8.8. 

Table 8.4 Comparison between BESS frequency response price and successfully tendered 
MW and price accepted by National Grid [22]. 

 

Unit Type and ID Tendered Price £/h 
Tendered MW PSH Price 

£/MW/h PR 0.2Hz PR 0.5Hz PR 0.8Hz SR 0.2Hz SR 0.5Hz HR 0.2Hz HR 0.5Hz 

CCGT COSO-1 1970 20 40 50 60 140 17 40 8.95 

CCGT DAMC-1 2575 52 52 52 60 76 60 190 8.1 

Pumped Hydro 
DINO-1 

3780 68 170 170 107 170 0 0 11.12 

COAL RATS-1 1364 40 40 40 36 50 42 75 8.27 

COAL ABTH-7 1169 33 40 40 44 56 37 50 8.01 

BESS 17.4×𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 5.80 
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8.7 BESS in Future UK Energy Scenarios 

 

In Section 8.6, the best scenario was obtained based on the 2013 UK data. This 

section will explore the robustness of the proposed algorithm under different profiles. 

 

According to [76], in 2013-2014 in the UK, the installed capacity of onshore wind and 

offshore wind was 6727 MW and 4083 MW respectively. In the Gone Green scenario, 

as the UK demand would experience only a slight increase from 2013 to 2036, the 

demand forecasting error as shown in Fig. 8.3 is assumed to remain the same over 

20 years. The predicted installed wind capacity increases to 26.42 GW by 2020 (13.7 

GW of this being onshore) and to 55.42 GW by 2035 (19.56 GW of this being onshore). 

Most of the wind capacity growth is contributed to by the rapid growth of offshore 

turbines. In the year 2013 the total balancing requirement was composed of demand 

forecasting error (𝐹𝐸𝐷𝑒𝑚𝑎𝑛𝑑2013) and wind forecasting error (𝐹𝐸𝑊𝑖𝑛𝑑2013). The wind 

forecasting error in 2013/14 was used as the benchmark as described below. Due to 

both the uncertainty of improvements in future forecasting techniques and the 

objective of this estimation is to explore the robustness of this study, it is assumed that 

the wind power and demand forecasting system is constant in the next 20 years. The 

future balancing requirement is given by:  

 

𝐺𝑏(𝑦𝑒𝑎𝑟) = 𝐹𝐸𝐷𝑒𝑚𝑎𝑛𝑑2013 + 𝑆𝐹𝑤𝑖𝑛𝑑(𝑦𝑒𝑎𝑟) ∙ 𝐹𝐸𝑊𝑖𝑛𝑑2013                      (8.13) 

 

The average wind output power in 2013 was 2125.5 MW (embedded wind is not 

included), which is the denominator of equation 8.14. Based on observed history and 

taking into account improvements in future technologies, the average load factor is 

28% for onshore wind and 38% for offshore wind [76]. △ 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 is the incremental 

installed wind capacity from year 2013. The 𝑆𝐹𝑤𝑖𝑛𝑑(𝑦𝑒𝑎𝑟) is obtained by: 

 

𝑆𝐹𝑤𝑖𝑛𝑑(𝑦𝑒𝑎𝑟) = 1 +
0.28∙△𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑𝑜𝑛𝑠ℎ𝑜𝑟𝑒(𝑦𝑒𝑎𝑟)+0.38∙△𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒(𝑦𝑒𝑎𝑟)

2125.5
            (8.14) 

 

Table 8.5 shows the future wind installed capacities in the UK based on the Gone 

Green Scenario. The corresponding 𝑆𝐹𝑤𝑖𝑛𝑑(𝑦𝑒𝑎𝑟) is derived by equation 8.14. 
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The balancing requirement and the fast cycling component were obtained as detailed 

in Section 8.2. The same procedures, as shown in Fig. 8.7, were conducted based on 

future fast cycling components. The best scenarios with the lowest response price in 

the future are shown in Fig. 8.12.  

 

Table 8.5 Future installed wind capacity in the UK Gone Green Scenario and Scale Factorwind. 

 

Installed Capacity MW 2013/14 2020/21 2025/26 2030/31 2035/36 

Onshore 6727 13669 18093 19149 19446 

Offshore 4083 12581 26587 31935 35375 

Scale Factorwind 1 3.4338 6.5521 7.6158 8.27 

 

 

 
Fig. 8.12 Scenarios with lowest price in future energy scenarios. 
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As seen from Fig. 8.12, the minimum frequency response price declines from 2013 to 

2035. This is because when the wind forecasting errors increase, the amplitude of the 

fast cycling component and the total frequency response required capacity rise 

accordingly. This means that although the system needs more response capacity to 

meet the aim of system security and stability, for a frequency response provider with 

a given tendered MW, the SOC of battery cells would undergo less cycling in terms of 

cycle amplitude and frequency. The decreasing frequency response price is mainly 

driven down by the prolonged BESS lifetime. In all future energy scenarios, the optimal 

results in terms of  𝑇2 , SOC Set-point and E/P ratio show good profitability and 

consistency with the results obtained based on 2013 data. 

 

8.8 Results Obtained by Using Genetic Algorithms 

 

The search map of the optimization problem in this study as shown in Fig. 8.7 is: SOC 

steps from 30% to 70% with increments of 5%; 𝑇2 ranges from 5 to 90 minutes with 

increments of 1 minute and E/P ratio of the BESS ranges from 25% to 200% with 

increments of 1.75%. The results in Section 8.6 and 8.7 were obtained by means of 

gradient search, which linearly evaluates every point on the search map. Gradient 

search can find the global optimal point but cannot ‘learn’ from each generation of 

optimization, which makes gradient search time-consuming in computation. The 

computation time used for the 2013 profile in Section 8.6 is more than one week by 

one high performance PC. 

 

Genetic algorithm is a heuristic search algorithm in the field of artificial intelligence. 

Genetic algorithm mimics the process of natural selection to generate useful solutions 

Table 8.6 Optimal results obtained by using GA for the 2013 profile. 
 

SOC Set-point E/P Lifetime Year 𝑻𝟐 Minute 
𝑶𝒇𝒇𝒔𝒆𝒕 𝑷𝒐𝒘𝒆𝒓𝒎𝒂𝒙

𝑷𝑩𝒂𝒕𝒕𝒆𝒓𝒚

 Price £/MW/h 

48% 0.42 5.3 20 54% 17.3978 
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to optimization problems. By applying genetic algorithm in Matlab® to search the 

optimal point of the 2013 profile in Section 8.6, the optimized results are given in Table 

8.6. 

 

It should be noted that the resolution of SOC set-point changes to 1% for genetic 

algorithm from 5% as used in the gradient search. The resolutions of 𝑇2 and E /P ratio 

are 1 minutes and 1% respectively. Due to the increased resolution of SOC set-point 

and E/P ratio, a lower price of 17.3978 £/MW/h was found when SOC set-point248%, 

E/P ratio20.42 and 𝑇2220, compared to the price of 17.4012 £/MW/h obtained by using 

the gradient search. The GA generated the optimal offspring for the 2013 profile in less 

than one day by one high performance PC. By using genetic algorithm in comparison 

with the work done with gradient search, the genetic algorithm is more suitable to 

optimize BESSs for frequency regulation in terms of accuracy and speed.  

 

100% Continuous Operation of Energy Offset 

 

As stated in Section 8.6, in order to guarantee a 100% continuous commitment of the 

BESS for FFR service, we can set another constraint in Fig. 8.7 to increase the energy 

capacity and/or decrease 𝑇2 of the BESS at the expense of increased £/MW/h. The 

offset interval 𝑇2 should meet the constraint in equation 8.12. The optimized results 

that are restricted by equation 8.12 are given in Table 8.7 by using genetic algorithm. 

