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ABSTRACT 

The variability of energy supplied from renewable resources is commonly identified as one of the 

major challenges of integrating renewable energy with existing power systems. With a 40% renewable 

energy target by 2020, this is a particularly challenging proposition in Northern Ireland, where an 

ageing and diminishing conventional fossil fuel mix is required to respond to this variability.   

This research project asked key questions of the suitability of the existing generation in Northern 

Ireland and identified strategies to minimise the impact of variability and facilitate high levels of 

renewable integration. Two particular areas of concern were addressed: the level of wind curtailment 

required to balance electricity supply and demand, and identifying whether the extremes of wind 

generation variability are technically manageable.   

This thesis shows the cost and level of wind curtailment are a growing problem in Northern Ireland. 

By 2020, curtailment of 7-7.5% of annual wind generation is expected under existing security 

constraints.  Analysis of 32 years of wind generation variability has identified that large swings in 

wind generation are rare, and that 99% of the time they are less than ±5% of installed capacity.  

However, low frequency, high impact swings in wind generation were found to occur at 5min, 1hr and 

4hr timescales, to which the system has insufficient flexibility to respond. 

Twenty-eight unit combinations were ranked by modelling the projected level of wind curtailment and 

the associated emissions in 2020.  This identified scenarios that can reduce wind curtailment and 

increase resilience to variability, as well as reducing associated CO2 emissions and costs.  Immediate 

modifications that could be made to reduce Kilroot power plant’s minimum generation level were also 

assessed.  Through modelling different unit combinations against simulated wind generation, certain 

scenarios where wind curtailment was reduced were found to diminish the system’s capability to 

respond to wind ramping events. In Northern Ireland, where conventional units are required to run to 

maintain system security, appropriate market incentives are needed to encourage operational 

improvements.  This research supports the plans to construct a new tieline to the Republic of Ireland, 

which should aid in minimising wind curtailment and improving ramping capabilities. Extending the 

analysis to test the inclusion of battery storage identified that a 100MW unit would significantly 

improve ramping capabilities, particularly for two unit combinations with lower plant flexibility.    

This thesis has demonstrated strategies that can be deployed to make variability more manageable.  

The renewable resource variability in Northern Ireland is as challenging as is technologically likely on 

any fossil fuel based electricity system.  This should be a message of considerable encouragement to 

other fossil fuel based electricity markets, which may have longer to arrive at similar decarbonisation 

levels, larger pools of conventional generation to call upon, and potentially more technologically 

diverse and spatially aggregated renewable resources. 
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GLOSSARY 

In order not to detract from the flow of the main text, terminology that may not be familiar to the user, 

or that has specific connotations in this thesis or in other pieces of research, is defined in this glossary.   

Alpha See wind shear coefficient (α). 

Ancillary service Services called upon by the system operator in order to ensure a stable and 

secure transmission system, particularly through the provision of reactive 

power, operating reserve and black start capability. 

Anemometer  An instrument for measuring and indicating the speed and sometimes direction 

of the wind. 

Baseload The minimum level of demand on an electricity system, and hence the 

minimum amount of generation that must be continually supplied to satisfy it. 

Black start 

capability 

Generator units able to self-start independently of any power source from the 

grid. 

Conventional 

Generation 

Electricity produced using fossil fuels in a conventional steam or gas power 

plant. 

Curtailment The instructed slowing or shut down of wind turbines in order to reduce 

generation output in order to aid balancing of supply and demand.   

Dynamical 

downscaling 

Downscaling is a method for obtaining high-resolution climate or climate 

change information from relatively coarse-resolution global climate models. 

Generator Unit See unit. 

Governor A governor is a device used to measure and regulate the speed of the generator, 

designed to respond automatically to a change in generation in a certain 

characteristic manner. 

Interconnector An electrical link to another country’s transmission system, allowing the 

import and export of power across the system’s border. 

Intermittency A term sometimes used in the literature to describe the behaviour of generation 

from most types of renewable resources, noting that generation from wind, 

solar, tidal resources is not always available.  The term ‘variability’ is more 

accurate and hence used in this thesis, 

Mast data Wind speeds are recorded by erecting an anemometer on a weather mast.  The 

standard measurement at met surface stations is at 10m from ground level.  

Minimum stable 

generation  

The minimum power output of a generator unit in order for it to synchronise 

with grid. 

Ramping The rate of change of power output. For wind generation it is a measure of 

variability, for conventional generation it is a measure of flexibility. 
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Range The difference in MW between a power plant’s minimum stable generation and 

its maximum rated output. 

Reactive power On an alternating-current (AC) power system, voltage is controlled by 

managing production and absorption of reactive power. This is important 

because non-optimal voltages can cause electrical equipment to perform poorly 

or damage it.  The right level of reactive power is also important to minimise 

real power losses.  

Renewables 

Obligation 

UK support mechanism for renewables, requiring that energy suppliers source 

a growing percentage of their energy from renewable sources by securing 

Renewable Obligation Certificates (ROCs).  The scheme began in Northern 

Ireland in 2005 and is to be phased out by 2016, meaning that the commitment 

in this final year will receive ROCs until 2033. 

Security 

Constraints 

The system operator rules that stipulate which power plant units required are 

required to be synchronised to the grid to ensure a continuous, reliable and 

good quality supply of electricity. 

Sent out generation The power output contribution of a generator unit to the grid after subtracting 

on site losses and consumption required to run auxiliary systems. 

Surface station A weather station facility with instruments and equipment for observing 

atmospheric conditions to provide information for weather forecasts and to 

study the weather and climate. 

System operator The role of the system operator is to operate and maintain a safe, secure, 

reliable, economical and efficient transmission system. 

Tieline A word used by Ireland’s system operators to describe the AC interconnection 

between the SONI and EirGrid systems. 

Transients Situations initiated by a generator unit trip, and the response of the system due 

to the resultant drop of frequency. 

Trip The sudden loss of a large amount of generation due to a fault. 

Turndown Expressing a generator unit’s minimum stable generation as a percentage of its 

maximum rated output. 

Unit An individual turbine generator within a power station, together with the 

auxiliary apparatus that relates exclusively to the operation of that turbine 

generator.  Note that a power plant may consist of multiple units. 

Variable generation Generation from an uncontrollable resource such as the wind, which fluctuates 

over time. 

Wind shear 

coefficient (α) 

Empirical constant derived to define the relationship between the wind speeds 

at two recorded heights using the wind profile power law (Equation 4.2).   
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ACRONYMS AND ABBREVIATIONS 

AC Alternating current 

BADC British Atmospheric Data Centre 

CCGT Closed cycle gas turbine 

CER Commission for Energy Regulation 

DSM Demand side management 

EngD Engineering Doctorate 

FiT Feed in tariff 

GB Great Britain (England, Scotland and Wales, excluding Northern Ireland) 

GT Gas turbine 

HFO Heavy fuel oil 

HVDC High voltage direct current 

LFO Light fuel oil 

MERRA Modern-Era Retrospective Analysis for Research and Applications 

MIDAS Met Office Integrated Data Archive System 

MSG Minimum stable generation 

NI Northern Ireland 

NIRO Northern Ireland Renewable Obligation 

NOABL Numerical Objective Analysis of the Boundary Layer 

OCGT Open cycle gas turbine 

RO Renewable Obligation 

ROC Renewable Obligation Certificate 

ROI Republic of Ireland 

RMS Root mean square 

SEM Single Electricity Market 

SKM Sinclair Knight Merz 

SMP System marginal price 

SONI System Operator for Northern Ireland 

ST Steam turbine 

TSO Transmission system operator 

UREGNI Utility Regulator for Northern Ireland 
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1 INTRODUCTION 

“If it wasn’t for electricity, we’d all be watching television by candlelight.” 

     ~ George Gobel 

1.1 VARIABLE RENEWABLES AND CONVENTIONAL GENERATION 

The use of electricity is integral to almost every aspect of modern society.  Without it, everything from 

our methods of travel, communication and commerce, to basic actions we take for granted, such as 

turning on a light, would be inconceivably different.  However, the way we generate and consume 

electricity is changing.  It is widely accepted that we are exceeding the capacity of Earth to provide the 

resources we need to continue our current rate of consumption.  This is unsustainable.  Concentrations 

of harmful greenhouse gases in the atmosphere are rising, and fuels from finite conventional sources 

are depleting, raising concerns over security of supply and the cost of energy.  These challenges are 

driving many governments to decarbonise their electricity sectors and towards investment in 

renewable forms of electricity generation. 

Wind energy, as well as other emerging technologies such as solar, wave and tidal, is variable in its 

nature and its output cannot be controlled in the same way as the generation from a conventional 

power station.  As electricity systems incorporate increasing levels of variable renewable generation, 

conventional power plants will be required to operate more flexibly, with potential impacts for their 

economic viability and reliability.  Conventional thermal generators will have a significant role to play 

in maintaining security of supply in the near future. There is therefore a need to understand the impact 

of variable generation on the operation of existing fossil fuel based systems.  Understanding what 

opportunities there are for overcoming these challenges will facilitate the growth of renewable energy 

mandated by policy. 

1.2 PROJECT BACKGROUND 

1.2.1 THE ENGINEERING DOCTORATE 

The Engineering Doctorate (EngD) originated from recognition that although valuable, the traditional 

PhD was not designed to develop the innovative technical and business leadership skills needed by 

industry.  The EngD is a doctoral qualification focused on creating engineering leaders who are able to 

combine the rigour required to deliver a doctoral level thesis, with the technical and business skills and 

leadership to innovate in industry, at the same time as being as intellectually demanding as a PhD 

(Godfrey 2012). 

The research theme for this thesis emerged from a knowledge gap perceived by AES, industry sponsor 

to this EngD.  The AES Corporation is a Fortune 200 global energy company with a diverse portfolio 



2 

of thermal and renewable fuel sources, as well as distribution and energy storage businesses.  In 

Northern Ireland, they own Kilroot and Ballylumford power stations, representing around 80% of 

installed conventional capacity.  They have a keen interest in understanding the impact of wind 

generation on the electricity system, and how their plant can help facilitate the growth of renewables 

in Northern Ireland. 

1.2.2 ENERGY SYSTEM ISSUES IN NORTHERN IRELAND 

The UK and Irish governments have set an ambitious target of 40% of annual electricity consumption 

to be met by renewable sources by 2020 for the Single Electricity Market (SEM), which provides a 

common market framework for Northern Ireland and the Republic of Ireland.  The SEM is heavily 

dependent on conventional fossil fuels (Howley et al. 2009), but is amongst the most gifted in Europe 

in terms of renewable wind, wave and tidal resource (Rourke et al. 2009) and the growth of grid 

connected wind generation is significant.  The transmission capacity forecast by the System Operator 

for Northern Ireland (SONI) anticipates that by 2020 the renewable resource will be largely composed 

of wind, with onshore and offshore making up 74% of the installed 2020 renewables capacity in 

Northern Ireland (EirGrid & SONI 2010).   

Although wind generation can be forecast over short time horizons, wind is inherently a variable 

resource, and this presents additional challenges for system balancing (Laughton 2007; Milborrow 

2009; Gross et al. 2006).  A number of existing and future technological developments have the 

potential to address the impacts of a more variable generation pattern, such as greater interconnection, 

energy storage, and demand side management. However, flexible operation of conventional generation 

plant is expected to play a significant role in maintaining security of supply in Northern Ireland, 

especially in the short to medium term.  A reduced mix of the existing thermal generators will still be 

operational in 2020, and there is no new plant planned for construction in this period.  It is important 

to understand the impacts of a wind led regime on the system and the capability of this thermal plant 

to address the challenges. Such an understanding is vital to the successful integration of the levels of 

wind required by ambitious policy goals. 

With its challenging targets, small number of conventional generators and limited interconnection, 

Northern Ireland is set to serve as a proving ground for other countries seeking to exploit high 

penetrations of renewable energy. The lessons learnt in adapting the operation of conventional plant to 

facilitate a variable resource led regime will have future applicability to other countries, as other 

electricity markets begin to approach similar levels of renewable penetration. 

1.2.3 RESEARCH PUBLICATIONS 

A table of the publications (excluding poster events) produced during the course of this research and 

which chapters they provide supporting material for is summarised in Table 1.1.   
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TABLE 1.1 - LIST OF PAPERS DISSEMINATING RESEARCH OUTPUT 

P
a

p
er n

o
. 

Title 
Journal/ 

Conference 

S
ta

tu
s 

C
h

a
p

te
r
 

1* 
An overview of the current status of 

research into adopting high levels of 

renewables in Ireland. 

World Renewable Energy Congress 

XI Conference Proceedings 

P
u

b
lish

ed
 

1/2 

2 
Adopting high levels of renewable 

electricity: an international perspective on 

approaches. 

1st Annual TSBE EngD Conference 

Proceedings  

P
u

b
lish

ed
 

2 

3 
The impacts of renewable resource 

variability on conventional thermal 

generators. 

2nd Annual TSBE EngD 

Conference Proceedings 

P
u

b
lish

ed
 

2 

4* The role of conventional generation in 

managing variability. 
Energy Policy 

P
u

b
lish

ed
 

2 

5* 
Using meteorological wind data to 

estimate turbine generation output: a 

sensitivity analysis. 

World Renewable Energy Congress 

2011 Conference Proceedings 

P
u

b
lish

ed
 

4 

6* 
A study into the accuracy of using 

meteorological wind data to estimate 

turbine generation output. 

Renewable Energy 

P
u

b
lish

ed
 

4 

7* Reanalysis: An improved data set for 

simulating wind generation? 

World Renewable Energy Forum 

2012 Conference Proceedings  

P
u

b
lish

ed
 

5 

8* 
Exploring the role of reanalysis data in 

simulating regional wind generation 

variability over Northern Ireland. 

Renewable Energy 

P
u

b
lish

ed
 

5 

9 The value of reducing minimum stable 

generation for integrating wind energy 

3
rd

 Annual TSBE EngD Conference 

Proceedings 

P
u

b
lish

ed
 

6/8 

10* Assessing the robustness of Northern 

Ireland against swings in wind generation. 

World Renewable Energy Congress 

2013 Conference Proceedings 

P
u

b
lish

ed
 

7/8 

11 
The impacts and proposed solutions to 

significant renewable resource variability 

in Northern Ireland 

AES Innovation Congress 

P
u

b
lish

ed
 

8 

12 Responding to the challenges of wind 

variability 

4
th

 Annual TSBE EngD Conference 

Proceedings 

P
u

b
lish

ed
 

8 

* Indicates externally peer reviewed publication.  
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1.3 PROJECT AIM AND SCOPE 

 “To identify strategies that facilitate high levels of renewables being integrated 

with conventional generation.” 

 

A need has been identified in Section 1.1 for understanding the impact of wind energy on the 

operation of conventional generation, and what can be done to help address these impacts.  The aim of 

this thesis is therefore to identify ways to operate conventional generation in Northern Ireland that will 

aid the Irish All Island electricity market in meeting its ambitious renewable goals and identify what 

measures are required to support this.   

This thesis places an emphasis on the technical challenges faced by generators in Northern Ireland.  

This is a rational boundary given the access to conventional generator operator insight that this EngD 

has provided.  As 40% of electricity demand from renewable generation is an unprecedented target for 

such a network, focus on the plant and system impact in 2020 is a sensible research constraint.   

A number of renewable technologies with a strong resource potential in Northern Ireland exist and 

could be argued to be worthy of attention (Rourke et al. 2009).  However, current energy policy in 

Northern Ireland strongly supports wind generation, and it is anticipated to make up a significant 

portion of installed renewables capacity by 2020.  The scope of this thesis was therefore limited to 

wind generation as a renewable resource. 