It can be seen from Table 8.7 that the offset interval 𝑇2 is 7 minutes, which is less than 

the optimized offset interval of 20 minute that was obtained without considering 

equation 8.12. 
  

Table 8.7 Optimal results obtained by using GA for the 2013 profile considering equation 8.12. 
 

SOC Set-point E/P Lifetime Year   𝑻𝟐 Minute 
𝑶𝒇𝒇𝒔𝒆𝒕 𝑷𝒐𝒘𝒆𝒓𝒎𝒂𝒙

𝑷𝑩𝒂𝒕𝒕𝒆𝒓𝒚

 Price £/MW/h 

50% 0.40 5.1 7 76% 17.8646 
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8.9 Conclusion 

This research explored the potential use of LiFePO4 BESSs to participate in the FFR 

market of the UK National Grid. The fast cycling component of the balancing 

requirement of National Grid associated with forecasting errors for both load and 

generation from intermittent energy resources was extracted based on historic data. 

A real-time energy offset strategy was used to maintain the preferred SOC of the BESS 

so that it could work on a continuous basis. A NPV-based least cost optimization was 

performed to determine the best BESS control scenario in terms of BESS E/P ratio, 

preferred SOC set-point, BESS lifetime and energy offset interval. Owing to the real-

time energy offset, in 2013-2014 a BESS with an E/P ratio of 0.43 could bid its 

maximum power to the FFR market at £17.4012/MW/h by using gradient search, which 

is already lower than many successfully-tendered prices of FFR providers. By 

considering future energy scenarios, the BESSs with E/P ratios around 0.43, 𝑇2=20 

minutes and SOC Set-point=50-60% were proved to be the optimal choice. When 

applying genetic algorithm rather than gradient search, better optimized results were 

obtained in terms of result accuracy and computation time. In addition, battery 

technology is constantly developing and the ratio of price to performance of batteries 

is declining, which would make BESSs even more attractive for providing frequency 

response. 
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Chapter 9 Coordinated Operation of Wind Turbines and 

BESSs to Provide Mandatory Frequency Response 

in the UK System 

9.1 Introduction 

In Chapter 8, the BESS as an independent grid-scale frequency response provider for 

participating in the firm frequency response (FFR) market was investigated. It was 

explained in Chapter 3 [22] that in the UK grid code, each power park module in a 

large power station with a registered capacity of 50 MW or more is obliged to provide 

mandatory frequency response. Because wind farms with 50 MW or more rated 

capacity have to operate on deloading mode to reserve the required active power for 

providing low frequency response, the wind turbines cannot extract the maximum 

available power from the wind. This means that wind farm owners have to lose revenue 

from unsold reserved wind power. Energy storage systems (ESSs) have been proved 

to be technically feasible to complement wind turbines to provide frequency response 

related tasks [57, 99]. In this chapter, the proposed BESS control algorithm in Chapter 

8 is applied to the coordinated control algorithm of the wind-turbine-battery system to 

provide mandatory frequency response in the UK system. The results of Chapter 6 

regarding the deloading information of a 2 MW wind turbine are used in this study. The 

optimal control parameters and the reduced revenue losses of the wind-turbine-battery 

system are obtained by using genetic algorithms. 

 

 

9.2 Tasks and Contributions 

9.2.1 Tasks 

 

For optimizing the operation of wind turbines for the provision of mandatory frequency 

response service with the aid of BESSs, the following aspects need to be considered:  

1. The control strategy of BESSs.  
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2. The allocation of the power reserve and the frequency response commitment 

between wind turbines and BESSs. 

3. Payments based on the UK market 

Payments include:  

1) the curtailed revenue of wind turbines due to unsold reserved wind 

power  

2) the revenue of wind turbines for the provision of frequency response 

service (holding payment and response energy payment). 

3) the payments to the BESS from the owner of wind turbines for procuring 

frequency response reserve to satisfy the mandatory frequency 

requirement of the wind turbines set by the UK grid code  

 

9.2.2 Contributions 

 

In previous studies regarding the coordinated control of wind turbines and ESSs for 

providing frequency response, ESSs play an ancillary role in the wind farm and are 

usually owned by the owner of the wind farm or the utility. In this study, the ESS (BESS 

in this case) operates as an independent frequency response provider. The revenue 

of the BESS stems from selling frequency response capacity by directly participating 

in the firm frequency response (FFR) market or/and by complementing wind turbines 

in fulfilling the mandatory frequency response requirement specified in the UK grid 

code. The results of this study are used to explore the feasibility and economics of 

BESSs as grid-scale independent frequency response providers under the UK 

regulatory framework. This study will extend my previous research as stated in 

Chapter 8. 

 

9.3 Methodology 

9.3.1 Power Margin 

 

For enabling wind turbines to provide frequency response, a certain amount of active 
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power should be reserved. The overall reserve level 𝑥 of wind farms and BESSs is 

composed of the steady state reserve level 𝑥𝑠 and the dynamic frequency response 𝑥𝑓. 

In this study the overall reserve level 𝑥 means the ratio of the reserved active power 

to the registered capacity of a wind turbine or a group of wind turbines. For example, 

a 𝑥𝑠𝑊
−  of 20% for a wind turbine with 2 MW registered capacity means that it holds 0.4 

MW reserve. The following equations explain the allocation of the power reserve and 

the frequency response commitment between wind turbines and BESSs. 

 

𝑥 = 𝑥𝑠 + 𝑥𝑓                                                      (9.1) 

𝑥𝑠
+ = 𝑥𝑠𝑊

+ + 𝑥𝑠𝐵𝑎𝑡
+                                                (9.2) 

𝑥𝑠
− = 𝑥𝑠𝑊

− + 𝑥𝑠𝐵𝑎𝑡
−                                                 (9.3) 

𝑥𝑓
+ = 𝑥𝑓𝑊

+ + 𝑥𝑓𝐵𝑎𝑡
+                                                 (9.4) 

𝑥𝑓
− = 𝑥𝑓𝑊

− + 𝑥𝑓𝐵𝑎𝑡
−                                                 (9.5) 

Where: 

𝑥𝑠
+ is the steady state high frequency response reserve 

𝑥𝑠𝑊
+  is the steady state high frequency response reserve of wind turbines 

𝑥𝑠𝐵𝑎𝑡
+  is the steady state high frequency response reserve of BESSs 

𝑥𝑠
− is the steady state low frequency response reserve 

𝑥𝑠𝑊
−  is the steady state low frequency response reserve of wind turbines 

𝑥𝑠𝐵𝑎𝑡
−  is the steady state low frequency response reserve of BESSs 

𝑥𝑓
+ is the total high frequency response from wind turbines and BESSs 

𝑥𝑓𝑊
+  is the high frequency response from wind turbines 

𝑥𝑓𝐵𝑎𝑡
+  is the high frequency response from BESSs 

𝑥𝑓
− is the total low frequency response from wind turbines and BESSs 

𝑥𝑓𝑊
−  is the low frequency response from wind turbines 

𝑥𝑓𝐵𝑎𝑡
−  is the low frequency response from BESSs 

 

In this study, both high frequency and low frequency response are provided with the 

same droop characteristic by wind turbines and BESSs. Thus, 

𝑥𝑠 = 𝑥𝑠
+ = 𝑥𝑠

−                                                 (9.6) 

 

For example, for a 2 MW wind turbine, if the required steady state reserve level 𝑥𝑠 is 
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20%, the wind-turbine-battery system should hold at least  ±0.4 𝑀𝑊 reserves to cope 

with high/low frequency events. The ±0.4 𝑀𝑊  reserves are composed of 𝑥𝑠𝑊
+  /𝑥𝑠𝑊

−  

from the wind turbine and 𝑥𝑠𝐵𝑎𝑡
+ /𝑥𝑠𝐵𝑎𝑡

−  from the BESS for high/low frequency events as 

shown in equations 9.2 and 9.3. When the system frequency is within the dead band 

(50 ± 0.015 𝐻𝑧 ), the frequency response is not activated (𝑥𝑓𝑊
+  , 𝑥𝑓𝐵𝑎𝑡

+  , 𝑥𝑓𝑊
−   and 𝑥𝑓𝐵𝑎𝑡

−  

are equal to zero). When ∆𝑓 < −0.015 𝐻𝑧, 𝑥𝑓
− becomes greater than zero. The overall 

reserve level 𝑥 is equal to 𝑥𝑠 + 𝑥𝑓
−. 