Five supporting research questions that work towards informing the aim within this scope are shown 

below.  These questions are mapped against the thesis chapter structure in Section 1.4. 

Q1: What are the impacts of the variability of wind on conventional generation and the 

opportunities for addressing these? 

 

Q2: How much does accuracy of wind resource estimation depend on assumptions about the 

wind profile?  

  

Q3: Can an approach based on reanalysis data offer a better wind generation simulation than 

conventional meteorological station data alone? 

 

Q4: What is the need for curtailment of wind generation on the Northern Ireland electricity 

system, and what is the benefit of reducing it? 

  

Q5: What are the extremes of changes in aggregate wind generation output and what can be 

done to ensure conventional generation in Northern Ireland is sufficiently flexible to respond to 

these changes? 

 

 

 

 

 



5 

1.4 STRUCTURE OF THE THESIS 

This section explains how the research questions presented in Section 1.3 relate to the thesis aim, and 

to the chapter structure of this document. 

It is first necessary to justify the aim and scope of this research by elaborating on the nature of the 

challenges that wind variability presents for conventional generators and identify how these can be 

addressed (Q1).  This is achieved in Chapter 2 by reviewing the challenges of variable operation for 

existing fossil fuel based generators in Northern Ireland.  A research framework for addressing these 

challenges is then proposed in Chapter 3. 

In order to investigate the impact of future installed capacities of wind generation, some form of 

simulation is inevitably required, as existing generation data is of limited availability and present day 

installed wind capacities are much lower than they are planned to be in 2020.  It is also important to 

understand how variability is modelled in existing literature, to identify where there are limitations and 

investigate how these may be improved.  The established approach is to simulate wind generation 

using a time series of 10m surface station (wind speed) data.  In Chapter 4, the limitations of this 

approach are identified (Q2).  In Chapter 5, an alternative approach to simulating wind generation is 

investigated, using a reanalysis dataset rather than surface station records (Q3).  The approach is found 

to improve upon the standard simulation approach, as well as offering a substantially longer and more 

complete dataset for analysis in Chapters 6 and 7. 

In order to formulate a strategy for the development of conventional generation, it is necessary to 

investigate how operational fossil fuel plants can best be adapted to operate alongside high levels of 

variable generation.  Two key challenges of wind variability identified in Chapter 2 are curtailment 

(when wind generation is in excess of demand) and the flexibility of conventional generation to cope 

with extreme swings of wind generation.  The impact of wind curtailment and a discussion of how 

conventional generators can be deployed differently by reducing their minimum stable generation 

levels are investigated in Chapter 6 (Q4).  The frequency of events where there are significant swings 

in wind generation output, and strategies for the Northern Ireland system to improve its ability to 

respond in such situations are discussed in Chapter 7 (Q5).   

Chapter 8 critically evaluates the findings of the research, identifies future research needs, discusses 

regulatory issues and identifies the implications for other electricity markets.  Finally, Chapter 9 

presents the conclusions to the research and explains how the stated aim of this thesis and the 

supporting research questions have been achieved. 
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2 THE CHALLENGE OF RENEWABLE SUPPLY VARIABILITY FOR 

CONVENTIONAL GENERATION 

“I was born not knowing and have had only a little time to change that here and there.” 

         ~ Richard Feynman 

2.1 INTRODUCTION 

The first chapter introduced how the pressing need to avert catastrophic climate change, a depletion of 

fossil fuel resources and a desire to improve energy security is driving a global transformation in the 

way we produce energy.  In Northern Ireland, an electricity sector renewable energy target of 40% by 

2020 has been set by the UK government and approved by the Northern Ireland Assembly.  This target 

is to be met by a large expansion in generation from wind energy.  However, some concerns about the 

variability of wind supply were highlighted, in particular their interaction with a dwindling mix of 

conventional sources of generation. 

This chapter justifies the need for research into the challenges introduced in Chapter 1.  The status of 

the Northern Ireland electricity system is introduced, and the context for its development to 2020 is set 

out.  An overview of conventional generation technologies in Northern Ireland is presented, along with 

a review of the literature in this research area.  Informed by plant operators and industry experts, the 

technical challenges faced at plant level by the introduction of renewable resource variability are 

discussed and are used to map opportunities that could be taken to increase flexible operation.  The 

implications for policy and planning are also identified. From this, the challenges that this thesis will 

address are stated, leading to the development of research framework in Chapter 3. 

2.2 NORTHERN IRELAND OVERVIEW 

2.2.1 THE IMPORTANCE OF CONVENTIONAL GENERATION 

There are number of longer-term technically feasible solutions for dealing with renewable resource 

variability.  Delucchi and Jacobson (2011) suggest seven such solutions; Table 2.1 summarises these, 

modified by adding comment to relevance of these for Northern Ireland.  The proposed interconnector 

will reduce system constraints on Northern Ireland and improve system security.  Whilst a number of 

the other solutions may offer long-term potential for responding to renewables variability, Table 2.1 

indicates how, with the exception of increased interconnection, these are not expected to have a 

significant impact by 2020.  The management of variability therefore requires existing conventional 

generators in Northern Ireland to adapt their operation, and there is a pressing need to assess whether 

this will be sufficient for the planned levels of renewables. 
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TABLE 2.1 - PROPOSED VARIABILITY SOLUTIONS, FROM DELUCCHI AND JACOBSON (2011), AND THEIR 2020 

POTENTIAL IN NORTHERN IRELAND 

Solution Potential 

1. Interconnecting geographically 

dispersed energy sources. 

A single circuit 400kV north-south interconnector is expected to 

be commissioned before 2020. 

2. Using hydroelectric power to fill 

gaps between demand and 

generation. 

The most feasible hydropower projects already exploited, but 

there is significant small-scale project potential (Rourke et al. 

2009). 

3. Demand Side Management and 

smart metering. 

Meaningful rollout of system-wide demand side management 

not legislated for; therefore unlikely to make a large 2020 

contribution. 

4. Transmission scale electrical 

energy storage. 

Storage solutions remain expensive and no large scale storage 

projects are planned by 2020. 

5. Using surplus energy to produce 

hydrogen for flexible transportation 

and heat uses. 

Hydrogen economy concept not yet reached commercial 

maturity.  No significant contribution expected by 2020. 

6. Distributed storage of power in 

electric vehicle batteries. 

Target for electrification of 10% of the vehicle fleet by 2020, 

but smart grid integration still at the development phase (SEAI 

2011). 

7. Improvements to weather 

forecasting.  

Continual improvements to forecasting being made and future 

developments set to continue (Foley et al. 2012). 

 

A distinction can be made between the two main types of services provided by conventional 

generation; those that support variable renewable generation in terms of being able to balance changes 

and shortfalls in supply, and the provision of other system support services that wind cannot 

(currently) provide.   

Balancing services have traditionally been associated with instantaneous changes in supply due to the 

trip of a generator and a large resultant loss of load, but with growing levels of renewables, the 

variability of supply from renewables and how often and quickly they change becomes a growing 

concern.  The Northern Ireland Grid Code (SONI 2011) bands the categories of operating reserve by 

rate of response as summarised in Table 2.2.  Other system support services that conventional 

generation is able to provide include voltage regulation to respond to reactive power levels on the grid; 

required to achieve efficient and stable electricity transmission and distribution. It also provides 

restorative system inertia to keep the system frequency at 50Hz when a unit
1
 trips and the generation it 

provides is suddenly lost.  Finally, conventional generation has the potential to provide black start 

                                                      

1
 The term “unit” and “plant” are used interchangeably in this thesis to refer to conventional (rather than wind) generation; 

however, strictly speaking a power plant may be made up of multiple generator units.  The difference is clarified in Table 2.4 

and in the glossary. 
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capability; being able to self-start independently of any power from the grid.   Collectively, these are 

referred to as ‘ancillary’ services, and are the reason why some minimum level of conventional 

generation must be maintained on the grid at all times. 

TABLE 2.2 - SUMMARY OF NORTHERN IRELAND OPERATING RESERVE BANDS 

Name Description Suitable  source 

Primary 

Operating 

Reserve 

The automatic response to NI System Frequency 

changes that is released increasingly from the time of 

Frequency change and fully available by 5 seconds, 

and must be sustainable, for at least 15 seconds. 

High inertia 

synchronised 

conventional generation 

(e.g. steam plant), 

batteries. 

Secondary 

Operating 

Reserve 

The additional MW output compared to the pre-

incident output, which is fully available and sustainable 

over the period from 15 to 90 seconds following an 

Event. 

High inertia 

synchronised 

conventional generation 

(e.g. steam plant), 

batteries. 

Tertiary 

Operating 

Reserve (band 1) 

The additional MW output required compared to the 

pre-Event output that is fully available and sustainable 

from 90 seconds to 5 minutes following an Event. 

Fast ramping 

synchronised 

conventional generation 

(e.g. gas plant), batteries. 

Tertiary 

Operating 

Reserve (band 2) 

The additional MW output required compared to the 

pre-Event output that is fully available and sustainable 

from 5 minutes to 20 minutes following an Event. 

Fast ramping 

synchronised 

conventional generation 

(e.g. gas plant), batteries. 

Replacement 

Reserve 

The additional MW output required compared to the 

pre-Event output that is fully available and sustainable 

from 20 minutes to 4 hours following an Event. 

Synchronised 

conventional generation, 

hot or warm start gas 

plant, hot start steam 

plant, cold start OCGT 

peaking plant. 

Substitute 

Reserve 

The additional MW output required compared to the 

pre-Event output that is fully available and sustainable 

from 4 hours to 24 hours following an Event. 

Synchronised 

conventional generation, 

hot or warm start gas 

plant, hot start steam 

plant. 
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2.2.2 PREVIOUS STUDIES OF VARIABILITY IMPACTS ON CONVENTIONAL GENERATION 

Prior to its privatisation in the early 1990s, the UK Central Electricity Generating Board (CEGB) 

compiled knowledge of best practice in plant operation and maintenance issues, documenting this in a 

series called Modern Power Station Practice (BSI 1991a).  Though this research pre-dated any 

meaningful move towards a renewable energy system, practices had been identified that are of direct 

relevance to challenges that are now arising with increasing renewable generation. For example, the 

method of two-shifting power plants is discussed in this series, a relevant operational practice 

considered in Section 2.3.2.2 of this chapter. 

The increased demand on balancing services is a widely recognised impact of increasing renewable 

generation (Gross et al. 2007). When commercial arrangements are considered, the emphasis has 

typically been on the penalties faced by new renewable generation (Milborrow 2007).  Two notable 

studies into variability were carried out by SKM (2008) and Pöyry (2009), taking an economic 

approach with a focus on the UK. Studies that adopt a physical perspective recognise the need to 

operate thermal plant in a part loaded state (ILEX & Strbac 2002). However, less attention has been 

given to the commercial impacts on the thermal generators. 

A joint study by the joint Irish system operators, EirGrid and SONI (2011b), for the whole island of 

Ireland recognises the need for the implementation of new system operational policies and tools, and 

the evolution of a complementary portfolio of conventional plant by 2020.  It highlights a number of 

significant issues, including the importance of ramping and the role of conventional generation in 

frequency response and voltage control.  This study considers the challenges at the wider system level 

and does not address the implications for specific generators. 

Oswald et al. (2008) identify that swings in renewable energy output affect loading cycles for 

conventional plant and that the impacts on generators are not well recognised.  However, these are 

only discussed qualitatively and based on limited data.  Pöyry (2009) modelled the market (i.e. 

financial) impacts of high levels of variable wind generation, using broad high-level characteristics of 

plant generation categories.  However, their study did not seek to address the technical impacts such as 

reduced efficiencies or increased plant wear rates. SKM (2008) modelled the costs and carbon savings 

of future plant mixes, but again assumed no reduction in efficiency of conventional plant despite a 

change in their operating patterns.  Meibom et al. (2009) is one of the few academic studies to have 

looked directly at the impacts of increased part loading and more flexible operation of power plants 

using stochastic optimisation modelling.  This study focused on the costs and only in Germany and 

Scandinavia with 2010 levels of wind penetration.  The results confirmed Meibom’s expectations that 

wind integration costs are lower in flexible hydro-dominated systems compared with thermally 

dominated systems. 
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Research has begun into the impacts that supply side variability has on the maintenance requirements 

and operational life of existing generating plant, but a stronger link is needed between such research 

and the body of knowledge held by experienced plant operators. Gostling (2002) and Starr (2007) both 

pointed to the need for increased two-shifting of plant and indicated its implications for plant 

reliability.  

With progressive research in the field of conventional generation operation, there is still a lack of 

literature addressing the impacts of many of the issues of variability on power plants.  There is a need 

to understand what characteristics are most desirable from conventional plant to facilitate the high 

levels renewables legislated for in Ireland, as well as better understanding the impacts that a flexible 

operating regime will have on the existing conventional generation plant.   

2.2.3 THE SINGLE ELECTRICITY MARKET 

Since November 2007, the Single Electricity Market (SEM) has operated for the whole island of 

Ireland, combining the two previously separate Northern Ireland and Republic of Ireland systems.  The 

SEM consists of a gross mandatory electricity pool, which all generators (including wind generators) 

bid into (Pöyry 2007).  All conventional generators (but not wind generators) that make themselves 

available to the system are paid a capacity payment, designed to cover the capital costs of constructing 

the unit in the first place.  The system operators, SONI for Northern Ireland and EirGrid for the 

Republic of Ireland, select the most cost effective plant (known as merit order plant) to satisfy an 

unconstrained schedule of demand from this pool, based upon the operating characteristics submitted 

by the generator units in the market.  All such merit order units are paid a system marginal price 

(SMP), determined by the cost of the most expensive (marginal) unit required to meet demand.   

A number of system constraints exist that prevent the system being dispatched in this least cost way; 

for example, SEM plant ‘in merit’ may be non-operational due to planned maintenance, or 

transmission lines may limit the amount of electricity that can be carried.  Furthermore, certain plant 

may be constrained on to regulate voltage (e.g. Kilroot is required to run to regulate the load centre of 

Belfast).  These constraints are imposed on the unconstrained schedule and the necessary changes are 

made to construct a constrained schedule of demand.  The key difference financially is that generators 

running due to system constraints instead of being in merit are only reimbursed their operating costs, 

and make no operating profit.   

Operation of the Northern Ireland system presents a particular technical challenge due to the limited 

electrical interconnection into Great Britain and the Republic of Ireland (Figure 2.1).  This limited 

interconnection across the border prevents merit order plant in the Republic of Ireland from satisfying 

demand in Northern Ireland.  Further challenges emerge with the introduction of more variable 

generation; these will be addressed later in this chapter. 
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FIGURE 2.1 - SCHEMATIC OF NORTHERN IRELAND POWER STATIONS AND TRANSMISSION NETWORK, ADAPTED 

FROM KENNEDY (2007) 

By 2016 the SEM will have to evolve its design to conform to an EU wide standard market model 

known as the EU ‘target model’.  The EU Target Model for electricity market integration requires 

national electricity markets of EU Member States to conform to certain minimum criteria across each 

timeframe such that a homogenous set of market rules are in place across Europe.  This legislation 

evolved out of the EU climate and energy package (European Commission 2008), which recognised 

that despite some relatively minor regional integration there is a lack of market integration in the 

European electricity market as a whole.  This lack of integration leads to inefficiency and what has 

been recognised at EU level as ‘sub-optimal use of transmission network capacity’ (O’Caoimh 2011).  