 

9.3.2 Droop and Dead Band 

 

 

 

Dead band  

 

The grid code specifies that the frequency response control should have a dead band 

of less than ±0.015 𝐻𝑧 [22]. A dead band of ±0.015 𝐻𝑧 is chosen in this study. 

 

 

 
Fig. 9.1 Minimum frequency response requirement at ±0.5 Hz frequency deviation [22]. 
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Droop 

 

In the UK grid code, each power park module in a large power station with a registered 

capacity of 50 MW or more is obliged to meet the minimum frequency response at 

least as shown in Fig. 9.1 [22]. Full frequency response is delivered at a frequency 

deviation of 0.5 Hz. The minimum frequency response at a frequency deviation of 0.5 

Hz is 10% of the registered capacity of the power park module, which gives a droop 

of 10%. National Grid requires the generators, which provide dynamic frequency 

response, to have a 3-5% governor droop characteristic. A droop of 3% corresponds 

to a steady state deload level 𝑥𝑠 of 33%. A droop of 5% corresponds to a steady state 

deload level 𝑥𝑠  of 20%. In this study, the steady state deload level 𝑥𝑠  is a variable 

ranging from 10% (minimum requirement) to 33% (droop23%). In Fig. 9.2, the overall 

frequency response 𝑥𝑓  in pu from the wind-turbine-battery system as a function of 

system frequency is depicted. Full frequency response 𝑥𝑠 is delivered at a frequency 

deviation of 0.5 Hz. 

 

 

9.3.3 Wind Power Margin Deficit 

 

When wind conditions are not permitted, in other words when the wind speed is either 

too low or too high the wind turbine cannot always provide the required reserve 𝑥𝑠𝑊
+  

for high frequency response and 𝑥𝑠𝑊
−  for low frequency response. In Chapter 6, Fig. 

 

Fig. 9.2 Droop characteristic for the wind-turbine-battery system. 
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6.12 depicts the power deficit 𝑃𝑑𝑒𝑓 in pu as a function of wind speed when providing 

reserve at a power margin of 𝑥. 

 

Low Frequency Response Deficit 

 

At time 𝑡, the steady state operating point of the wind turbine 𝑃𝑠,𝑡 in MW is the larger 

value between 𝑃𝑚𝑎𝑥,𝑡 − 𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 and 0. 𝑃𝑚𝑎𝑥,𝑡 is the maximum available power that 

the wind turbine can generate at time 𝑡. 𝑃𝑟𝑎𝑡𝑒𝑑 is the rated power of the wind turbine. 

The active power reserve held by the wind turbine is the smaller value between 𝑥𝑠𝑊
− ∙

𝑃𝑟𝑎𝑡𝑒𝑑 and 𝑃𝑚𝑎𝑥,𝑡 − 𝑃𝑠,𝑡. When 𝑃𝑚𝑎𝑥,𝑡 − 𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 < 0, low frequency response deficit 

( 𝐷𝑒𝑓𝑖𝑐𝑖𝑡−) in MW appears. 𝐷𝑒𝑓𝑖𝑐𝑖𝑡− is equal to 𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑－𝑃𝑚𝑎𝑥,𝑡 = ∆𝑥𝑠𝐵𝑎𝑡

− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑. 

The BESS should provide more power reserve to cover the power deficit from the wind 

turbine. The active power reserve held by the BESS is equal to 𝑥𝑠𝐵𝑎𝑡
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 +

𝐷𝑒𝑓𝑖𝑐𝑖𝑡−. Due to inadequate wind speed, ‘𝐷𝑒𝑓𝑖𝑐𝑖𝑡− appears, during which the wind 

turbine is unable to provide the requested active power reserve 𝑥𝑠𝑊
− . The following 

changes to the steady state low frequency response reserves are made to meet the 

𝑥𝑠
− requirement. 

𝑃𝑠,𝑡 = 𝑚𝑎𝑥 (𝑃𝑚𝑎𝑥,𝑡 − 𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 , 0)                            (9.7) 

𝑅𝑒𝑠𝑒𝑟𝑣𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 = 𝑚𝑖𝑛 (𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 ,  𝑃𝑚𝑎𝑥,𝑡 − 𝑃𝑠,𝑡)            (9.8) 

𝐷𝑒𝑓𝑖𝑐𝑖𝑡− = 𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑－𝑃𝑚𝑎𝑥,𝑡 = ∆𝑥𝑠𝐵𝑎𝑡

− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑       𝑖𝑓 𝑥𝑠𝑊
− ∙ 𝑃𝑟𝑎𝑡𝑒𝑑－𝑃𝑚𝑎𝑥,𝑡 > 0  (9.9) 

𝑥′𝑠𝑊
− = 𝑥𝑠𝑊

− − ∆𝑥𝑠𝐵𝑎𝑡
−                                           (9.10) 

𝑥′𝑠𝐵𝑎𝑡
− = 𝑥𝑠𝐵𝑎𝑡

− + ∆𝑥𝑠𝐵𝑎𝑡
−                                         (9.11) 

 

 

High Frequency Response Deficit 

 

Similarly, the wind turbine cannot provide the required high frequency reserve 𝑥𝑠𝑊
+  if 

wind conditions are not permitted, even when the wind turbine is working on the 

maximum power point. At time 𝑡, the maximum high frequency response reserve in pu 

that the wind turbine can provide is 𝑥𝑠𝑊𝑚𝑎𝑥
+ , which is equal to 𝑃𝑠,𝑡/𝑃𝑟𝑎𝑡𝑒𝑑. The steady 
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state high frequency response reserve of the wind turbine 𝑥′𝑠𝑊
+  when considering the 

high frequency response deficit is the smaller value between 𝑥𝑠𝑊𝑚𝑎𝑥
+  and 𝑥𝑠𝑊

+ . When 

the requested reserve 𝑥𝑠𝑊
+   is higher than 𝑥𝑠𝑊𝑚𝑎𝑥

+  , 𝑥′𝑠𝐵𝑎𝑡
+   is equal to 𝑥𝑠𝐵𝑎𝑡

+ + 𝑥𝑠𝑊
+ −

𝑥𝑠𝑊𝑚𝑎𝑥
+ . When 𝑥𝑠𝑊

+ ≤ 𝑥𝑠𝑊𝑚𝑎𝑥
+ , 𝑥′𝑠𝐵𝑎𝑡

+  is equal to 𝑥𝑠𝐵𝑎𝑡
+ . 

 

𝑥𝑠𝑊𝑚𝑎𝑥
+ = 𝑃𝑠,𝑡/𝑃𝑟𝑎𝑡𝑒𝑑                                          (9.12) 

𝑥′𝑠𝑊
+ = min (𝑥𝑠𝑊𝑚𝑎𝑥

+ , 𝑥𝑠𝑊
+ )                                       (9.13) 

𝑥′𝑠𝐵𝑎𝑡
+  = {

𝑥𝑠𝐵𝑎𝑡
+ + 𝑥𝑠𝑊

+ − 𝑥𝑠𝑊𝑚𝑎𝑥
+ , 𝑥𝑠𝑊𝑚𝑎𝑥

+ < 𝑥𝑠𝑊
+

𝑥𝑠𝐵𝑎𝑡
+                  , 𝑥𝑠𝑊𝑚𝑎𝑥

+ ≥ 𝑥𝑠𝑊
+                            (9.14) 

 

9.3.4 Frequency Response Allocation Strategies 

 

At a given wind speed, the steady state power reserve levels of the wind turbine and 

the BESS are pre-calculated according to equations 9.7 to 9.14. When a frequency 

deviation occurs, which comes out of the dead band for frequency response activation, 

the wind-turbine-battery system should respond to the frequency deviation based on 

the pre-calculated reserve levels and the adopted frequency response 𝑥𝑓 allocation 

strategy. This section proposes four strategies with respect to how to allocate the 

required frequency response between the wind turbine and the BESS based on their 

reserve levels. 

 

 

 

Strategy 1： 

Proportional allocation:  

𝑥𝑓𝐵𝑎𝑡 = {
𝑥𝑓 ∙ 𝑥𝑠𝐵𝑎𝑡

+ /𝑥𝑠, ∆𝑓 > 0.015 𝐻𝑧

𝑥𝑓 ∙ 𝑥𝑠𝐵𝑎𝑡
− /𝑥𝑠, ∆𝑓 < −0.015 𝐻𝑧

 

𝑥𝑓𝑊 = {
𝑥𝑓 ∙ 𝑥𝑠𝑊

+ /𝑥𝑠, ∆𝑓 > 0.015 𝐻𝑧

𝑥𝑓 ∙ 𝑥𝑠𝑊
− /𝑥𝑠, ∆𝑓 < −0.015 𝐻𝑧

 

 

The frequency response provided by the BESS or the wind turbine is proportional to 
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its reserve share of the overall required reserve level 𝑥𝑠. 

 

Strategy 2： 

 

The wind turbine provides the required frequency response in response to the system 

frequency as much as it can until 𝑥𝑠𝑊
+   or 𝑥𝑠𝑊

−  is reached. Then the BESS starts to 

provide the remaining frequency response. 

 

Strategy 3： 

 

The BESS provides the required frequency response in response to the system 

frequency as much as it can until 𝑥𝑠𝐵𝑎𝑡
+  or 𝑥𝑠𝐵𝑎𝑡

−  is reached. Then the wind turbine starts 

to provide the remaining frequency response. 

 

Strategy 4： 

 

During times of low frequency events, the wind turbine provides the required frequency 

response in response to the system frequency as much as it can until 𝑥𝑠𝑊
+  or 𝑥𝑠𝑊

− is 

reached. Then the BESS starts to provide the remaining frequency response. 

 

During times of high frequency events, the BESS provides the required frequency 

response in response to the system frequency as much as it can until 𝑥𝑠𝐵𝑎𝑡
+  or 𝑥𝑠𝐵𝑎𝑡

−  is 

reached. Then the wind turbine starts to provide the remaining frequency response. 

 

9.3.5 BESS Control Algorithm 

 

The BESS control algorithm in terms of normal operation and energy offset strategies 

discussed in Chapter 8 of this dissertation is used. 
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9.3.6 Assumptions  

The following assumptions apply to this study: 

 The UK system buys as much energy as the wind turbine can generate at the 

real-time market price. Thus, constraint payments that are paid by National Grid 

to the wind turbine owner for compensating the wind turbine not operating at its 

maximum available power are not considered in this study. 

 The wind-turbine-battery system should provide the required MW response in 

response to system frequency even when the wind condition is not suitable, which 

means that sometimes the BESS has to work on its own. 

 The offset energy is perfectly provided to maintain the preferred SOC point of the 

BESS. 

 The power capacity of the BESS is negligible to the UK system because it is 

relatively small. It is assumed that the grid frequency is not affected by the 

considered BESS. 

 

 

9.3.7 Parameters and Data  

Constants 

 

When the wind speed is not suitable (e.g. below the cut-in speed), the wind turbine 

cannot provide frequency response service (available reserve20). The BESS system 

has to provide 𝑥𝑠
+ and 𝑥𝑠

−  on its own. Thus, for the 50 MW wind farm, the power 

capacity of the BESS 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦  is equal to 𝑥𝑠 × 50 𝑀𝑊  (if 𝑥𝑠 = 0.2, 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =  0.2 ×

50 = 10 𝑀𝑊). Based on the energy offset strategy discussed in Chapters 4 and 8, the 

offset interval 𝑇1 is still set at 5 minutes. 

 

Variables 

In order to provide the mandatory frequency response, the wind-turbine-battery 
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system is set to provide 10-33% reserve (𝑥𝑠 = 𝑥𝑠
+ = 𝑥𝑠

− = 10 − 33%) in this project, 

and this is based on the rated capacity of a 2 MW wind turbine.  

 

The steady state reserve levels of the wind turbine 𝑥𝑠𝑊
−  for low frequency response 

ranges from 0 to 20%. The 𝑥𝑠𝑊
+  is set to be equal to 𝑥𝑠𝑊

− .  

 

The preferred SOC for energy offset, BESS E /P ratio and offset interval 𝑇2 are the 

three variables that jointly influence the results. The preferred SOC ranges from 35% 

to 65% with a resolution of 1%. 𝑇2 ranges from 5 to 60 minutes with a resolution of 1 

minute. The E/P ratio of the BESS should be kept within the normal specification of 

the battery manufacturer for the application of frequency response by setting 𝐸/𝑃𝑚𝑖𝑛 =

25% and 𝐸/𝑃𝑚𝑎𝑥 = 200%. The E/P ratio ranges from 25% to 200% with a resolution 

of 1%. 

 

Constraints 

 

Equations 9.15 and 9.16 should be satisfied to guarantee a 100% continuous 

commitment of the BESS. 

 

𝑇1+𝑇2

60
≤ E/P ratio ∙ min (𝑆𝑂𝐶𝑝𝑟𝑒, 1 − 𝑆𝑂𝐶𝑝𝑟𝑒)                 (9.15) 

0 ≤ 𝑆𝑂𝐶 ≤ 1                                                (9.16) 

 

Data  

The following one-year datasets are used in this study:  

1. Wind Speed Data 

Resolution: 10 minutes 

Source: NREL (National Renewable Energy Laboratory, US Eastern Wind 

Dataset) [100] 
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Two wind profiles with different capacity factors as shown in Table 9.1 based on the 2 

MW wind turbine that was studied in Chapter 6 are investigated. 

 

Table 9.1 The mean wind speeds and capacity factors of the wind speed data. 

 

Mean wind speed 

(m/s) 
Capacity factor 

6.3 28% 

8.6 38% 

Note: Capacity factors of 28% and 38% are the typical values for the UK onshore and offshore 

wind power respectively 

 

2. Maximum Generation 𝑃𝑚𝑎𝑥,𝑡 for a 50 MW (25𝑢𝑛𝑖𝑡𝑠 × 2 𝑀𝑊 wind turbine) wind 

farm at time 𝑡 based on the wind profile 

Resolution: 10 min 

 

According to Fig. 6.5, which gives the relationship between the power output of a 2 

MW wind turbine and the wind speed, the maximum generation data of a wind farm 

over a year, which consists of 25 2-MW-wind-turbine units, are derived.  

 

In this study, a wind farm that consists of 25 2-MW-wind-turbine units, is investigated 

because newly-built wind farms in National Grid with a registered capacity of 50 MW 

or more are obliged to provide the mandatory frequency response. 

 

3. UK System Frequency  

Resolution: 15 s [101] 

 

The frequency data is used to generate the overall frequency response 𝑥𝑓 as shown 

in Fig. 9.2. 