The EU Target Model is requiring the SEM to change its design to comply with these arrangements by 

2016, hence the impacts of these market changes are worthy of consideration in the context of the 

research carried out in this thesis and the implications for 2020 management of wind variability.   

There are a number of important differences between the SEM market and the Target Model: 

 The SEM has ex-post (after trading period) pricing while the Target Model has ex-ante (before 

trading period) pricing. 

 The SEM is not coupled to any other market at the day-ahead stage, whereas the EU Target 

Model is.  
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 The SEM has day ahead gate closure (bids are required at 10:00 the day before the relevant 

trading day), whereas the Target Model has continuous intraday trading up to one hour ahead 

of gate closure. 

The joint SEM regulators (CER and UREGNI) have confirmed that these changes will be complied 

with by 2016 by a ‘top down’ redesign of the market, rather than a ‘bottom up’ approach of adapting 

the existing SEM framework to comply with the rules.  Although the European Target Model assumes 

a market design based upon bilateral trading (as is the case with many European electricity markets), it 

does not impose such a market design.  EirGrid and SONI are of the view that, given the physical and 

technical characteristics of the all island market, central dispatch is an important principle to maintain 

for the re-designed market (TSO remaining in charge of scheduling and dispatch centrally).  The 

alternative is self-dispatch, similar to that of Great Britain, where generators determine their own 

dispatch position and the TSOs only intervene to balance the system in short term.  The regulators 

have given a firm indication that electricity market reform in the SEM will not move away from the 

centralised dispatch and capacity payment approach that is characteristic of its market structure 

(SEMC 2013). 

The electricity market reforms have a number of potential implications for renewable generation 

integration.  Ex-ante (before dispatch) pricing rather than the existing ex-post (after dispatch) pricing 

means that forecast rather than actual measured wind generation will be used to determine costs for 

day-ahead and intra-day stages; this introduces a forecasting error to the system.  Coupling European 

day-ahead markets will allow transmission capacity to be implicitly traded across borders, rather than 

explicitly purchasing interconnector capacity.  Finally, intra-day trading will allow adjustments to be 

made to wind and demand forecasts and allow interconnection be used closer to real time, which 

should help facilitate balancing renewable resource variability. 

2.2.4 DEVELOPMENT OF WIND GENERATION IN NORTHERN IRELAND 

In order to achieve its ambitious 2020 target, SONI project that 1030MW of onshore wind and 

600MW of offshore wind need to be installed by 2020 (EirGrid & SONI 2010).  The status of all wind 

developments in Northern Ireland are summarised in Table 2.3, and their locations plotted 

geographically in Figure 2.2. 

To date, 345MW of wind capacity is installed in Northern Ireland, the bulk of this capacity being 

located in the western counties of Tyrone, Londonderry and Fermanagh.  Including future approved 

and planned projects a total of 1440MW of onshore wind is in the pipeline.  Currently no offshore 

projects are in an advanced stage of planning; however, the current commissioning rate of onshore 

plant suggests that Northern Ireland is on track with its wind targets. 
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TABLE 2.3 - OPERATIONAL, APPROVED AND PLANNED CAPACITIES OF ONSHORE WIND GENERATION ACROSS 

THE SIX COUNTIES OF NORTHERN IRELAND 

  Capacity (MW)i 

County Operational Approved Planned 

Antrim 0.0 0.0 0.0 

Armagh 61.7 49.9 109.1 

Down 0.8 0.0 0.0 

Fermanagh 99.4 0.8 49.8 

Londonderry 43.7 164.7 183.5 

Tyrone 139.1 221.9 315.7 

Totals 344.7 437.3 658.1 

i Source: UK Wind Energy Database (RenewableUK 2011) 

 

FIGURE 2.2 - LOCATION MAP OF OPERATIONAL AND FUTURE WIND GENERATION IN NORTHERN IRELAND, 

ALONG WITH RECORDING MIDAS WEATHER STATIONS 

2.2.5 CONVENTIONAL THERMAL GENERATION IN NORTHERN IRELAND 

This section of the chapter identifies the key types of conventional generation in Northern Ireland and 

discusses their characteristics, summarising the data in Table 2.4.  The table was compiled primarily 

from validated generator data parameters made available by the All Island Project (AIP 2011), but 
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updated to provide more indication about the capabilities of Kilroot and Ballylumford based upon 

discussion with the operators. 

Thermal power plants are normally classified by their prime mover (usually a gas or steam turbine, or 

a combined cycle of both) and their fuel source (e.g. nuclear, fossil fuel, geothermal, biomass).  There 

are basic similarities between many variants of conventional generation and their performance is based 

upon similar characteristics.  However, there are also some important differences that influence their 

operation, efficiency, flexibility and cost.  

TABLE 2.4 - SUMMARY OF CONVENTIONAL GENERATION CAPACITY IN NORTHERN IRELAND 

Location Plant typei Code Units Capacityii

/unit 

Sent out MSGv/unit 

Ballylumford B 

(Owner: AES)  

Steam plant (Natural Gas) B4, B5, B6 3 170 MW 54 MW 

OCGT quad aero 

derivative peaker (LFO) 

BGT1, 

BGT2 

2 58MW 8MW 

Ballylumford C 

(Owner: AES)  

Single shaft CCGT      

(Natural Gas) 

B10 1 101 MW  63 MW 

CCGT/OCGTiii  (Natural 

Gas) 

B31, B32 2(+1) 250 MWiv 113 (68) MW 

Coolkeeragh 

(Owner: ESB) 

Single shaft CCGT      

(Natural Gas) 

CPS 1 404 MW  260 MW 

Kilroot  

(Owner: AES) 

Steam plant (Coal/HFO) K1, K2 2 220/260 

MW 

93/45 MW 

OCGT twin aero 

derivative peaker (LFO) 

KGT1, 

KGT2 

2 29MW 5.4MW 

OCGT frame type peaker 

(LFO) 

KGT3, 

KGT4 

2 42MW 12.8MW 

i.  CCGT = combined cycle gas turbine, OCGT = open cycle gas turbine, LFO = light fuel oil, HFO = heavy fuel oil. 

ii. Capacities given are maximums (actual ratings may vary, as GT capacities are weather dependent). 

iii. Unit able to operate in two modes.  The lower minimum stable generation (MSG) is for OCGT operation. 

iv. Plan consists of two 160 MW gas turbines and a 180 MW heat recovery steam generator (HRSG).  However, 

SONI consider this as two 250 MW units for dispatch purposes (Kubik et al. 2012). 

v. Kilroot has a range of potential MSGs due to its fuel flexibility.  OCGT unit MSG indicative only (OCGTs never 

realistically run at MSG). 

2.2.5.1 STEAM POWER PLANTS 

Kilroot and Ballylumford B power stations are subcritical fossil fuel steam plants; designs based upon 

the thermodynamic Rankine cycle.  In a modern power station a large number of modifications and 

auxiliary systems are required in order to deliver the fuel, maximise the efficiency of the electricity 

generation process and clean up the exhaust emissions.  The exact set up of a power plant depends on 

the nature of the fuel it uses; both in terms of optimisation of design and the equipment required.   
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Kilroot power station is fuelled primarily by pulverised coal.  This requires a stockpile to store the 

coal, a conveyer mechanism to deliver coal to the plant, mills to grind the coal into a fine dust before 

injecting it into the boiler, electrostatic precipitators to remove particulates from the flue gas and a 

facility to dispose of the ash.  This list is by no means exhaustive, but serves to illustrate that although 

the core operation of a steam plant is identical regardless of fuel source, the additional processes to 

facilitate this with a certain type of fuel are complex.  In contrast, Ballylumford B’s units are natural 

gas fired, with a relatively simple pipeline storage and delivery system. 

Kilroot originally ran on oil when it was completed in 1981 but was converted to run flexibly on coal 

and oil in the mid-80s and has operated primarily on coal ever since.  The modification to run flexibly 

on multiple fuels was desirable from a security of supply as well as fuel pricing point of view.  

However, the boiler in a coal-fired power plant has a different optimal size and geometry to that of oil 

or gas fired boiler, so the dual-fuel flexibility comes at the expense of efficiency and operating costs.   

2.2.5.2 OPEN CYCLE GAS TURBINE POWER PLANTS 

Open cycle gas turbine (OCGT) units are maintained at all three major conventional generation sites in 

Northern Ireland; Ballylumford, Coolkeeragh and Kilroot (Table 2.4).  OCGTs operate under the 

Brayton Cycle (Rogers & Mayhew 1992).  

Modern OCGTs can be more efficient than older steam plant, are very reliable and are able to respond 

very quickly to a need for generation, taking only minutes to be brought to full load from an off state 

(i.e. a cold start, where the unit is entirely mechanically shut down but the associated generator 

transformer is energized), and can even be controlled autonomously without anyone manning the plant 

(Bord Gáis 2009).  However, OCGTs generally have high running costs, hence their use in Northern 

Ireland, as well as other markets, is primarily as peaking plant on an electricity system; turning on 

only for short periods to meet spikes in demand.  Furthermore, their performance is influenced by the 

weather, as the ambient temperature and pressure influences their efficiency and output capacity.   

The most flexible gas turbines are based on jet engine designs that can handle load changes even faster 

than industrial OCGT machines (such as the 42MW OCGT at Kilroot) but do this at the expense of 

lost efficiency, with efficiencies lower than 25%.  Such ‘aeroderivative’ gas turbines run on distillate 

light fuel oils (LFOs) and require frequent maintenance per given number of operating hours relative 

to other generation units; hence their operating costs are very high.  LFOs are the most expensive fuel 

used in Northern Ireland, competing unfavourably against natural gas, coal and heavy fuel oil.  The 

advantage of using LFOs is that they are self-contained fuels that do not require preheating before use 

like heavy fuel oils, so they can be started very reliably and quickly, a characteristic desirable of 

peaking plant.  Multiple jet engines can be coupled to the same generator for efficiency.  In Northern 

Ireland, two twin-aero units are installed at Kilroot and two quad-aero units are installed at 

Ballylumford. 
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2.2.5.3 COMBINED CYCLE POWER PLANTS 

Combined cycle gas turbines (CCGT) combine the features of a gas turbine with a steam plant.  Rather 

than rejecting the hot exhaust gases as in an OCGT these are passed into a Heat Recovery Steam 

Generator (HRSG) unit, using the exhaust heat to convert water to steam.  This is used to produce 

further mechanical work in a very similar manner to a conventional steam plant.  A CCGT plant yields 

even higher efficiencies than an OCGT, but at the loss of some operational flexibility.  Most large 

combustion turbines are designed to run on multiple fuels. In general, natural gas is the cheapest and 

least problematic of the various fuels.  This in turn results in the lowest cost and most reliable 

operation.  All the large CCGT and OCGT plant in Northern Ireland is fuelled by natural gas. 

Multiple gas turbines may be coupled to the same steam turbine for efficiency of design; such CCGTs 

are described as +1 units, so, for example, two gas turbine units and one steam turbine are referred to 

as a 2+1 CCGT.  Around two thirds of the power from a CCGT comes from the gas turbine and a third 

from the HRSG (Starr 2007).  There is one such nominal 500MW 2+1 unit in Northern Ireland, at 

Ballylumford (Table 2.4).  The system operator considers this as two 250MW units for dispatch on the 

basis that a 500MW unit is too large for the Northern Ireland market, which effectively splits the 

HRSG unit in half.  This means that, for example, one unit can be ordered to dispatch at full output, 

and one minimum load, even though it would be more efficient to run both units at half load. 

Certain forms of CCGT couple the steam turbines to the same shaft as the gas turbines, hence only one 

alternator is required for electricity generation.  This is more efficient but less flexible than the 

alternative of having an alternator for each gas or steam turbine set.  Two single shaft CCGT units are 

part of the Northern Ireland generation mix; a large 400MW unit at Coolkeeragh and a smaller 

100MW unit at Ballylumford.   

2.3 REVIEW OF THERMAL PLANT OPERATING PRACTICE 

A review of thermal plant operating practice was carried out as a preliminary stage for work into 

modelling the impact of new variable generation on existing plant in Chapters 6 and 7. This research 

stage entailed an extensive review of plant operating procedures and industry guidelines, together with 

focussed discussions with a range of industry experts.  Industry experts include representation from 

commercial, operational and managerial backgrounds in conventional generation.  AES, a significant 

conventional generation stakeholder in Northern Ireland, was an important contributor. This review 

has revealed a number of significant issues that are not currently evident in academic literature and 

policy debate. 

The impacts of variability on the scheduling, operation and finance on conventional generation will 

now be introduced, along with the opportunities for existing thermal plant to contribute to resolving 

these challenges. 
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2.3.1 THE IMPACTS OF WIND VARIABILITY 

There are numerous impacts of significant levels of variable generation, but much past analysis 

concentrates on two aspects; the issue of day-to-day balancing of supply and demand, and the longer 

term planning of sufficient capacity from the right mix of plant (Gross et al. 2007).  Much topical 

work has gone into understanding the characteristics of variable resources, particularly wind, but 

broadly this has focused on lower penetrations (< 20% levels) of wind specifically and very few 

studies look particularly at the impact on conventional generators (Kubik et al. 2010).  Further issues 

are the occurrence of low probability high swings in renewable generation output that may require 

conventional plant to operate outside their usual operational characteristics. 

2.3.1.1 MERIT ORDER IMPACT 

The issue of security constraints due to a lack of interconnection between Northern Ireland and the 

Republic of Ireland was introduced in Section 2.2.3.  These constraints require out of merit generators 

in Northern Ireland to run ‘constrained on’, i.e. to generate in preference to more cost effective merit 

order plant elsewhere on the Irish system.   

The introduction of greater installed capacities of wind has a further impact on plant merit order, as 

illustrated in Figure 2.3.  Wind is a near zero operating cost generation technology, and therefore takes 

highest merit order priority.  Increasing levels of wind capacity as illustrated from case (a) to (b) 

pushes existing conventional plant further down the merit order.  For a constant system demand, this 

reduces the system marginal price (SMP) for the constrained schedule, meaning merit order generators 

make smaller profits on the electricity they produce. It also pushes marginal conventional generators 

off the merit order schedule (hatch-marked in Figure 2.3), which in the All Island Market has the 

implication that they cease to make profits from operating, and have to remain viable on their capacity 

payment alone.   

The trend of growing wind generation will push many conventional generators out of merit, yet these 

will still be required to run for the essential provision of ancillary services required to support the 

system and balance wind generation, as discussed in Section 2.2.1.  Although the intention of SMP is 

to drive down system costs through free market competition, it can create an unattractive proposition 

for existing generators to continue to invest in the conventional generation plant in Northern Ireland.  

The problem becomes more serious as more wind is integrated and the implication is a reduced 

economic value of the existing generation assets in Northern Ireland.  If conventional generation plant 

becomes unprofitable to operate in a wind led regime, there will be serious challenges to dealing with 

wind variability in Northern Ireland, as generators will move their business elsewhere. 
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FIGURE 2.3 - VISUALISATION OF PLANT RANKED BY MERIT ORDER, SHOWING HOW INCREASING WIND ON A 

SYSTEM FROM (A) TO (B) REDUCES SYSTEM MARGINAL PRICE AND PUSHES CONVENTIONAL PLANT OFF THE 

UNCONSTRAINED SCHEDULE 

2.3.1.2 WIND CURTAILMENT 

With a growing proportion of wind generation capacity, periods where wind generation exceeds 

system capacity to accommodate it all become more frequent.  If methods of demand matching, 

storing or exporting this energy are not available (as is currently the case in Northern Ireland) wind 

will have to be curtailed.  This situation is undesirable for wind farm operators, whose operating 

profits depend on generating, and do not receive Renewable Obligation certificates for curtailed 

generation. It is also undesirable politically, from the perspective of reaching the 40% renewable 

target, as an effectively zero operating cost renewable technology has to be held back to allow fossil 

fuel burning dispatchable conventional generation to operate. 

Due to its weak interconnection into other transmission systems, the System Operator for Northern 

Ireland (SONI) has a three unit rule for system security purposes (see Section 2.2.3).  At any one time, 

three conventional generator units must be kept running so that if one were to suffer an unplanned 

outage the other two could ramp up their production to meet the system demand.  As power plants 

have a minimum stable generation level (MSG) below which they cannot be synchronised with the 

grid (see Table 2.4), an increased level of wind generation presents a challenge in keeping enough 

generators online to meet this requirement.   

2.3.1.3 INCREASING VOLATILITY 

With a greater installed capacity in wind generation, the historically controllable supply of generation 

will become more volatile, with larger swings in generation output.  Increasing wind variability will 

require greater flexibility from conventional plant to ensure a continued balance of supply matched 

with demand, with impact on its operation.  In Northern Ireland, this is a particularly challenging 

proposition given the aging and diminishing mix of generation and asks questions of the suitability of 

the conventional plant mix. 
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A particular system operator concern is the occurrence of low probability, high swings in renewable 

generation that exceed the operational characteristics of conventional plant, requiring costly, fast 

acting peaking plant to respond to a sudden drop in wind power.  The frequency and limits of such 

events are not thoroughly investigated in the literature, and there is a missing link to tie this into the 

physical stability of a system using primarily conventional generation.   

2.3.1.4 MAINTENANCE IMPACT 

Traditionally, generator maintenance scheduling has been driven by system demand.  Capacity and 

allowable outages are planned such that most power plant maintenance is scheduled during the 

summer months, where expected system demand is at its lowest.  This has to be coordinated with both 

the system operator and other generators to ensure there is always adequate capacity to meet system 

demand. 

However, as wind forms a significant contribution to the energy mix, the swings in wind output are 

likely to become the dominant driver dictating when conventional generation will be asked to run.  

This is problematic for conventional generators, as although demand patterns are relatively predictable 

into the future, wind can only be accurately forecast in the short term.  Conventional generators try to 

time their planned outages for maintenance to minimise the impact to their revenue (planning 

downtime for when they are not likely to be called upon to run) and this is much harder to achieve in a 

wind led regime.  Typically, maintenance is at the timescale of weeks to months; a more complete 

discussion of maintenance requirements is given in Volume G of Modern Power Station Practice (BSI 

1991b). 

2.3.1.5 OPERATIONAL IMPACT 

In the future, conventional generation will have to operate more flexibly to facilitate variable 

renewable generation. However, running plant more flexibly typically reduces efficiency (a power 

plant tends to achieve its best efficiency at or near its capacity output, traditionally described as 

baseload generation), increases operating costs and increases emissions per unit of electricity 

generated.  In the past, conventional steam generators and CCGT plants were generally designed to 

operate as baseload for the system, providing a predictable and continuous output of power, while 

OCGT units provided the flexibility of dealing with peak loads.  Having to frequently ramp up and 

down generation to balance out fluctuations in wind generation will increase wear on units, shorten 

their lifespans and increase the costs of maintenance (Gostling 2002).  This also places a different 

emphasis on which characteristics are important in a generator.   

For AES Kilroot and Ballylumford’s gas turbines the maintenance procedures credit each hour of 

start-up and shut-down operation with the equivalent of 1.5 hours of normal operation. The outage 

periods for the steam turbines are driven by the Pressure Systems Safety Regulations 2000 rather 
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than by hours and starts. These regulations stipulate that the plant should be inspected every 38 

months (which can be extended by 9 months in particular circumstances).  However, the 

recommended inspection period for certain components can be a combination of starts and hours. Starr 

(2007) conservatively suggests that the rule of thumb is that each start up and shut down could be 

equivalent to about 20 hours of normal operation.  The root cause of the damage is the temperature 

gradients that develop and change as the components heat up to normal operating conditions.  These 

differential expansions within the power plant lead to premature failure though creep (slow permanent 

material deformation under the influence of stresses) and fatigue (Gostling 2002).  As a result, more 

maintenance is required to keep flexibly operating plant safe and operational, which, as already 

mentioned in Section 2.3.1.3, becomes a more challenging activity in a wind-led rather than demand-

led energy system.   

Two-shifting and rapid load cycling both lead to high temperature gradients and thermal cycling; two 

factors that are main drivers of plant damage.  Gostling (2002) identifies that the principle cost factors 

of these flexible operation characteristics (relative to baseload operation) are: 

 

 Increased capital spending for component replacement 

 Increased routine O&M cost from higher wear and tear 

 Lower availability due to increase in failure rate and increased outage time 

 Increased fuel cost from reduced efficiency and non-optimum heat rate 

2.3.2 OPPORTUNITIES FOR MORE FLEXIBLE OPERATION 

Having identified the main impacts of variability on conventional generation, this thesis now sets out 

proposals for changes to plant operation that may help existing thermal plant in Northern Ireland 

facilitate the integration of large amounts of variable wind. 

2.3.2.1 PLANT TURN DOWN 

Plant with a large turndown (able to operate at a minimum stable generation that is a low percentage of 

its rated capacity) becomes desirable in a variable wind led regime, and plant start-up characteristics 

from cold, warm and hot states also become important.  These start states depend on how long it has 

been since a unit was last synchronised to the grid, hence there are different start up profiles.  The rate 

of start-up has to be limited due to a number of factors, but a significant limitation is differential 

expansion rates in the steam turbine between the stator and rotor; the rotor heats up and expands much 

faster than the stator because it is physically a much smaller mass of metal. This compromises the fine 

moving tolerances that are used to attain efficiency improvements.  Power plants have different time 

allowances to come online, depending on both their technological configuration and how long they 

have been off for.  From a cold (completely off) state, a generator takes much longer to bring up to a 
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suitable temperature than for a warm or hot start, where a certain amount of thermal mass is retained 

in the turbine.   

Fuel diversity of generation has a role to play in mitigating fuel price volatility, but fuel selection also 

has significant implications for plant flexibility. For example, Kilroot power station (Table 2.4) was 

converted in the 1980s to operate on coal or oil.  Running on fuel oil is more expensive, but allows a 

minimum stable generation of down to 45MW per unit rather than 93MW with coal, as oil burns in a 

much more stable manner than coal.  This may be of increasing value as the system operator has to 

free up capacity for more wind on the system.   

Market arrangements can, however, present a challenge for fuel selection. At present, the market rules 

require strictly monotonically increasing price bids, so the operators at Kilroot are not permitted to 

start operating on oil (at higher cost) and switch to coal when the 93MW threshold has been reached.  

Blending coal can also produce a fuel with properties that are suited to burning stably at a lower load. 

Little can be done to improve turndown on gas turbines, but modifications can be made on steam 

plant.  For example, turndown can be improved by redesigning the boiler to burn at a lower minimum 

stable generation, adapting the plant to operate on different fuels or different fuel blends more suited 

to burn at lower loads, and fitting variable controls on auxiliary systems to reduce gross power 

consumption of the plant at lower loads.  These opportunities are discussed in more detail in Sections 

2.3.2.4 and 2.3.2.5. 

2.3.2.2 PLANT RAMP RATES 

In order to respond to large changes in wind generation output over short timescales, power plants 

need to be able to increase or decrease their output.  This is normally thought of in terms of ‘ramp 

rate’.  The ramping characteristics of conventional generation are dependent on the specific design of 

the unit, but characteristically gas turbines are able to increase or decreased their output faster than 

slower, more inertia heavy steam units.  However, units with larger turn downs (Section 2.3.2.1) may 

also be valuable for dealing with variability over longer timescales as steam units tend to have larger 

turn down than gas units.  There is a need to understand which of these characteristics is more 

important when interacting with the behaviour of renewable resource variability. 

As with plant turn down, fuel diversity has potential implications for plant flexibility.  As a fuel 

source, heavy fuel oil is much more readily controllable to burn than coal and hence could improve the 

ramp rate of Kilroot power station.  This may have value in reacting to large changes in wind 

generation output. 
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2.3.2.3 TWO-SHIFTING 

Operational two-shifting, where a unit operates cyclically on a two eight-hour shift on, one eight-hour 

shift off principle, may become of greater value at certain times of year with a wind generation led 

regime, as this keeps generators in a hot state that they can be quickly brought online from.  Though 

this operational practice is not a new idea and predates any significant renewable technology 

developments (BSI 1991b), it has been historically used to prolong the useful life of aging baseload 

plant as it becomes replaced by lower cost generation.  The action of two shifting is however 

extremely damaging to equipment as discussed in Section 2.3.1.5. The maintenance schedule of a unit 

is planned based on the number of start-ups and shut downs it is anticipated to cycle through.  

Ballylumford’s relatively modern (2003 construction) 2+1 CCGT is already being two shifted, and the 

unit operators indicate these shifts are already operationally dependent more on wind generation than 

the time of day. 

2.3.2.4 AUXILIARY SYSTEM MANAGEMENT 

Conventional generators consume a large amount of their own power to run auxiliary systems.  At 

Kilroot power station for example, around 10% of the energy generated is consumed by on site plant 

auxiliaries at full output, and this percentage rises further at lower loads to as much as 25% of all 

electricity generated, as illustrated in Figure 2.4. 

The hierarchy of auxiliary plant energy consumption is design dependent, but typically the largest 

consumers are the induced and forced draft fans for the boiler, the cooling water pumps, the boiler 

feed pumps and the booster pumps.  The mills and flue gas desulphurisation (FGD) pumps for post 

combustion cleanup can also be large contributors.   All the above auxiliaries typically consume in the 

region of 0.5-2MW, which quickly become significant when aggregated.  There are also a number of 

other components with smaller but still significant energy consumption including primary air and 

exhauster fans, gas recirculating fans, boiler circulation pumps and conveyer systems. 

As these do not all need to be operational all of the time, there is scope for smarter control of this load 

as an ancillary service to help balance supply and demand. Similarly, the same work output for this 

equipment is not required at full load as it is for minimum stable generation, and for an additional 

capital cost reductions to demand can be made by installing variable frequency drives for fans and 

pumps. 
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FIGURE 2.4 - HOW AUXILIARY EQUIPMENT LOSSES CHANGE WITH GENERATION FUEL FLEXIBILITY 

2.3.2.5 CCGT/OCGT FLEXIBILITY 

Ballylumford’s 2+1 CCGT plant (Table 2.4) has been designed to operate flexibly as an OCGT by 

isolating its HRSG units.  This is something that CCGT plants are not normally designed to do.  

Although this OCGT/CCGT flexibility is rarely used in the current market schedule, it may be of 

future value and interest especially given the limitations of operating CCGTs as flexibly as OCGTs.  

Though there would be a loss of efficiency in running in this mode, the fast response and improved 

reliability may be of value to the system. 

2.4 DISCUSSION 

So far, the impacts of variability and the opportunities for more flexible operation have been discussed 

against the background of the Northern Ireland electricity market.  This section combines the areas 

reviewed and identifies areas of research that this thesis will undertake, wider research needs that will 

not be directly addressed, and important implications for policy and planning. 

2.4.1 RESEARCH NEEDS 

A number of generating plant characteristics have been identified as increasingly important with rising 

penetrations of wind generation. In order to better cope with managing variability at a system level, 

conventional plant will need to change their operating regimes to improve commercial viability.  

Opportunities for flexible operation of thermal plant to support increased renewables exist, but more 

research into these is required.  With its challenging targets and limited interconnection, Northern 

Ireland is set to serve as a proving ground for other countries seeking to exploit high penetrations of 
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renewable energy. The lessons learnt in adapting the operation of conventional plant to facilitate a 

variable resource led regime will have future applicability to other countries, as other electricity 

markets begin to approach similar levels of renewable penetration.   

The focus of this chapter has been on conventional generation, the impacts of variability, and the 

opportunities for dealing with this.  Two important research topics were identified: a need to 

investigate the impacts of wind curtailment; and to identify the extremes in variability of wind 

generation.  These were mapped against the potential for reducing minimum stable generation to deal 

with excess wind generation, and to identify whether the system has sufficient generation flexibility to 

deal with the variability of generation in 2020.  The state of the art literature into these research areas 

are further covered in Chapters 6 and 7 of this thesis where these research themes are continued.   

In addition to the themes carried forward in this thesis, the impacts of variability discussed here have 

identified a number of other research needs that will not be given further consideration in this thesis, 

approaching the same problem from an economic, systemic or political perspective.  A study of the 

economic merit of the technical solutions will be required, considering the value of the potential 

modifications to the system operator, and outlining proposals as to how market participants can be 

encouraged to make them.  The minimum stable generation challenge would also benefit from an all 

island transmission network study to validate whether changes to the local Northern Ireland 

constraints are possible, or whether losing this conventional generation on the system at all times will 

degrade the quality of electricity supply to an unacceptable level.  Finally, some concerns have also 

been identified with the current market framework and scheduling system that it would be timely to 

review. 

2.4.2 POLICY AND PLANNING IMPLICATIONS 

The geographic location of Northern Ireland and its limited interconnection into the Republic of 

Ireland mean that it has some significant transmission constraints despite being part of the Irish Single 

Electricity Market.  Given the timescales inherent in introducing longer-term solutions to renewable 

resource variability (Table 2.1), reliable operation of the Northern Ireland electricity market will be 

dependent on conventional generation for some time to come, and certainly during the 2020 timeframe 

to which the government targets are working. 

Under the current market framework, reduced economic opportunities for conventional plant as higher 

levels of wind are introduced will lead to a reduction in commercial operating life.  The requirement of 

conventional generation to run more flexibly as wind generation displaces it on the merit order 

schedule will increase running costs, downtime for maintenance and shorten plant life.  Under these 

conditions, the generator has to survive as a viable business on capacity payment alone.  If this issue is 

not addressed, the conventional generators in Northern Ireland have a disincentive to invest in life 
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extensions, and the system may lose conventional generation capacity during a critical time in its 

evolution. 

The current three-unit security constraint is expected to lead to increasing curtailment of wind 

generation as the capacity of wind generation grows. Under the current market framework, wind 

generators will not be paid if their generation needs to be curtailed (SEM 2009), and this introduces an 

investment risk. Quantifying the extent of this curtailment, and proposing solutions to reduce it are 

therefore an important aspect of work carried out in this thesis (Chapter 6).  Similarly, questions about 

the adequacy of the existing conventional generation mix to respond to the variability of wind 

generation have been raised and are worthy of further investigation.  Addressing these issues allows 

recommendations of how to accommodate high levels of renewables to be made (Chapter 7).  

Some of the benefits of improving the market scheduling software have been proposed.  The market 

and regulatory issues associated with any recommendations made in Chapters 6 and 7 will be revisited 

in Chapter 8. 

2.5 CONCLUSIONS 

This chapter introduced the electricity system in the context of its policy goals, its market framework, 

physical assets and the development of renewables.    Northern Ireland appears to be on track with its 

wind targets, while its mix of conventional plant will shrink.  Flexible operation of existing thermal 

generation will be essential for Northern Ireland to achieve its 2020 target renewable penetration of 

40%. Most of this generation is expected to come from wind power, a variable source of energy of 

which Ireland has a plentiful resource. Longer-term solutions have been proposed to manage 

variability, but are not feasible for this timescale.  Reliable operation of the electricity market will be 

dependent on conventional generation for some time to come.   