 

4. National Grid Market Index Data (market price data) 

Resolution: 30 minutes [101] 
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The market index data is used to calculate the reduced revenue of the wind farm for 

not selling the reserved active power. 

 

5. System Sell/Buy Price 

Resolution: 30 minutes [101] 

 

The system sell/buy price is used to calculate the energy cost for offsetting the BESS 

to its preferred SOC. 

 

6. BESS Costs and Lifetime Information 

Please refer to Chapter 8, which includes the information of battery costs and cycle 

life of the studied lithium ion battery. 

 

7. Mandatory Frequency Response Holding Fee 

The mandatory frequency response holding fee is chosen at £15/MW/h, which 

includes the holding fees for primary response, secondary response and high 

frequency response.  

 

9.3.8 Payments 

 

The payments incurred in this study can be classified into holding payments and 

response energy payments, which are detailed in table 9.2. 

 

Table 9.2 Holding and response energy payments. 

 

Holding Payments Response Energy Payments 

𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝑊 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝑊 

𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝐵𝑎𝑡 

Holding Payments 

Mandatory frequency response providers receive a holding payment ((£/h)) for the 

hours that they are available. The wind farm owner receives 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝑊 from the grid 
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for the hours during which the mandatory frequency response from the wind-turbine-

battery system is available. 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝑊 is given below: 

 

𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝑊 = 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛(ℎ) ∙ 𝑥𝑠 ∙ 50(𝑀𝑊) ∙ 15(£/𝑀𝑊/ℎ)              (9.17) 

where 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 is the hours that the mandatory frequency response is active (one 

year in this study), 50 MW is the total capacity of the wind turbines, and £15/MW/h is 

the holding price. 

 

The BESS receive a holding payment 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡  from the wind farm owner for 

complementing the wind farm in providing mandatory frequency response. The holding 

price of the BESS (called the lowest average tender price in chapter 8) is calculated 

according to the methodology used in Chapter 8. A return rate of 5% per year was 

assumed because it is reasonable for an early-stage BESS project when calculating 

the holding price of the BESS. Similar to equation 9.17, 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 is given as follows: 

 

𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 = 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛(ℎ) ∙ 𝑥𝑠 ∙ 50(𝑀𝑊) ∙ 𝐻𝑜𝑙𝑑𝑖𝑛𝑔𝑃𝑟𝑖𝑐𝑒𝐵𝑎𝑡(£/𝑀𝑊/ℎ)   (9.18) 

 

Response Energy Payments 

Mandatory frequency response providers receive a response energy payment (£/MWh) 

for the change in energy output while they are dispatched. In Table 9.2, 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝑊 

is the payment that the wind farm obtains from the grid for the energy response 

payment. 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝐵𝑎𝑡 is the payment that the wind farm makes to the BESS for the 

use of the energy in the battery. The grid code of National Grid UK [22] details the 

method of calculating the response energy payment in terms of high frequency and 

low frequency events, which is not discussed here. 

 

Revenue Loss  

When wind turbines are operating on non-optimal points, the loss of revenues from 

unsold reserved wind power is defined as 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊  in £ over a period of 

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛(ℎ). 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊 is obtained according to the National Grid market index 

data (electricity price in £/MWh) at time 𝑡, the steady state operating point of the wind 



Chapter 9 

136 
 

turbine 𝑃𝑠,𝑡 in MW calculated in section 9.3.3 and the maximum available power 𝑃𝑚𝑎𝑥,𝑡 

that the wind turbine can generate at time 𝑡. 

 

9.3.9 Genetic Algorithms Fitness Function 

 

BESS𝑟𝑒𝑣𝑒𝑛𝑢𝑒, the revenue that the BESS owner receives from the wind farm owner is: 

 

BESS𝑟𝑒𝑣𝑒𝑛𝑢𝑒 = 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝐵𝑎𝑡                      (9.19) 

 

WT𝑟𝑒𝑣𝑒𝑛𝑢𝑒 is the revenue that the wind farm owner receives from the grid. WT𝑟𝑒𝑣𝑒𝑛𝑢𝑒 is 

also the GAs fitness function of this study for choosing the optimal control parameters: 

 

WT𝑟𝑒𝑣𝑒𝑛𝑢𝑒 = 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝑊 − 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝑊 − 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝐵𝑎𝑡 − 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊 

  (9.20) 

 

In this study, the fitness function as given in equation 9.20 considers (1) the loss of 

revenues from unsold reserved wind power and (2) the additional average daily 

revenue on top of the normal revenue from selling wind energy to the grid due to the 

participation in the mandatory frequency response service and the co-operation with 

BESSs. A scenario of result obtained by using genetic algorithms with higher 

WT𝑟𝑒𝑣𝑒𝑛𝑢𝑒 means that the wind farm can gain more profits. 

 

The revenue of the BESS is independent from the grid and is only related to the 

payments made between the wind farm and the BESS. The profit is relatively fixed as 

the 𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 is derived on the assumption of a return rate of 5% per year. The aim 

of this research project is to maximize the revenue of the wind farm. For the BESS, 

the optimized control parameters of the BESS are the outcomes of this study, and the 

aim of the BESS is to guarantee that the operation of the BESS is cost-effective. 
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9.3.10 Procedures 

 

This study has been done along the following procedures: 

 

1) Produce the maximum available power 𝑃𝑚𝑎𝑥,𝑡 of the 50 MW wind farm under a 

given wind profile. As the resolution of the wind profile is 10 min. The maximum 

available power 𝑃𝑚𝑎𝑥,𝑡 is constant in each 10 min interval. 

 

Please refer to section 9.3.3 for the calculation method and to section 9.3.7 for the 

wind data information. 

2) Set 𝑥𝑠,𝑥𝑠𝑊 and 𝑥𝑠𝐵𝑎𝑡. 

For loop: 𝑥𝑠 = 10%: 1%: 33% 

For loop: 𝑥𝑠𝑊
−  = 0: 1%: min(𝑥𝑠, 20%) 

𝑥𝑠𝐵𝑎𝑡
−  = 𝑥𝑠 − 𝑥𝑠𝑊

−  . 

3) Obtain 𝑥𝑠𝑊
+ , 𝑥𝑠𝐵𝑎𝑡

+ , 𝑥𝑠𝑊
−  and 𝑥𝑠𝐵𝑎𝑡

−  in each 10 min interval, and then use them to 

calculate the holding fees for providing the mandatory frequency response 

service. 

 

The holding fee paid by the grid to the wind farm owner is based on the total steady 

state frequency response reserve 𝑥𝑠. 

 

The holding fee paid by the wind farm owner to the BESS owner is based on the 

calculated BESS holding price and the BESS’s reserved power capacity, which is 

equal to 𝑥𝑠 ∙ 50 𝑀𝑊. 

 

4) According to the system frequency profile and the setting of the dead band 

of ±0.015 𝐻𝑧, determine the exact time of setting set-point and resetting set-

point. Once the system frequency deviation crosses  ±0.015 𝐻𝑧 , the 

corresponding value of MW output of wind turbines at that instant should be 

held as the set-point reference until such times when the frequency deviation 

falls within ±0.015 𝐻𝑧 . During periods of providing frequency response, the 

response energy payment of frequency response is calculated based on the 
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reference MW set-points. For the detailed method of calculation, please refer 

to the UK grid code [22]. 

5) By adopting different frequency response 𝑥𝑓  allocation strategies, 𝑥𝑓𝑊  and 

𝑥𝑓𝐵𝑎𝑡  are determined, and used for the calculation of response energy 

payments for providing frequency response service. 

6) Calculate the revenue loss of wind turbines for providing power reserve for 

frequency response. 

7) Apply the BESS control strategy, which is similar to the work in Chapter 8. 

8) Once 𝑥𝑠𝐵𝑎𝑡  and 𝑥𝑓𝐵𝑎𝑡  as a function of time are obtained, the BESS 

charge/discharge profile in terms of the actual output power and the reserve 

power can be determined. The holding price of the BESS (called the lowest 

average tender price in Chapter 8) in £/MW/h can be obtained in this procedure. 

9) Conduct an economic assessment. 

10) Analyze results and find the optimal case. 

 

9.4 Results 

 

The owners of wind turbines can maximize their profits by procuring power reserves 

from BESSs. In this section, the optimal capacities and control parameters of the 

BESS and the frequency response 𝑥𝑓  allocation strategy are determined applying 

different wind profiles and different length of data. This section gives the optimized 

scenarios by using Genetic Algorithms, with parameters including 𝑥𝑠, 𝑥𝑠𝑊, BESS E /P 

ratio and offset interval 𝑇2. 

 

9.4.1 One-Day Data Length 

In this section, the simulation time and the length of data used are one-day long from 

the data of the year 2013. 
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One Typical Day with varying 𝒙𝒔 

It should be noted that 𝑥𝑠 is the steady state reserve level of the coordinated wind-
turbine-battery system with respect to the rated power capacity of the wind turbine 

system. 𝑥𝑠𝑊 is the steady state reserve level of wind turbines with respect to the rated 
power capacity of the wind turbine system. When using the wind speed data which  
 
 

Table 9.3 Scenarios with best fitness when 𝑥𝑠 ranges from 10% to 33% (wind capacity factor238%). 

 

𝒙𝒔 𝒙𝒔𝑾 

SOC 

set 

point 

% 

E/P 

ratio % 
𝑻𝟐 min 

Best 

fitness 

Strategy 

number 

10% 0 50 34 5 572.8 null 

11% 0 50 34 5 634.7 null 

12% 0 50 34 5 687.4 null 

13% 0 50 34 5 744.7 null 

14% 0 50 34 5 807.8 null 

15% 0 49 35 5 857.8 null 

16% 0 51 41 7 899.8 null 

17% 0 50 34 5 980.9 null 

18% 0 50 41 7 1020.1 null 

19% 0 50 40 7 1083.0 null 

20% 0 53 36 5 1121.4 null 

21% 0 50 40 7 1197.0 null 

22% 0 48 35 5 1259.1 null 

23% 0 50 40 7 1311.0 null 

24% 0 48 35 5 1373.6 null 

25% 0 48 35 5 1430.8 null 

26% 0 48 35 5 1488.0 null 

27% 0 50 34 5 1557.8 null 

28% 0 50 40 7 1608.4 null 

29% 0 48 35 5 1659.7 null 

30% 0 49 36 5 1694.5 null 

31% 0 50 34 5 1775.8 null 

32% 0 50 34 5 1833.1 null 

33% 0 50 40 7 1881.0 null 
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gives an average capacity factor of 38% for the studied 2 MW wind turbine, Table 9.3 

shows the scenarios with best fitness by using Genetic Algorithm when 𝑥𝑠 ranges from 

10% to 33% based on one-day long data from one typical day in the year 2013. The 

optimized control parameters ( 𝑥𝑠, 𝑥𝑠𝑊, BESS E /P ratio and offset interval 𝑇2) have 

shown good consistency and compatibility with varying 𝑥𝑠. The range of the optimal 

operating scenario is: (1) 𝑥𝑠𝑤 is always equal to 0. (2) SOC set-point ranges from 48% 

to 53%. (3) E/P ratios range from 34% to 41%. (4) 𝑇2 ranges from 5 to 7 min. When 𝑥𝑠 

increases, the fitness of the coordinated system for providing frequency response 

increases accordingly. 

 

In the optimal scenarios with different values of 𝑥𝑠, the wind farm only needs to hold a 

reserve of 0% with respect to the rated power capacity of the wind turbine system. 

When 𝑥𝑠𝑤 = 0 , all the power reserve is provided by the battery system, thus the 

frequency response 𝑥𝑓 allocation strategy is not needed. 

 

Different Day with constant 𝒙𝒔 

Tables 9.4, 9.5 and 9.6 show the optimal operating scenarios on the first day of every 

month in 2013 when 𝑥𝑠210%(minimum reserve requirement), 20%(droop25%) and 33% 

(3%) respectively. The optimized control parameters have shown good consistency 

and compatibility in different 𝑥𝑠 and different days. The range of the optimal operating 

scenario is: (1) 𝑥𝑠𝑤 ranges from 0 to 2%. (2) SOC set-point ranges from 48% to 53%. 

(3) E/P ratios range from 34% to 45%. (4) 𝑇2 ranges from 5 to 8 min. On 1 September 

2013, the optimal 𝑥𝑠𝑊 is 2%, the best fitness is achieved by adopting strategy number 

2 when 𝑥𝑠 210%. On 1 September 2013, the optimal 𝑥𝑠𝑊  is 2%, the best fitness is 

achieved by adopting strategy number 4 when 𝑥𝑠233%. 
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Table 9.4 Scenarios with best fitness when 𝑥𝑠210% (wind capacity factor238%). 

 

 

Table 9.5 Scenarios with best fitness when 𝑥𝑠220% (wind capacity factor238%). 

 

 
 

 

 

𝒙𝒔＝10% 𝒙𝒔𝑾 SOC set 

point % 

E/P 

ratio % 

𝑻𝟐 min Best 

fitness 

Strategy 

number 

1/1/2013 0 50 34 5 572.8 null 

1/2/2013 0 50 37 6 582.4 null 

1/3/2013 0 50 37 6 420.4 null 

1/4/2013 0 50 37 6 634.8 null 

1/5/2013 0 48 35 5 668.8 null 

1/6/2013 0 50 37 6 669.6 null 

1/7/2013 0 50 34 5 355.4 null 

1/8/2013 0 50 34 5 449.0 null 

1/9/2013 2% 51 35 5 326.3 2 

1/10/2013 0 50 44 8 522.1 null 

1/11/2013 0 50 34 5 523.9 null 

1/12/2013 0 50 34 5 596.4 null 

𝒙𝒔＝20% 𝒙𝒔𝑾 SOC set 

point % 

E/P 

ratio % 

𝑻𝟐 min Best 

fitness 

Strategy 

number 

1/1/2013 0 53 36 5 1121.4 null 

1/2/2013 0 50 37 6 1164.9 null 

1/3/2013 0 50 37 6 840.7 null 

1/4/2013 0 50 37 6 1269.7 null 

1/5/2013 0 48 35 5 1337.6 null 

1/6/2013 0 50 37 6 1339.1 null 

1/7/2013 0 50 35 5 688.1 null 

1/8/2013 0 50 34 5 898.1 null 

1/9/2013 0 50 40 7 647.8 null 

1/10/2013 0 49 45 8 1030.6 null 

1/11/2013 0 50 37 6 1057.5 null 

1/12/2013 0 50 34 5 1192.9 null 
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9.4.2 One-Year Data Length 

In this section, the simulation time and the length of data used are one-year long in 

the year 2013. Two wind profiles are investigated with different capacity factors when 

𝑥𝑠210%(minimum reserve requirement), 20%(droop25%) and 33% (3%) respectively. 

The results are shown in Tables 9.7 and 9.8: 

 

Capacity Factor 38% 

Table 9.7 Scenarios with best fitness when 𝑥𝑠210%, 20% and 33% (wind capacity factor238%). 

 

𝒙𝒔 𝒙𝒔𝑾 

SOC 

set 

point % 

E/P 

ratio % 
𝑻𝟐 min Best fitness 

10% 0 50 34 5 495.22 

20% 0 50 34 5 990.43 

33% 0 50 34 5 1633 

 

Table 9.6 Scenarios with best fitness when 𝑥𝑠233% (wind capacity factor238%). 