Challenges to the operation, reliability and commercial viability of the existing generation have been 

identified. The requirement of conventional generation to run more flexibly as wind generation 

displaces it on the merit order schedule can increase running costs and downtime for maintenance as 

well as shorten plant life.  These challenges are of direct concern to plant operators and industry 

experts, but are not widely reflected in the current variability literature and policy discourse.  Reduced 

economic opportunities for conventional plant will lead to a reduction in commercial operating life.  If 

this issue is not addressed, thermal generators have a disincentive to invest in life extensions, and the 

system may lose generation capacity during a critical time in its evolution. 

Opportunities to enhance the flexible generation of the existing thermal plant have been identified. In 

some cases, these represent straightforward changes in operating practice, whereas others require 

significant investment in generating plant or are commercially challenging in the current market 
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framework. These include modifying plant to improve turndown, fuel switching and auxiliary system 

management. 

Open questions have been noted that would benefit from closer attention by the wider research 

community that will not be addressed in this thesis.  However, two important areas of concern 

identified were the issue of minimum stable generation, which may require wind to be curtailed in the 

future to balance load, and the variability of wind generation requiring plant to respond more flexibly.  

The later chapters in this thesis will investigate these issues.  A framework for investigating the 

adequacy of the existing system is established (Chapter 3) and the most current literature in these areas 

is set out.  The potential and benefit of reducing minimum stable generation and increasing plant 

response rate is then quantified (Chapters 6 and 7), and the market and regulatory issues that need to 

be addressed to achieve these recommendations are revisited in Chapter 8.  
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3 APPROACH TO THE ANALYSIS OF NORTHERN IRELAND 

“If you don't know where you are going, you might wind up someplace else.” 

                                                                    ~ Yogi Berra 

3.1 INTRODUCTION 

The previous chapter examined the operational challenges surrounding running various forms of 

conventional generation in a system with high input from variable renewables.  Two particularly 

important issues were identified: excess wind generation events that will lead to wind curtailment to 

balance the system, and infrequent large swings in wind generation that conventional plant may not be 

able to respond to.  Potential modifications that could be made to conventional plant to address these 

issues were then introduced. 

This chapter presents an overview of the research carried out in chapters 4 to 8; why they are 

necessary and how they are linked.  An overview of the existing modelling and analysis tools used to 

investigate power systems is given and used to identify how this thesis fits into the existing research 

space.  A research framework is established, identifying the variables that will be considered and how 

these will be modelled in the later chapters.   

3.2 OVERVIEW OF RESEARCH WORK 

A high level overview of the thesis structure was presented in Section 1.4.  Now that Chapter 2 has 

identified some of the system challenges that thesis will investigate, this structure is revisited in this 

section with more focus on the core research chapters, explaining how the topics interact. 

In order to investigate the impacts of wind generation, it is first necessary to be able to represent it.  To 

represent the future installed capacities of wind generation some form of simulation is inevitably 

required, as existing generation data is of limited availability and present day installed wind capacities 

are much lower than they are planned to be in 2020.  There are a number of approaches that can be 

employed to simulate wind generation, but one of the more established engineering techniques is to 

use surface station wind speed records as a proxy for simulating wind generation.  This has the 

advantage of being deterministic and directly linked to historic observations, unlike stochastically 

based simulations.  However, these approaches make simplifying assumptions in the literature, 

particularly in the way hub height wind speeds are estimated using a single annual average wind shear 

coefficient (which in reality follows a diurnal pattern).  Chapter 4 evaluates the accuracy of this 

approach and shows that whilst it is good for representing the energy production over the year, it is 

poorer at accurately representing any given hour of generation.  Furthermore, mast data has more 

quality concerns as sites are often inappropriately located for representing realistic wind farm 

locations, logging errors are not uncommon, recording equipment can change and long term records 
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are rare.  Alternatives to using a single annual average wind shear value were investigated, but it was 

found that of the possibilities considered, the best approximation of wind generation data was 

produced using this approach. 

Following the identification of the limitations of simulating wind generation using meteorological 

surface station data, Chapter 5 builds upon this work by investigating a particular avenue of 

improvement: whether global reanalysis, a long term dataset based upon data assimilation techniques 

from satellite weather modelling, could improve on the surface station based simulation approach.  

Reanalysis offers a number of advantages over point mast data, as it is able to produce continuous, 

complete and long term wind speed time series at a specifiable (gridded) location and at multiple 

heights.  Whilst the study found that reanalysis did not appear to capture the diurnal variation of wind 

shear coefficient as was hoped, it did demonstrate an improvement on the mast based simulation 

approach, and offer a far more robust data set for investigating the impact of wind generation on 

conventional generation. 

In Chapter 6, the reanalysis based simulation is used as an input alongside demand data and other 

parameters such as interconnector flows and power plant characteristics, which will be introduced later 

in Chapter 3.  A model then determines how much wind curtailment would be required in Northern 

Ireland under business as usual conditions, and quantifies the impact that potential changes to 

generator unit dispatch would have in reducing the need for curtailment.   

In Chapter 7, the wind simulation is investigated from a statistical standpoint, utilising the long the 32 

year reanalysis based simulation of wind generation to identify how frequently extreme swings in 

wind generation are anticipated at different timescales, and maps this against the technical capabilities 

of the plant in Northern Ireland to ramp up and down under the same set of generator scenarios 

considered in Chapter 6.  This test of physical system robustness allows a strategy that considers both 

the curtailment and variability aspects of wind generation to be recommended.  

Finally, Chapter 8 critically evaluates the research approach and the assumptions made in the thesis 

and identifies areas of future work.  The regulatory and market issues introduced by the recommended 

strategic changes of Chapters 6 and 7 are discussed and the implications for other electricity markets 

are identified. 

3.3 EXISTING ENERGY MODELLING TOOLS 

Two prevailing types of renewable resource modelling are recognised in the literature by Deane et al. 

(2012): energy systems models and power systems models.  While both address the modelling of 

complex systems, they are fundamentally different in their focus and application.  This distinction is 

useful, but not universally accepted in the literature, as there is some overlap between the capabilities 
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of various energy modelling tools.  Connolly et al. (2010) divides energy tools into six types that 

include power systems models that appear to be congruent with Deane’s definition under the category 

of ‘simulation tools’. 

Energy systems models are designed to carry out high level techno-economic modelling of whole 

energy systems (including electricity, transport and heat sectors), often up to 2050 as this is a seen a 

key year for many countries’ long term carbon reduction goals.  They are used to inform long term 

investment decisions and policy.  A large range of dedicated energy systems models exist (Connolly et 

al. 2010), including commercial packages such as the widely used MARKAL/TIMES model 

(Goldstein & Tosata 2008), as well as freely available tools such as EnergyPLAN and WASP, both of 

which have been used to inform the Irish SEM’s development (Connolly et al. 2011; Connolly et al. 

2012; Meibom et al. 2007). 

Power systems models are designed to look at specific system challenges of integrating variable 

renewable energy on the electricity (and sometimes gas) network, but do not consider the rest of the 

energy system.  Specific challenges include optimising the dispatch of a generation mix (unit-

commitment or unit-dispatch models) looked at using tools such as REFlex (e.g. Denholm & Hand 

2011), WILMAR (Riso National Laboratory 2012), ZEPHYR (Pöyry 2009) or PLEXOS, which is a 

stochastic Markov-chain based approach used in the Irish SEM for shorter term planning (AIP 2011).  

Because of the exclusive focus on electricity generation within power systems models, these models 

tend to be at a higher resolution than an energy systems model, which have to handle a much broader 

range of problems and sub-systems (Deane et al. 2012).   

Typically a power systems model operates on an hourly down to 5-min resolution whilst energy 

systems models may have a limited number of temporally-independent time slices, which places 

energy system models at a disadvantage when looking at power systems with levels of fluctuating 

renewable energy.  The benefit of higher resolution within power systems and energy systems 

modelling has been recognized where it was shown that optimal investment decisions derived from 

models can vary significantly depending on the time slice selection used.  

A notable cluster of research approaches which might be considered a subcategory of power systems 

models are studies that focus on answering specific power systems challenges in the analytical space.  

These approaches focus on similar challenges to power systems models, but place a greater emphasis 

on the analytical element of research.  Examples include studies that compare the spatial/temporal 

alignment of wind generation to demand (Sinden 2007; Tarroja et al. 2011; Milborrow 2009) or that 

examine the economics of renewables using a blend of modelling and analysis (ILEX & Strbac 2002; 

Dale et al. 2004).  The research framework outlined in the next section of this chapter is aligned most 

closely with this latter set of approaches, with a blend of analytical work focused around the 
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variability of the wind resource and power system modelling work to investigate curtailment and ramp 

rate impacts on the Northern Ireland system.  The underlying modelling of the power system is a 

straightforward interaction of the parameters and inputs that represent the system; the value of this 

thesis is in the depth of knowledge and operational insight that goes into defining these parameters and 

inputs, and understanding the implications of the model outputs. 

3.4 RESEARCH FRAMEWORK 

3.4.1 MODELLING APPROACH 

An electricity system is a complex entity, with many interacting behaviours, stakeholders and 

components.  Any solution to the variability challenge has to be technically workable, economically 

viable and politically tenable.  This thesis develops a technical representation of the Northern Ireland 

system from first principles, limiting the input variables to those most relevant to the wind variability 

challenge and informing their selection by anticipated infrastructure and regulatory changes based 

upon current government policy.  A spatial and temporal description of these variables and how they 

are treated in this thesis is given in Section 3.4.2. 

Although it shares common market arrangements with the Republic of Ireland for electricity trading 

purposes (Section 2.2.3), the two systems are separately operated from a technical perspective by 

SONI and EirGrid.  Hence Northern Ireland is represented in this thesis as a semi-isolated system.   

Within this system (Figure 3.1) the variables considered are system demand (D), onshore (WON) and 

offshore (WOFF) wind inputs and selection of key power plant characteristics, including minimum 

stable generation (GMSG), maximum generation (GMAX), and ramp up and down rates (Ru and RD).  The 

interaction of the system with neighbouring electricity networks is represented by allowing bi-

directional electricity flows to cross the system boundaries via the Moyle interconnector (IM), which 

transfers electricity via an underwater high voltage direct current (HVDC) line into the Great Britain 

transmission system, and the tieline between Northern Ireland and the Republic of Ireland: the north-

south interconnector (INS).   
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FIGURE 3.1 - SUPPLY, DEMAND AND INTERCONNECTION MODEL VARIABLES FOR REPRESENTING THE 

NORTHERN IRELAND ELECTRICITY SYSTEM 

Figure 3.2 illustrates the model approach taken to investigate the impact of wind variability using 

these variables.  The modelling process is primarily scenario driven, using both historic and simulated 

2020 input data to inform how renewable resource variability impacts will change.  The simulation of 

onshore and offshore wind is a vital component, as the nature of this wind profile affects both the 

determination of wind curtailment and the swings in wind generation, which is why it is given direct 

attention in Chapters 4 and 5 of this thesis. 

There are two analytical aspects to this framework; one concerned with the curtailment required to 

balance supply and demand, and the second with the ramping of wind generation mapped against the 

ability of conventional plant to change their output.  As the emphasis of the modelling aspect of 

interest is different in Chapters 6 (looking at curtailment and minimum stable generation) and 7 

(looking at swings in wind generation and plant flexibility) the details of the analytical elements of this 

framework, such as how costs and emissions are determined, are discussed in these respective 

chapters’ method sections.  The results of the analyses of both chapters are then synthesised in Chapter 

8 before final conclusions are recommended in Chapter 9. 
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Input parameters*

Wind variability analysis

(Chapter 7)

Determine probability distribution of wind 

swings at different timescales.

Wt = Woff +Won

Compare dWt/dt against Ru and Rd.

Curtailment analysis

(Chapter 6)

For each time step, balance generation:

Gb = D – Won – Woff – Ins – Im – Gmsg

Then curtailment requirement:

If (Gb < 0), Then Gc = |Gb|  
Else Gc = 0

Investigate modifications and relative 

benefits for scenario

Onshore wind

time series Won

(Chapters 4 and 5)

Demand

time series D

Offshore wind

time series Woff 

(Chapters 4 and 5)

Calculate 

costs

Calculate

emissions

Plant mix scenario 

(GU characteristics 

Gmsg, Gmax, Ru, Rd)

Quantify 

events

Quantify 

curtailment Calculate costs

North-South 

Interconnector Ins

Moyle 

Interconnector Im

Results synthesis and further 

discussion

(Chapter 8)

Conclusions

(Chapter 9)

Investigate modifications and 

relative benefits for scenario

 

*Blue dashed line indicates model input parameters that are used in the analysis of chapter 6 only.  Red dotted line indicates 

model inputs used in both chapters 6 and 7. 

FIGURE 3.2 - MODELLING APPROACH TO WIND CURTAILMENT AND RAMPING ANALYSIS  
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3.4.2 TREATMENT OF INPUTS 

In this section details of how the individual model inputs arrived at in the previous section were 

treated in the analysis and modelling work. 

 

FIGURE 3.3 - GEOGRAPHICAL MAP OF NORTHERN IRELAND INDICATING LOCATION AND CAPACITY OF 

CONVENTIONAL GENERATION, INTERCONNECTORS AND WIND GENERATION  

3.4.2.1 WIND GENERATION 

A combination of historic aggregated wind generation data from a number of sources was used for 

wind resource investigation, including SONI (using half hourly historic Northern Ireland generation 

2008-2011), high resolution aggregated 5-min generation from Great Britain as well as site specific 

surface station observations and a number of individual wind farms.   

For the simulation of the 1030MW of onshore and 600MW of offshore wind generation (Figure 3.3)  

that SONI and EirGrid (2010) anticipate for 2020, a deterministic simulation approach based on 

historic meteorological data was chosen, rather than a stochastic approach, so that the generation 

profile had a firm grounding in historic weather patterns.  Wind turbine characteristics (power curve, 

hub height, capacity factor) were determined based upon similar information about the projects under 
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planning for onshore and offshore.  It was assumed that all necessary transmission grid improvements 

to allow this wind generation to connect would be completed by 2020. 

The details of this approach are given in Chapter 4 and improvements are investigated in Chapter 5, so 

will not be repeated in detail here.  Assumptions regarding 2020 levels of installed wind, weighting of 

the sites, turbine heights and assumed power curve characteristics are given in Appendix B. 

3.4.2.2 DEMAND 

Demand is an input that requires simulation in order to assess 2020 generation levels.  Nine years of 

historical demand data for Northern Ireland (half hourly for 2002-2010) were obtained from SONI and 

analysed.  Demand experienced steady growth during this time, until 2009, where demand dipped due 

to an economic recession. Unlike historical wind generation, which shows considerable variability in 

the pattern of generation, demand has a much more consistent and predictable profile, as illustrated in 

Figure 3.4.  A uniform growth of demand was applied to 2009 data, based upon EirGrid and SONI 

(2010) yearly demand growth forecasts up until 2020.   

The same wind and demand year were chosen to preserve any coupling effect between the wind and 

demand simulated for the curtailment work in Chapter 6.  The 2009 demand profile was selected over 

2010 because the wind generation was representative of the long term average (whereas 2010 was an 

outlier – this is demonstrated in Figure 7.5).   