𝒙𝒔＝33% 𝒙𝒔𝑾 SOC set 

point % 

E/P 

ratio % 

𝑻𝟐 min Best 

fitness 

Strategy 

number 

1/1/2013 0 50 40 7 1881.0 null 

1/2/2013 0 49 38 6 1911.2 null 

1/3/2013 0 50 38 6 1371.9 null 

1/4/2013 0 50 37 6 2095.0 null 

1/5/2013 0 50 34 5 2226.4 null 

1/6/2013 0 50 37 6 2209.6 null 

1/7/2013 0 50 34 5 1172.7 null 

1/8/2013 0 50 34 5 1481.8 null 

1/9/2013 2% 48 35 5 1052.6 4 

1/10/2013 0 50 44 8 1722.9 null 

1/11/2013 0 50 34 5 1729.0 null 

1/12/2013 0 50 34 5 1968.2 null 
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Capacity Factor 28% 

Table 9.8 Scenarios with best fitness when 𝑥𝑠210%, 20% and 33% (wind capacity factor228%). 

 

The optimal scenario is: 𝑥𝑠𝑊 = 0, SOC set-point250%, E/P ratio234% and 𝑇2 = 5 min, 

which is regarded as the overall best parameters in consideration of the one-day 

results in section 9.5.1. 

9.4.3 Wind Farm Cost Savings 

 

In section 9.4.2, the optimal scenario (𝑥𝑠𝑊 = 0, SOC set-point250%, E/P ratio234% 

and 𝑇2 =5 min) with best fitness is derived by using Genetic Algorithms. If the wind 

farm provides the mandatory frequency response on its own without BESSs, the wind 

farm cannot always provide the committed power response especially when wind 

conditions are not permitted. This drawback for wind farm providing frequency 

response is not favorable from the grid’s point of view. 

 

The cost that the wind farm can save ( 𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑊 ) if the BESS is incorporated with 

the wind farm to provide mandatory frequency response-in comparison to the situation 

when the wind farm provides frequency response on its own-is given below:  

 

𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑊 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊𝑛𝑜𝐵𝑎𝑡 − 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊−𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 − 𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝐵𝑎𝑡 

 

(9.21) 

 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊𝑛𝑜𝐵𝑎𝑡 is the 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊 when no battery energy storage system is 

installed in the wind farm for complementing the frequency response from the wind 

farm ( 𝑥𝑠𝑊 = 𝑥𝑠  and 𝑥𝑠𝐵𝑎𝑡 = 0 ). 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊𝑛𝑜𝐵𝑎𝑡  is higher than 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊 

𝒙𝒔 𝒙𝒔𝑾 

SOC 

set 

point % 

E/P 

ratio % 
𝑻𝟐 min Best fitness 

10% 0 50 34 5 495.22 

20% 0 50 34 5 990.43 

33% 0 50 34 5 1633 
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because the wind turbines without BESSs have to deload more power to meet the 

committed 𝑥𝑠 reserve. 

 

By applying the optimal scenario (𝑥𝑠𝑊 = 0, SOC set-point250%, E/P ratio234% and 

𝑇2 =5 min), Table 9.9 shows the average 𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑊 per day in the year 2013 under 

different wind profiles and different 𝑥𝑠. A higher 𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑊 is obtained with stronger 

wind speed and/or higher committed reserve level 𝑥𝑠. 

 

Table 9.9 Wind turbine cost savings under different wind profiles and different 𝑥𝑠 for a 50 MW 

wind farm. 

Capacity 

Factor 
𝑥𝑠 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊𝑛𝑜𝐵𝑎𝑡 

£/day 
𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝐿𝑜𝑠𝑠𝑊 

𝐻𝑜𝑙𝑑𝐹𝑒𝑒𝐵𝑎𝑡 

£/day 

𝐸𝑛𝑒𝑟𝑔𝑦𝐹𝑒𝑒𝐵𝑎𝑡 

£/day 

𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑊 

£/day 

38% 

10% 4885.2 0 1448.1 153.7 3253.4 

20% 8586.9 0 2896 307.5 5383.4 

33% 12166.6 0 4779.6 507.3 6879.7 

28% 

10% 4231.4 0 1448.1 153.7 2629.6 

20% 7190.4 0 2896 307.5 3986.9 

33% 9780.9 0 4779.6 507.3 4494 

 

9.5 Summary and Discussion 

This chapter investigated the incorporation of BESSs into a large wind farm in the UK 

system to provide the mandatorily required frequency response from UK large wind 

farms. Control strategies and system parameters of the wind-farm-battery system 

were studied and optimized by using Genetic Algorithms. This optimization procedure 

was conducted by exploring the optimal system parameters of the wind-farm-battery 

system under different wind profiles, varying 𝑥𝑠 and different length of simulation time. 

 

The wind-farm-battery system with 𝑥𝑠𝑊 = 0, SOC set-point250%, E/P ratio234% and 

𝑇2 =5 min was proved as being the optimal choice. For instance, according to Table 

9.9, when wind capacity factor238% and 𝑥𝑠 220%, a 50 MW wind farm can save 

£ 5383.4/day if the BESS is incorporated with the wind farm to provide mandatory 

frequency response in comparison to the situation when the wind farm provides 

frequency response on its own. When 𝑥𝑠 and/or the average wind speed increases, 
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the economics of the coordinated system for providing frequency response increases 

accordingly. In contrast to the general belief that wind farm owners are reluctant to 

participate in the frequency response service because if they bid more reserve they 

would lose more money due to wind generation curtailment, it has been shown in this 

Chapter that the reduced curtailment of wind power and the high-profit coordinated 

wind-turbine-battery system would encourage wind farm owners to bid more MW 

capacity into the mandatory frequency response market. 
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Chapter 10 Conclusion & Future Work 

10.1 Conclusion 

This research project has investigated the potential use of BESSs to participate in 

frequency response related services in power systems especially in the UK system. 

Frequency regulation service is one of the most profitable applications that energy 

storage can potentially provide. By means of the method of selecting energy storage 

technologies for PFR based on the annual accumulated cycles’ cost (AACC), Li-ion 

batteries have been identified in this research project as one of the best options for 

providing frequency regulation related services.  

 

To study the effects on the UK frequency response when procuring BESSs as primary 

power reserves, the frequency response model of the UK system was developed 

before investigations into the optimization of BESSs for frequency regulation in the UK 

system. In consideration of the changing generation mix of the UK power system, the 

objective of this frequency response model is to investigate the influence on the 

system frequency of the share of the power reserve from BESSs under the current UK 

balancing services structure. Conclusions were drawn from Chapter 7 that the inertia 

of the system decreases with the increasing penetration of renewable energy, and the 

power system becomes weak and even insecure for coping with severe disturbances 

by conventional slow (10-s) primary power reserves. A certain amount of primary 

power reserves must be provided by fast power reserves (e.g. BESSs) in the future. 

In Chapter 7, for instance, when the system inertia2166 GVAs and a frequency 

deviation of -0.8 Hz was studied under a 1800 MW infeed loss, 1 MW 𝑃𝐵0.2𝐻𝑧 was 

equivalent to 2.6 MW 10-s timescale primary reserves under the scenario in the middle 

graph in Fig. 7.22. This result provides important theoretical references for making 

pricing decisions about the holding price of frequency response from BESSs in the UK 

system. Under some circumstances, such as when the system has low system inertia, 

the unit price of BESSs reserves should be higher than that of slow response reserves. 

There is a limited range of holding price at which BESSs can operate at a profit, the 

system operator can reduce balancing costs and the system is stabilized. According 

to the results in Chapter 7, the ratio of the equivalent MW 10-s timescale primary 
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reserves to 1 MW primary reserves from BESSs depends on many factors, such as 

the studied infeed loss, minimum required system frequency, system inertia and the 

droop characteristic of BESSs. 