 

FIGURE 3.4 - 3D VISUALISATION OF ELECTRICITY DEMAND IN NORTHERN IRELAND FOR 2009 
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3.4.2.3 INTERCONNECTORS 

At present there are two interconnectors in Northern Ireland (as shown in Figure 3.3), and these are 

operated very differently.  This is illustrated in a side by side comparison of interconnector flows for 

the Moyle interconnector against the Tandragee-Louth tieline (the existing north to south 

interconnector) in Figure 3.5.   

(a) MOYLE INTERCONNECTOR (b) NORTH-SOUTH TIELINE 

   

FIGURE 3.5 - COMPARISON OF MOYLE AND NORTH-SOUTH INTERCONNECTOR FLOWS IN MW (POSITIVE 

INDICATING IMPORT) IN 2010 FOR NORTHERN IRELAND 

The Moyle interconnector into Great Britain is a HVDC line of nominally 500MW, although 

transmission constraints on both sides of the link prevent this full capacity being utilised (a maximum 

import of 450MW and export of 295MW are enforced).   It is commercially operated, meaning that 

market participants bid to use capacity, and the system operator has little control over the size or 

direction of the flows it produces.  As shown in Figure 3.5(a), the interconnector is well utilised, 

historically operating strongly as an importer of cheap nuclear energy from Scotland into Northern 

Ireland.  It has not historically been used to export electricity, although this capability may be 

important during times of excess wind generation.  The Moyle interconnector has some outages in 

recent years (Utility Week 2012) which are serious concerns for the system’s capability of dealing 

with increased wind variability.  EirGrid and SONI (2012b) describe a prolonged major outage of the 

interconnector as “onerous”. 

The interconnection between the north and south of Ireland is controlled directly by SONI and 

EirGrid, and is responsive to balance the generation in the north and south, hence it has a much more 

flexible pattern of dispatch, as shown in Figure 3.5(b).  By 2020 the existing north-south 

interconnection is expected to be strengthened by the construction of a new 400kV tieline between 

Tyrone and Cavan (EirGrid & SONI 2010). The recent construction of a further 500MW of 

interconnection between the Republic of Ireland and Great Britain (the East-West Interconnector, or 
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EWIC) is expected to allow this generation to be exported into the rest of the European electricity 

market.   

Interconnector flows are thus a complex parameter to simulate, as their dispatch is influenced by 

fluctuating market prices.  A particular challenge of the interconnectors is that they can trip or be 

offline for maintenance during windy periods, and developing a market based simulation that predicts 

flows would not represent this characteristically technical challenge.  There is also uncertainty 

regarding the planned additional Tyrone-Cavan tieline.  A new substation at Turleenan is to be 

constructed and provide a 400kV link the 500MW EWIC, but plans have met with considerable local 

opposition (UPI 2012).   

A correlation analysis of historic wind generation between Northern Ireland and the GB and ROI 

markets it is interconnected to (Table 3.1) reveal that there is a strong link between these countries’ 

wind generation.  This adds further uncertainty to the ability of the interconnectors to aid Northern 

Ireland’s wind generation as during times of high wind (and consequently a high desire to export the 

wind generation), the neighbouring ROI and GB electricity systems are likely to also have high wind 

generation and a desire to export; a finding supported by Pöyry (2011).  This is a particular concern 

with the Moyle interconnector, due to the concentration of wind generation in Scotland, and the line 

constraints preventing the nominal capacity being fully utilised.  

TABLE 3.1 - CORRELATION COEFFICIENTS BETWEEN NORTHERN IRELAND, REPUBLIC OF IRELAND AND GREAT 

BRITAIN METERED SYSTEM WIND GENERATION IN 2009 

 

Given the difficulties of simulating interconnector flows and the uncertainties that would undermine 

such an analysis, it was therefore decided to opt for a parameter driven approach for representing the 

interconnector behaviour, testing against potential import and export capacities and the importance of 

these on wind variability impacts.  A number of key states based upon the above discourse are 

described below in Table 3.2.  These are combined to represent a range of conditions from the most 

optimistic export capability to the most pessimistic situation, represented in the interconnector 

scenario table (Table 3.3). 

Although the north-south interconnector capacity could be used to import energy into Northern Ireland 

as well as export, the system operators work together and have the ability to control this flow due to 

the AC synchronisation across the border, so that net import during a time when this would cause 

immense difficulty will be avoided.  For this reason it is assumed that the worst case situation for this 

interconnector is that there is an outage preventing energy export.  

Country NI ROI GB

NI 1.000 0.886 0.702

ROI 0.886 1.000 0.598

GB 0.702 0.598 1.000
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TABLE 3.2 - TABLE OF INTERCONNECTOR STATES AND THEIR NET IMPORT FLOWS INTO NORTHERN IRELAND 

(I.E EXPORT FLOWS ARE NEGATIVE) 

State Description  Net import 

(MW) 

NS2-ME Assumes second tieline to EWIC to be completed before 2020, 

join the Tandragee-Louth to provide maximum export ability. 

-950 

NS1-ME Assumes second tieline to EWIC not constructed or suffers 

from an outage.  Existing Tandragee-Louth tieline exports at 

maximum capacity. 

-450 

NS-Z Assumes north south interconnection suffers an outage, 

restricting any export capacity from Northern Ireland. 

0 

M-ME Assumes the Moyle interconnector exports to Scotland at its 

maximum rated ability. 

-295 

M-Z Assumes the Moyle interconnector suffers an outage, or is 

abandoned by 2020 due to continued problems. 

0 

M-MI Assumes Moyle interconnector imports energy into Northern 

Ireland from Scotland. 

+450 

 

TABLE 3.3 - SUMMARY OF COMBINED INTERCONNECTOR STATES CONSIDERED AS DISTINCT SCENARIOS 

 

3.4.2.4 POWER PLANT CHARACTERISTICS 

The geographical locations of Ballylumford, Coolkeeragh and Kilroot in Northern Ireland are shown 

in Figure 3.3, indicating the particular importance of Kilroot as a regulator of system voltage due to its 

proximity with Belfast, which is a big load centre for electricity demand.  A technical overview of the 

three main power plants was introduced in considerable depth in Section 2.2.5, and will not be 

repeated here.   

Each of the units on the system has different characteristics in terms of their operational range (GMAX-

GMSG), upward and downward ramp rates (RU, RD), their minimum generation (GMSG) and their heat 

Scenario North-south state Ins Moyle state Im Net import (MW)

I NS2-ME M-ME -1245

II NS2-ME M-Z -950

III NS2-ME M-MI -500

IV NS1-ME M-ME -745

V NS1-ME M-Z -450

VI NS1-ME M-MI 0

VII NS-Z M-ME -295

VIII NS-Z M-Z 0

IX NS-Z M-MI 450
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rate characteristics, where relevant.  The characteristics of the individual units and peaking plant are 

summarised in Table 3.4
2
; include fixed and incremental heat parameters, the purpose of which is 

elaborated on in Chapter 6. 

Proposed reductions to Kilroot’s minimum stable generation are also characterised in this table: 

modifying Kilroot to be optimised to run on oil instead of coal (K_O); on a reduced level of coal with 

a heavier reliance on supporting oil burners (K_CO); or on a reduced level of coal alone (K_C).  Each 

of these scenarios offers benefits to minimum stable generation and ramp rates, but with differing 

technical and economic implications.  These options are elaborated more fully in the analysis work 

carried out in Chapters 6 and 7. 

TABLE 3.4 - NORTHERN IRELAND GENERATOR UNIT OPERATIONAL PARAMETERS 

 

A set of generator unit (GU) scenarios is shown in Table 3.5; these comprehensively cover the 

generator unit combinations that can satisfy the security constraint rules.  Units K1 and K2 are entirely 

equivalent, as are B31 and B32; hence repeated combinations for K2 and B32 are not shown in the 

table.   Combinations including Ballylumford’s B station were also not considered in this analysis as 

                                                      

2
 cf. Table 2.4 for a physical description of these units. 

GMSG GMAX GMSG - GMAX RU RD Fixed heat Inc. heat

(MW) (MW) (MW) (MW/min)  (MW/min) (GJ/h)  (GJ/MWh)

K1 93.00 238.00 145.00 2.50 2.50 393.61 8.75

K2 93.00 238.00 145.00 2.50 2.50 393.61 8.75

CPS 260.00 404.00 144.00 15.00 18.50 628.85 5.53

B10 63.00 101.00 38.00 1.06 3.98 98.15 6.67

B31 113.00 247.00 134.00 3.10 10.70 312.00 6.60

B32 113.00 247.00 134.00 3.10 10.70 312.00 6.60

B4 54.00 170.00 116.00 1.98 9.67 N/A N/A

B5 54.00 170.00 116.00 1.98 9.67 N/A N/A

B6 54.00 170.00 116.00 1.98 9.76 N/A N/A

BGT1 8.00 58.00 50.00 10.00 18.00 N/A N/A

BGT2 8.00 58.00 50.00 10.00 18.00 N/A N/A

KGT1 5.40 29.00 23.60 6.00 6.00 N/A N/A

KGT2 5.40 29.00 23.60 6.00 6.00 N/A N/A

KGT3 12.82 42.00 29.18 10.00 10.00 N/A N/A

KGT4 12.82 42.00 29.18 10.00 10.00 N/A N/A

K_O 45.00 270.00 225.00 10.00 10.00 393.61 8.75

K_CO 53.00 238.00 185.00 6.00 6.00 393.61 8.75

K_C 64.00 238.00 174.00 2.50 2.50 393.61 8.75

Peaking 

generation

Kilroot 

Modifications

Unit ID

Existing 

Generation
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these units (B4, B5 and B6) are expected to shut down in 2016 due to European emissions restrictions 

(EirGrid & SONI 2010). 

As previously introduced in Section 2.3.1.2, Northern Ireland has a three unit rule (EirGrid & SONI 

2012d), which requires at least three generators to be synchronised with the grid at any one time, so 

that if one were to suffer an unplanned outage the other two could ramp up their production to meet 

the system demand.  An increased level of wind generation presents a challenge in keeping generators 

online to meet the three unit requirement without curtailment.  The transmission constraint rules 

further stipulate Coolkeeragh and one of the units from Kilroot must run to satisfy system security 

constraints if available, leaving the system with two minimum security requirement unit scenarios 

(3GU-B1 and 3GU-B2) which are considered in this thesis to be the “business as usual” characteristics 

of the system (Table 3.5).   

Scenarios with three generator unit scenarios (starting with the prefix 3GU-) that utilise Kilroot’s 

potential fuel flexibility and modifications without breaking the system operator’s three unit rule are 

represented in scenarios 3GU-1 to 3GU-6.  All possible two unit generation combinations (with the 

prefix 2GU-) were also investigated to explore the potential result of managing wind variability by 

reducing these constraints, under the assumption of further network reinforcement, greater 

interconnection, ancillary service enhancement (or some combination of these) relaxing the existing 

security constraints.  The market and regulatory requirements surrounding this will be elaborated on in 

Chapter 8. 
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TABLE 3.5 - SUMMARY OF THREE AND TWO GENERATOR UNITS CONSIDERED ON THE NORTHERN IRELAND 

ELECTRICITY SYSTEM, WITH COMBINED MSG AND RAMP UP AND DOWN ABILITY 

 

3.5 SUMMARY 

The approach taken to addressing the aim of this thesis is an analysis making use of first-principle 

power systems modelling and system investigation.  A simulation of 2020 levels of wind generation is 

developed through the work in Chapters 4 and 5, and used alongside demand simulation, conventional 

generation and interconnector inputs to cover a broad range of scenarios that address wind curtailment 

and power plant flexibility questions in Chapters 6 and 7 (which were identified to be important to 

resolve in Chapter 2). 

Combined

MSG (MW) t = 5min t = 1hr t = 4hr t = 5min t = 1hr t = 4hr

3GU-B1 CPS K1 K1 446 100 434 434 118 434 434

3GU-B2 CPS K1 B31 466 103 423 423 159 423 423

3GU-1 CPS K_O K_O 350 175 594 594 193 594 594

3GU-2 CPS K_O B31 418 141 503 503 196 503 503

3GU-3 CPS K_CO K_CO 366 135 514 514 153 514 514

3GU-4 CPS K_CO B31 426 121 463 463 176 463 463

3GU-5 CPS K_C K_C 388 100 444 444 118 444 444

3GU-6 CPS K_C B31 437 103 428 428 159 428 428

2GU-1 CPS K1 353 88 289 289 105 289 289

2GU-2 CPS K_O 305 125 369 369 143 369 369

2GU-3 CPS K_C 324 88 294 294 105 294 294

2GU-4 CPS K_CO 313 105 329 329 123 329 329

2GU-5 CPS B31 373 91 278 278 146 278 278

2GU-6 CPS B10 323 80 182 182 112 182 182

2GU-7 K1 B31 206 28 279 279 66 279 279

2GU-8 K1 B10 156 18 183 183 32 183 183

2GU-9 K1 K1 186 25 290 290 25 290 290

2GU-10 K_O B31 158 66 359 359 104 359 359

2GU-11 K_O B10 108 55 263 263 70 263 263

2GU-12 K_O K_O 90 100 450 450 100 450 450

2GU-13 K_C B31 177 28 284 284 66 284 284

2GU-14 K_C B10 127 18 188 188 32 188 188

2GU-15 K_C K_C 128 25 300 300 25 300 300

2GU-16 K_CO B31 166 46 319 319 84 319 319

2GU-17 K_CO B10 116 35 223 223 50 223 223

2GU-18 K_CO K_CO 106 60 370 370 60 370 370

2GU-19 B31 B10 176 21 172 172 73 172 172

2GU-20 B31 B32 226 31 268 268 107 268 268

Scenarios

Combined Ru (MW/t) Combined Rd (MW/t)

Unit 1 Unit 2 Unit 3
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The research framework for this was presented, as were the details of how the modelling inputs and 

scenarios are treated.  These are used as a common basis for the analysis work in Chapters 6 and 7, 

where the justification for their selection is elaborated upon.  Finally, in Chapter 8, these modelling 

assumptions are critically assessed and the relevant policy and planning aspects identified and 

discussed.  
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4 SIMULATING WIND GENERATION 

“The real world is always complex, which has the advantage that we shan't run out of 

work.” 

                                                                                                            ~ John Dudley Ball 

4.1 INTRODUCTION 

The previous chapters have introduced and elaborated on the need for focused research on the impacts 

of wind variability in Northern Ireland, with an emphasis on the relationship of wind generation to 

conventional generation.  A framework of research for investigating the specific challenges of wind 

generation was proposed in Chapter 3, with a time series of wind generation identified as a key input 

into the modelling and analysis work.  As previously discussed, in order to represent the installed 

capacity of wind generation in 2020, some form of simulation is inevitably required.   

A well-established approach using surface station meteorological data is used as the basis for 

simulation in a number of influential studies into the impacts of the variability of renewable resources, 

including work by Pöyry (2009), Sinclair-Knight-Merz (SKM) (2008) and Sinden (2007).  Alternative 

studies instead rely on statistical methods, e.g. Meibom et al. (2007) who used stochastic scenario 

trees for representing wind power production and load forecasts; use available wind farm generation 

data, e.g. ESB (2004); or take a black box approach and consider the impact of wind at an electricity 

transmission system level, based upon industry forecasts and policy targets, e.g. Klusmann and Ziller 

(2009).   