 

Then an investigation of BESSs for providing frequency regulation in the UK market 

was conducted. The aim of this research was to minimize the sum of the capital and 

maintenance costs of BESSs, and to make this sum lower than the maximum price 

that the system operator is willing to pay. This thesis has focused on the grid-scale 

battery energy storage system. Two applications regarding frequency regulation by 

using BESSs were studied：(1) grid-scale commercial BESSs for providing FFR 

service as detailed in Chapter 8, (2) a wind-farm-battery system for providing 

mandatory frequency response as detailed in Chapter 9. These two studied 

applications have similarities and differences. The similarities are that: both 

applications (1) were studied based on the UK power market, (2) used the same 

battery lifetime model, (3) used the same energy offset strategy of BESSs and (4) used 

the same economic optimization algorithm. The differences are that: (1) the services 

provided by BESSs are different, (2) the methods of payment are different, (3) the 

optimal parameters of BESSs are different and (4) the droop characteristics of both 

applications are different. 

 

In Chapter 8, BESSs as independent grid-scale frequency response providers receive 

holding fees and response energy fees from the grid through the participation of FFR 

service. In Chapter 9, BESSs are still independent grid-scale frequency response 

providers but are coordinated with large wind farms. BESSs in Chapter 9 assist and 

complement wind farms to provide mandatory frequency response, which is required 

by the UK grid code. Wind farms receive holding fees and response energy fees from 

the grid through the participation of mandatory frequency response service. BESSs 

receive holding fees and response energy fees from the wind farm for the coordinated 

operation. The advantages of the coordinated wind-farm-battery system are the 

following: (1) The quality of the response power from the wind farm is improved. This 

is a significant advantage because when wind turbines provide frequency response 

independently, the quality of the response power provided by wind turbines is often 

reduced due to inadequate wind speeds. (2) The loss of revenues from unsold 
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reserved wind power for providing power reserves are reduced. In Chapter 9, a 

conclusion was drawn that BESSs can effectively improve the revenue of the wind 

farm that is required to provide mandatory frequency response.  

 

Both Chapter 8 and Chapter 9 optimized the battery E/P ratio, energy offset interval 

𝑇2 and the preferred SOC set point of BESSs. In Chapter 8, the optimal scenario is 

that: E/P ratio20.42, 𝑇2 = 20  min, SOC set point248%. By comparison, the optimal 

scenario in Chapter 9 is that: E/P ratio20.34, 𝑇2 = 5 min, SOC set point250%. The 

optimal E/P ratio and the preferred BESS SOC set point of BESSs obtained in Chapter 

8 and Chapter 9 are very close, which means that a BESS with an E/P ratio of 0.42 

can provide the FFR service detailed in Chapter 8 and/or the mandatory frequency 

response service detailed in Chapter 9. The BESS does not need to change the battery 

capacities for service switching. The most significant difference between the results 

obtained in Chapter 8 and Chapter 9 is the optimal energy offset interval 𝑇2(20 min in 

Chapter 8, 5  min in Chapter 9). In real-life operation of BESSs, the selection of 𝑇2 

should take into full account the real-time dispatch pressure of the grid as well as 

economic interests. For example, if the system cannot guarantee changing the 

amplitude of the offset power in each 5 min (𝑇2 = 5 min), a constraint for setting the 

minimum 𝑇2 in the optimization algorithm of Chapter 9 should be added to get the best 

parameters of the BESS considering all the constraints. The proposed optimization 

methodology in this thesis has good adaptability and can be adapted to other power 

systems. In addition, the reason for the difference between the obtained optimal 𝑇2 in 

Chapter 8 and Chapter 9 is that the power outputs of BESSs, for mitigating imbalances 

in Chapter 8 and in response to frequency deviations in Chapter 9, are different. In 

Chapter 8, BESSs balance the fast cycling components that were extracted based on 

the UK historic data. However, in Chapter 9 BESSs adjust the output power according 

to the pre-defined droop characteristic in response to frequency deviations. Thus, it 

needs to be considered in the future real-life operations of BESSs that their applied 

droop characteristic or power output control strategy is of great importance, and that 

it influences the BESSs’ profits and optimal parameters of BESSs. 

 

With the increased wind energy penetration worldwide, as we have seen, the need for 

frequency response and inertia from wind turbines is growing. In this thesis, the 
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primary objective has been to investigate BESSs for providing frequency regulation. 

However, the ability of wind turbines to provide power reserves and synthetic inertia 

should also be studied for better designing and deploying BESSs in power systems. 

In Chapter 6, two options for enabling a wind turbine to deload to a lower level of active 

power – namely, overspeeding techniques and pitch angle control – were discussed. 

When applying overspeeding techniques, a certain amount of kinetic energy is stored 

in the rotating mass of wind turbines, which can be released under frequency drop 

events to supplement the primary frequency response based on the deloaded power 

reserve. In addition, the investigation of the deloaded operation of variable-speed wind 

turbines was presented and the study about the wind-farm-battery system in Chapter 

9 was done based on the results obtained in Chapter 6. 

 

10.2 Limitations 

The limitations of this work are as follows: 

 

 In Chapter 4, the battery lifetime model assumes constant ambient temperature 

environment. This assumption may lead to longer estimated BESS lifetime as 

in actual operation the work environment is not perfect even ventilation systems 

are installed. 

 In Chapter 4, the lifetime reduction of BESSs due to the amplitude of discharge 

currents was not considered. 

 In Chapter 6, the dynamic characteristics of wind farms for providing power 

reserves were not studied. 

 In Chapter 7, the load frequency response characteristic (load damping factor 

‘D’) was assumed to be 1. However, load damping factor is actually a variable. 

It differs at different times and in different power systems. 

 In Section 9.3.6, some assumptions were proposed based on the UK system. 

However, the results obtained in Chapter 9 were policy driven. It can be 

expected that the results greatly depend on the assumptions or the policies of 

power systems. The proposed methodology was not used in other assumptions 

or in other power systems to analysis its performance. 

 Other energy storage technologies such as flywheels and supercapacitors were 
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not investigated in this study. 

10.3 Future Work 

In response to the limitations in Section 10.2, the future work is listed as follows:  

 I will modify the adopted battery lifetime model or find a better lifetime model 

which is able to accurately estimate the BESS lifetime considering varying 

ambient temperature and the amplitude of discharge current. 

 I will pay attention to the dynamic performance of wind turbines when variable-

speed wind turbines change rotor speed or pitch angle for providing power 

reserves. 

 An investigation of the influence of load damping factor in the proposed system 

dynamic model should be conducted. 

 I will apply the work in Chapter 9 to other power systems with different 

assumptions and policies. 

 I will use other storage technologies such as flywheels and supercapacitors 

instead of lithium battery in this study and evaluate the performance of these 

technologies compared to lithium batteries. 

 

In addition, National Grid in the UK has just created a service called Enhanced 

Frequency Response (EFR) in 2015, which is defined by National Grid Electricity 

Transmission as being frequency control that achieves 100% active power output at 1 

second (or less) of registering a frequency deviation. EFR is a new service that is 

being developed to improve management of the system frequency pre-fault, i.e. to 

maintain the system frequency closer to 50 Hz under normal operation.  This new 

service will be more of interest to battery storage developers. Current frequency 

response services used by National Grid are in up to 10-second response timescales. 

However BESSs can respond in less than 1 s timescales, and this faster response will 

have a higher commercial value to grid operators and users. In particular, multi-tasking 

BESSs would be foreseeable and required in the future for the applications in powers 

systems and other areas so as to further enhance their commercial value to grid 

operators and users. These additional services include areas such as peak shaving, 

energy time-shifting, transmission system congestion relief, distributed BESSs (e.g. 

V2G), energy hub and mobile BESS. I will also look at these areas in the future.  
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