The meteorological station based simulation uses hourly mean wind speed data, measured or corrected 

to a standard mast height of 10m.  This sort of data is readily available for a large number of UK sites 

through the MIDAS database, accessible through the British Atmospheric Data Centre (BADC
3
).  To 

convert this data into a simulated wind turbine output, the wind speed must be extrapolated up to a hub 

height, after which a wind turbine’s power curve can be applied to the data to produce a generation 

estimate.  There are two main approaches to achieving this extrapolation; using the wind profile log 

law or power law.  The prevalent method used in industry is the latter due to its simplicity and 

robustness (Wheatley et al. 2010).  Pöyry, SKM and Sinden all use the power law to extrapolate the 

meteorological data in their studies, which is reliant on the choice of one particular parameter, the 

wind shear coefficient α (alpha).  

                                                      

3
 http://badc.nerc.ac.uk/home/index.html [Accessed last: 19th March 2013] 

http://badc.nerc.ac.uk/home/index.html
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The power law is a simple, empirical and well established approach, and is therefore a logical choice 

for producing the wind simulation required for the later analysis and modelling work.  However, the 

practice of picking a single constant value of alpha, adjusted to ensure it gives a realistic capacity 

factor is common in these approaches.  In reality, α is an empirical and varying value, and  is a 

function of wind speed, atmospheric stability, surface roughness, nature of terrain and height interval 

(Spera 1994; Irwin 1979; Counihan 1975).  Previous work has demonstrated that the sensitivity of 

generation to relatively small changes in wind shear coefficient is significant (Kubik et al. 2011). 

This chapter investigates the accuracy of simulated wind generation produced using this common 

deterministic approach.  Data from an active wind farm in North Rhins, Scotland, is compared to a 

simulated wind generation profile produced from a nearby met site in West Freugh, under various 

assumed wind shear inputs.  An understanding of the consequences of using a corrected value for wind 

shear is therefore established.   

4.2 BACKGROUND 

4.2.1 THE LOG AND POWER LAWS 

The complex and dynamic nature of the atmospheric boundary layer means that extrapolation of wind 

speed from one height to another is always dangerous. Two main analytical models are used to 

achieve this: the log law and the power law. In general, the two models have been shown to perform 

equivalently in shear extrapolation predictions, although at any particular site one model may be better 

than another (Elkinton et al. 2006). Gipe suggests that the power and log laws have been shown to 

agree in coastal areas, but to diverge inland (Gipe 2004).  However, for either approach, errors in the 

predictions are common and this error is exacerbated further when energy production is estimated, due 

to the cubic relationship between wind speed and wind power (Kubik et al. 2011). 

This chapter focuses on the power law, as it is used in a number of defining renewable variability 

studies (Pöyry 2009; SKM 2008; Sinden 2007) and based upon interviews with members of industry, 

it is also widely used in site appraisal for developers (Wheatley et al. 2010). Wind developers tend to 

check using both laws, but as all the power law parameters can easily be derived from a wind mast, 

this is the preferred method. 

The log law (Panofsky & Dutton 1984) is given by 
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where u* is the friction velocity, k is the von Karman constant and z0 is a measure of surface roughness 

known as the roughness length; u* and k are generally determined from a graph of experimental data. 

Though more scientifically rigorous in approach, the log law was not used in the variability studies 

mentioned, and is not a focus of this chapter. 

The power law (Panofsky & Dutton 1984) is an empirical equation, given by 
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(4.2) 

 

where u1 is the wind speed at reference height z1, u2 is the wind speed at a second reference height z2, 

and α is the wind shear coefficient. The wind shear coefficient, sometimes referred to as ‘the 

Hellmann exponent’ (Kaltschmitt et al. 2007), or simply as ‘alpha’, is an empirical constant ideally 

derived over the height of application. Calculating the wind shear coefficient is straightforward if the 

wind speeds at two heights are known, as Equation (4.2) may be rearranged in terms of α 

  

    
              

              
 

(4.3) 

 

The exponent α essentially amalgamates the stability correction and roughness length aspects of the 

log law (Equation 4.1) into one factor. It is often taken as constant for a given height range, though 

this is not strictly the case, as this chapter shall illustrate. A rule of thumb is to take α as approximately 

1/7, or 0.143 (known as the 1/7th power law). This represents neutral stability conditions, which are a 

reference state of the atmosphere where buoyancy is neglected. Assuming a condition of neutral 

stability is regarded as reasonable but can lead to conservative estimates of wind speed (Gipe 2004). 

Numerous site specific studies have found that the coefficient is often greater, and that using the 1/7th 

rule leads to underestimation of the energy resource available (Albadi & El-Saadany 2009; Farrugia 

2003; Sisterson et al. 1983; Tennis et al. 1999). 

4.2.2 RELEVANCE TO EXISTING RENEWABLE VARIABILITY STUDIES 

Due to the differing uses of α in existing variability studies, there is a need look at the impact of wind 

shear coefficient more systematically, which is what this study does. The methodology and 

assumptions employed were designed to be representative of what other authors have done in other 

renewable variability studies that use 10m meteorological data as a starting point for simulation. 
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Pöyry (2009), for example, use hourly wind data, and an adjusted wind shear coefficient based upon 

historical production for areas where there was data available, primarily based on Renewable 

Obligation Certificates (ROCs).  SKM (2008) use half-hourly wind data interpolated from hourly 

readings, and extrapolate 10m data from the UK NOABL database to a hub height of 80m.  Finally, 

Sinden (2007), used hourly wind data and a corrected wind shear coefficient to achieve a regionally 

appropriate capacity factor based upon the European wind atlas. 

4.3 METHOD 

 

FIGURE 4.1 - MAP OF WIND FARM AND MET MAST LOCATIONS 

4.3.1 DATA SELECTION AND CLEANING 

Generation output data was obtained from a 22MW wind farm located in North Rhins (54.867 latitude, 

-5.084 longitude), Scotland, owned by research sponsor and global power company AES (Figure 4.1). 

The site has been fully operational since January 2010, and consists of 11 Vestas V80 turbines, each 

with an anemometer that records horizontal wind speed and direction at a hub height of 60m. In 

addition to the turbines, an on-site wind mast records horizontal wind speeds at a heights of 20.8m and 

60m. Although the site was not officially commissioned until January, individual turbines were 

operational earlier, and hence wind and generation data were available from November 2009 onwards. 

Twelve months of 10min resolution data, from November 2009 to November 2010, were used in this 

study, though for comparison with West Freugh weather station data was aggregated into hourly 

values. 

North 
Rhins

West 
Freugh
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The period studied included a number of planned and unplanned outages, and hence there were 

instances where the mast data did not log correctly and had to be excluded from the analysis. The total 

number of acceptable North Rhins data hours following removal amounted to 86.6% (7585 of 8760 h). 

Meteorological data was obtained from the British Atmospheric Data Centre MIDAS database for a 

station located at West Freugh airfield (54.859 lat, -4.934 long), Scotland. A wider number of sites 

were considered, but this site was chosen because it provided a reliable and continuous data set whilst 

being located relatively close to North Rhins, around 10km away (Figure 4.1). The BADC Hourly 

Climate Messages (HCM) were chosen over SYNOP data records for analysis, as the latter relies on a 

10 min wind sample to be representative of an hourly average. HCM readings sample continuously to 

produce an hourly average mean wind at a standard height of 10m. The readings were recorded to the 

nearest knot, but converted to SI units for analysis. After removing corrupted data records the total 

number of acceptable West Freugh data periods amounted to 8756 of 8760 h. 

Differences may arise between the wind readings for the two sites particularly as the site topography 

of a recording station is not necessarily the same as for a suitable wind farm site. This is a limitation of 

the simulation approach using meteorological mast data (Pöyry 2009; SKM 2008; Sinden 2007). 

However, the mast data at the two sites was correlation tested, and a strong positive correlation of 

0.870 was observed, indicating the wind pattern at both sites is itself similar. 

4.3.2 ASSUMPTIONS AND SIMULATION 

In order to isolate the extrapolation aspect of the simulation a number of assumptions were made for 

other aspects in this process. It was assumed that: 

1. The North Rhins 60m mast wind speed was representative of the wind speed recorded at each 

individual turbine mounted anemometer, i.e. local fluctuations of wind speed across the site 

were neglected. 

2. That both the simulated and actual wind speeds convert to an electrical generation output 

defined by the manufacturer’s idealised power curve. 

3. Missing hourly records were to be ignored, rather than estimated using interpolation 

techniques. 

4. That the instruments recording the data were correctly calibrated and at the nominal heights 

quoted. 

5. No particular type of terrain (i.e. surface roughness) was assumed at the North Rhins and West 

Freugh mast sites, as the wind shear coefficient captures surface roughness and stability 

effects together. 

True hourly values of α were calculated using Equation 4.3 at the site in North Rhins using mast data 

at the two heights. A table of alternative values for alpha was constructed for analysis, derived in the 
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manner described in Table 4.1. The selection reflected a number of wind shear coefficient 

approximations that an analyst might make when simulating generation (Wheatley et al. 2010), 

ranging from an average derived from the actual hourly values to an adjusted value of alpha selected 

to match energy output. 

Using αact as a control case representing the actual wind state, calculations were run, extrapolating 

from both 20.8m wind readings at North Rhins and from 10m at West Freugh to hub height wind 

speed, and the manufacturer’s power curve for a Vestas V80 turbine applied to produce a simulated 

generation. The absolute error between the extrapolated wind and actual wind recorded for the site was 

determined for each hourly period using 
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) 

(4.4) 

 

where Vact is the actual wind speed for the hour and Vsim is the simulated hub height wind speed. 

Similarly the normalised error between simulated and actual generation was determined using  
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(4.5) 

 

where Gact is the actual generation for the hour, Gsim is the simulated value and Gmax is the capacity of 

the turbine (2MW). This limited the error between simulated generation and actual generation to a 

change of ±100% of turbine output. 

TABLE 4.1 - WIND SHEAR COEFFICIENTS USED IN ANALYSIS 

Symbol Description 

αact Actual coefficient for each hourly period, from North Rhins mast data 

αmnth Aggregated value of αact, one value for each month 

αann Aggregated value of αact, one value for each year 

αhrly Aggregated value of αact, one value for each hour 

α0.143 1/7
th

 ‘rule of thumb’ for neutral stability conditions 

αcf Single coefficient value for whole year, iteratively calculated so that the simulated 

capacity factor matched the actual annual capacity factor for North Rhins 
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4.4 RESULTS AND DISCUSSION 

4.4.1 WIND SHEAR PROFILE FOR NORTH RHINS 

The hourly wind shear coefficient values are represented in two dimensional array form in Figure 4.2, 

from left to right progressing through the hours of the day, and from top to bottom progressing through 

the 12 months studied, from November 2009 to November 2010. Four significant planned outage 

periods are clearly defined; larger outages during the first half of November 2009 and January 2010, 

and shorter outages during April and at the end of October.  Though 10 min resolution data was 

available for α, for consistency with the rest of this chapter it has been shown in aggregated hourly 

format.  The direction of the wind was also checked with respect to wind shear values but this was not 

found to add much the analysis. 

Extreme wind shear values were observed for short periods of time; reaching as high as 3.825 and as 

low as -3.648, however the frequency of extreme values was very low, as illustrated in histogram 

(Figure 4.3). The colour bar of Figure 4.2 has hence been curtailed to a limit of ±0.5 for clarity of 

presentation.   

The distribution of alpha values was approximately normal, with an annual mean (αann) of 0.119 and a 

standard deviation of ±0.172. No annual variation pattern can be substantiated by this data, however, 

Figure 4.2 shows a clear diurnal pattern to wind shear, with nightly (6pm - 6am) wind shear almost 

double the daily value (on average 0.153 and 0.079 respectively). There is a distinct oval-shaped ‘solar 

shadow’ on the array, believed to be caused by solar warming, which increases the wind speeds at a 

near surface level due to downward mixing of higher momentum air; the increase of low level wind 

speed relative to the unaffected wind measurements at higher levels depresses the wind shear 

coefficient, leaving a similar imprint on Figure 4.2. This finding agrees with similar observations at 

different sites by Coker (2011), implying that this phenomenon is generally applicable anywhere 

where convection is strong (this is less likely to be a feature at offshore sites due to weaker absorption 

of sunlight by the sea’s surface). 
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FIGURE 4.2 - 2D ARRAY PLOT OF ACTUAL MEASURED WIND SHEAR COEFFICIENT (αact) AT NORTH RHINS 

 

FIGURE 4.3 -  HISTOGRAM DISTRIBUTION OF ACTUAL MEASURED WIND SHEAR COEFFICIENT (αact) VALUES 

4.4.2 SIMULATION ERRORS 

As discussed, a number of wind shear coefficient approximations that an analyst might make when 

simulating generation were defined and applied to the 20.8m wind data at North Rhins and the 10m 

data at West Freugh (Table 4.1). The accuracy of the simulation results under these various 

extrapolations is summarised in Table 4.2. 
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TABLE 4.2 -  SIMULATION RESULTS 

Parameter 
North Rhins (20.8m) West Freugh (10m) 

αact αmnth αann αhrly αact αmnth αann αhrly α0.143 αcf 

Av V
a
 (%) 0.0 1.9 1.9 1.8 -26.9 -28.2 -28.2 -28.6 -26.3 -12.0 

Av G
a
 (%) 0.0 -0.5 -0.5 -0.7 -19.7 -19.1 -19.2 -19.8 -17.5 -5.5 

RMS V
b
 (%) 0.0 61.9 62.9 63.4 93.4 50.7 51.1 50.7 51.0 53.5 

RMS G
b
 (%) 0.0 7.3 7.5 6.7 28.1 28.8 29.0 28.8 27.9 22.5 

MWh
c
 5213 5144 5140 5119 2798 3476 3463 3383 3663 5210 

CF
d
 0.298 0.294 0.293 0.292 0.160 0.198 0.198 0.193 0.209 0.298 

CF err
d
 (%) 0.0 -1.3 -1.4 -1.8 -46.3 -33.3 -33.6 -35.1 -29.7 0.0 

a. Arithmetic mean wind speed and generation errors, respectively.  

b. Root mean square wind speed and generation errors, respectively.  

c. Number of annual generated units (MWh) of electricity predicted by simulation.  

d. Simulation capacity factor, and capacity factor error with respect to true site capacity factor.  

4.4.2.1 SIMULATION USING NORTH RHINS WIND MAST 

Four wind shear coefficients were applied to the 20.8m wind data at North Rhins. The model run using 

αact acted as a control case; verifying that the exact hourly wind shear profile derived from the wind 

measurements at 20.8m gives an exact representation of the 60m hub height, with negligible error in 

wind speed measurements and generation estimation. Three approximations derived from αact were 

then applied, namely αmnth, αann and αhrly.  These approximations performed very similarly to one 

another, with an average tendency to slightly overestimate the hub height wind speed (1.8-1.9%), and 

underestimate generation (-0.5 to -0.7%). 

These two statements may appear incompatible, as conventional wind power theory tells us that power 

output increases with the cube of wind speed, and hence an overestimate of wind speed should imply a 

larger overestimate of generation. However, this finding can be explained by examining the 

distribution of errors with respect to wind speed. This distribution is shown in Figure 4.4(a) for αann 

applied to North Rhins’ 20.8m mast data, but similar distributions were also observed using αmnth and 

αhrly; these have been omitted to avoid unnecessary repetition. 

Figure 4.4(a) shows that an error distribution forms for positive and negative errors, each with an 

approximately normal distribution; at low and high wind speeds there is little or no error in estimation. 

It also illustrates that errors are most significant for wind speeds of around 6-12ms
-1

, the region where 

the power curve is most sensitive to wind speed for a turbine. 

Two more important observations can be made from Figure 4.4(a): first, though the arithmetic mean 

wind speed error may be near zero, the RMS error for all three wind shear values was substantial 

(61.9-63.4%). In other words, using a single wind shear coefficient to characterise the site produces 
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errors that arithmetically cancel over the whole year and ultimately results in a capacity factor very 

similar to reality. However, the implication of the RMS error results (i.e. considering only the 

magnitude and not the sign of an error) is that the errors in power generation estimation on an hourly 

basis are not inconsequential. Secondly, although the distributions are similar for both positive and 

negative errors in Figure 4.4, the negative distribution is centred to the right of the positive one. The 

implication of this is that the simulated data is more likely to overestimate generation at lower speeds 

and underestimate it at higher wind speeds. This provides an explanation as to why the annual 

generation was underestimated despite the simulated data overestimating wind speed readings at hub 

height; power output is more sensitive at higher wind speeds, and hence a slight underestimation of 

wind speeds at these values translates to a larger underestimation of generation. 

 

(a) Normalised αann generation error 

 

(b) Vestas V80 power curve 

FIGURE 4.4 - DISTRIBUTION OF NORMALISED GENERATION ERRORS (EQUATION 4.5) WITH RESPECT TO WIND 

SPEED FOR  SINGLE AVERAGE ANNUAL WIND SHEAR COEFFICIENT αann 

4.4.2.2 SIMULATION USING WEST FREUGH MET MAST 

Applying the same set of wind shear coefficients to the 10m meteorological data from West Freugh 

Airfield, the results in Table 4.2 show that these values are a poor approximation to the real generation 

profile, underestimating wind speed between -26.9% and -28.6% and generation by -19.1% to -19.8%. 

Based on these results it is clear that an alpha value derived from one height is not applicable to an 

extrapolation from another height (in this case αact, calculated from 20.8m readings at North Rhins and 

applied to 10m mast data at West Freugh), although the spatial separation of the sites and any 

difference in the terrain of the sites will also be a factor here. 

Applying instead a single shear factor of 0.143 using the 1/7
th
 power law (α0.143) offered a slightly 

improved simulation but with errors of a broadly similar magnitude (-17.5%). The final case 

considered was applying a single average annual adjusted wind shear coefficient to each hour, 

determined through an iterative process to ensure the energy output of the simulated data matched that 

of the real generation output at North Rhins. The optimum value for αcf was found to be 0.310, which 

by definition gave an exact match for capacity factor of the site. This also reduced the arithmetic mean 
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wind and generation errors to -12.0% and -5.5% respectively, substantially lower than for the other 

alpha values selected, though still an order of magnitude greater than those attained through 

extrapolating from the 20.8 m mast at North Rhins. 

The RMS errors found using αcf were not reduced significantly, remaining at 53.5% for wind speed 

and 22.5% for generation. The reason for this is illustrated in Figure 4.5, which maps how the 

distribution of errors changes with an increasing single fixed wind shear coefficient. In Figure 4.5(a), 

increasing α shifts the wind speed error distribution to the right and downwards. Though the positive 

(overestimation) and negative (underestimation) errors arithmetically cancel themselves out in the case 

of αcf = 0.310, the distribution shape is the same as for other α values, just transposed.  Similarly, in 

Figure 4.5(b) the effect of increasing α on generation error reduces the frequency of underestimated 

generation and increases the frequency of overestimation. The main difference between Figure 4.5(a) 

and (b) is that the generation error distribution is much ‘spikier’. This is due to the shape of the power 

curve (Figure 4.4(b)), which infers that errors in high or low wind speeds do not propagate through to 

a large change in calculated generation.  This also explains why RMS errors are consistently smaller 

for generation than for wind in Table 4.2. 

In summary, the West Freugh simulation shows that although a wind shear coefficient may be selected 

in order to correlate with historical wind capacity factors and produce a good simulation estimate for 

energy, the errors for any individual hourly period remain significant, and hence any power data used 

with this simulation should be treated with caution.  

 

 



53 

 

(a) Wind speed error 

 

(b) Generation error 

FIGURE 4.5 - ERROR DISTRIBUTIONS UNDER INCREASING SHEAR FACTORS 
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4.4.3 CRITICAL ANALYSIS OF ASSUMPTIONS 

A number of assumptions were stated in Section 4.3.2. The implications and limitations of these 

assumptions will be briefly addressed in this section of the chapter. 

1. Though in reality there were local fluctuations in wind speed measurement across the North 

Rhins site, the focus of this chapter was not on comparing the performance of individual 

turbines, but rather on the robustness of the power law for simulating generation. Individual 

turbine anemometers were not always operational at the same time, meaning that an averaged 

value across operational turbines would not always be comparable during different times of 

the year. In order to present a consistent data set, the 60m mast readings were assumed to be 

representative across the site. No allowance was made for turbulence induced by the turbines 

themselves at the wind farm anemometer. 

2. An idealised manufacturer’s power curve was assumed in both the simulation and reality. This 

study focused on the impact of wind profile alone, hence the conversion from wind speed to 

power output was kept consistent across both methods to ensure they could be directly 

compared. 

3. As this chapter compared simulation to real data, incomplete records were neglected from the 

analysis. Interpolating generation data to all data gaps would not allow objective observations 

to be made about the simulated data. 

4. A Vaisala WAA151 anemometer was used to take mast wind speed readings, with a starting 

threshold of 0.5ms
-1

 and a standard deviation error of ±0.17ms
-1

. It was not possible to confirm 

the calibration and positioning of the met mast anemometer, but as the data is used to inform 

the operation of a commercial wind farm, it can be assumed that appropriate measures have 

been taken by the developers to ensure this data is reliable. The response rate of the 

anemometer was not considered significant, given the hourly resolution of the data used in this 

study. 

5. No assumptions were made about the type of terrain at either site. This is an aspect that would 

normally be considered in site specific calculation using the more scientifically rigorous log 

law (Wheatley et al. 2010), but none of the variability studies that this chapter based its 

approach on (Pöyry 2009; SKM 2008; Sinden 2007) assumed a terrain type when simulating a 

site. 
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4.5 CONCLUSIONS 

The use of 10m MIDAS surface station meteorological data as a basis for simulating wind generation 

is well-established in the literature, used in a variety of studies (Sinden 2007; SKM 2008; Pöyry 2009) 

as a basis for analysis.  It offers a number of advantages over directly using historical generation, as 

records are more accessible, longer and there are many recording sites relative to a historically small 

number of wind farms.  However, one of the important steps in this simulation process is to 

extrapolate wind speeds to turbine hub height, often using a single annual average wind shear 

coefficient, α.  This chapter investigated the accuracy of using this approach, and an understanding of 

the consequences of using a corrected value for wind shear was therefore established.   

Wind speeds, and hence generation, were found to be overestimated at lower true wind speeds and 

underestimated at higher true wind speeds. The greatest error in wind speed estimation from 

simulation occurs in the transient region of the power curve (between turbine cut in and rated capacity 

output).  The use of wind shear coefficient was found to translate poorly from one site to another, even 

if the sites are in close proximity.  Alternative approaches to representing the wind shear coefficient 

were investigated; including monthly averages and averages based on the hour of the day.  However, 

the most accurate simulation was produced using an adjusted wind shear coefficient to apply to the 

surface station, which is the approach most commonly used in the literature.  Whilst this method 

produced a good estimate for annual energy production, and a strong correlation to metered 

generation, the RMS generation error for any individual period is still sizable (±22.5%), a limitation 

not explicitly noted in previous work.  This implies further work is needed into understanding the 

impact of variability of renewables on short timescales, particularly system balancing and the way that 

conventional generation may be asked to respond to a high level of variable renewable generation on 

the grid in the future. 
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5 THE ROLE OF REANALYSIS DATA IN SIMULATING WIND 

GENERATION 

"The important thing is not to stop questioning. Curiosity has its own reason for 

existing."  

~ Albert Einstein 

5.1 INTRODUCTION 

The previous chapter investigated the limitations to the approach of simulating wind generation using 

observations from surface station data.  However, there are problems with relying purely on historical 

wind-speed records or generation histories that were not comprehensively reviewed.  Mast data is 

often incomplete, not sited at relevant wind generation sites, and recorded at a different altitude to 

turbine hub height above ground (usually 10m), each of which may distort the generation profile.  A 

potential alternative is to use reanalysis data, where data assimilation techniques combine state-of-the-

art weather forecast models with meteorological point measurements to produce complete gridded 

wind time series over an area. 

Previous investigations of reanalysis data sets have placed an emphasis on comparing reanalysis to 

meteorological site records whereas this chapter compares wind generation simulated using both mast 

and reanalysis data directly against historic wind generation records.  Importantly, this comparison is 

conducted using raw reanalysis data (typical resolution ~50km), without relying on a computationally 

expensive ‘dynamical downscaling’ for a particular target region.   

The work presented in this chapter reviews the limitations of the surface station based approach and 

introduces reanalysis as an alternative data set and its potential advantages.   An investigation is 

carried out to identify whether raw reanalysis data can produce a regional wind generation simulation 

of comparable or better quality to one based purely on equivalent mast data in Northern Ireland.  The 

wind generation simulation methodology corresponding to common practice in the engineering 

literature is used.  Results are validated against historical half-hourly generation and the accuracy of 

the two methods compared.  

5.2 LITERATURE REVIEW AND BACKGROUND 

As discussed in Chapter 4, a well-established approach to investigate the impact of regional wind 

variability is to use the MIDAS surface station records (UK Meteorological Office 2012) to simulate 

wind generation across a region (Sinden 2007; Pöyry 2009; SKM 2008).  This allows future installed 

capacities of wind to be represented despite the lack of readily available long-term commercial 
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generation data from individual wind farms.  Although some limitations of using mast data as a basis 

for simulation were alluded to in the last chapter, they were not comprehensively reviewed. 

Mast data is often limited in availability (Zhou et al. 2010), is labour intensive to control quality and 

prepare, and commonly suffers from data gaps (Hewston & Dorling 2011) and changes in recording 

instrumentation (British Atmospheric Data Centre 2012).  Mast sites are also rarely recording at 

realistic wind farm locations and, despite careful site-selection guidelines, each mast site is affected by 

its own unique topography such that interpolations and area-averaging of mast data is essentially 

dependent on an “ad-hoc” selection of observations, which may distort the generation profile.  Further 

criticisms of mast records are that they are frequently of short duration (< 25 years), and are subject to 

potential in-situ changes (such as building construction, tree growth).  They are therefore inadequate 

for estimating the characteristics of extreme events (Hewston & Dorling 2011; Brayshaw et al. 2012) 

and are inappropriate for estimating long term mean wind output and its variability (Thomas et al. 

2009; Brayshaw et al. 2011), both of which are important for the work contained in Chapter 7.   

An alternative approach is to use reanalysis data as the basis of simulation. Other techniques include 

statistical methods (Doquet 2007; Li & Wang 2012) or use of neural networks (Grassi & Vecchio 

2010; Tu et al. 2012), but these are not a focus in this chapter as reanalysis offers a number of direct 

advantages as a replacement for the surface station based approach.  Reanalysis reduces the concerns 

surrounding data quality (in terms of changes in recording practice and devices at individual locations) 

and geographical coverage of mast based data, as it is able to provide a complete, long-term wind-

speed record at multiple vertical levels.  Reanalysis data could also provide an important step and link 

between wind generation simulations and climate model output (Pryor et al. 2006).  

The most common approach to reanalysis data in the wind-power community is simply to use the 

coarse raw global reanalysis data (typically 50km) to drive regional “dynamical downscaling” models 

to reach scales of a few km (Morales et al. 2012; Hawkins & Harrison 2010), in an attempt to capture 

fine-scale topographic effects.  This downscaling, however, comes at considerable computational cost 

and, as a result, many downscaled reanalyses are of short duration (e.g., Hawkins and Harrison (2010) 

covers only a decade) despite the parent reanalyses ranging from 30 to 140 years in length.  This 

chapter attempts to establish how far a freely and publically available global reanalysis dataset can be 

used directly to create regional wind-resource assessments without incurring the dynamical 

downscaling costs. 

A number of reports have been carried out into aspects of performance of recent reanalysis 

incarnations such as the Modern-Era Retrospective Analysis for Research and Applications 

(MERRA), collated by Schubert (2012), and ERA-Interim (European Centre for Medium Range 

Weather Forecasting 2011).   However, these tend to investigate climatological aspects of the model, 

with a focus on global scale atmospheric parameters and climate modelling. Literature is sparse 
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regarding reanalysis representing wind generation directly.  Studies using dynamically downscaled 

versions of reanalysis tend to compare wind to meteorological stations, rather than wind farm 

production figures (Morales et al. 2012; Hawkins & Harrison 2010).  

5.3 METHOD 

Wind generation data at a half-hourly resolution was obtained from the System Operator of Northern 

Ireland. Mast observations were taken from the MIDAS database (UK Meteorological Office 2012) 

for eight stations in Northern Ireland (Table 5.1).  These were chosen as the most complete 10m 

hourly records for the period of study (an annual time series for 2009).  The Northern Ireland System 

Operator has only been logging total wind generation since 2007, so only a short range of data was 

available.  A study period of one year was selected as assumptions have to be made about the installed 

capacity of wind and about an average assumed power curve and hub height characteristic of the wind 

fleet.  All these factors vary with time, hence a single year was chosen and parameters based on 

analysis of the installed wind fleet at this time.  The data were linearly interpolated to 30 minute 

intervals to compare directly with wind power generation data. 

A reanalysis-based time series from MERRA (Rienecker et al. 2011) was generated for the same site 

coordinates as the mast sites in Table 5.1 (the locations of which are shown on the map in Figure 2.2).  

That is, the basic MERRA dataset (on a grid of roughly 0.5 degrees) is bi-linearly interpolated to the 

mast position (rounded to the nearest 1/10
th
 of a degree of latitude and longitude)

4
.  The 0.1 degree 

spatial accuracy was chosen somewhat arbitrarily – the MERRA dataset does not resolve windflow on 

scales smaller than the grid-scale – but was used simply to ensure that the resulting reanalysis-based 

time-series “weights” the contribution from the grid boxes surrounding the mast location in an 

appropriate manner.  Hourly mean wind time series were extracted at 10m and similarly interpolated 

to half-hourly resolution.  A map showing the indicative size of the map grids is shown in Figure 5.1. 

A simulation approach based on the previous work of Sinden (2007), Pöyry (2009) and SKM (2008) 

was applied, with assumptions regarding turbine hub height and power curve characteristic based upon 

Northern Ireland’s existing wind fleet for the study period. The half hourly wind data was extrapolated 

to an assumed hub height of 60m, using the power law and a single annual average vertical wind shear 

coefficient for each site (see Section 4.2.1 for a more in depth explanation).  A Vestas V80
5
 power 

curve was then used to produce a time series for wind generation at each site.  The wind-shear 

                                                      

4
 The MERRA download and interpolation were kindly carried out by Dr. David Brayshaw of Reading University’s 

meteorology department. 

5
 http://www.kulak.com.pl/Wiatraki/pdf/vestas%20v80.pdf 

http://www.kulak.com.pl/Wiatraki/pdf/vestas%20v80.pdf
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coefficient at each site is an unknown quantity, so this was estimated on a site-by-site basis such that 

the capacity factor at each site matched the measured system average for the study period (this 

approach closely follows that of Sinden, Pöyry and Sinclair Knight Merz).  The distribution of wind 

farm locations across the western half of Northern Ireland is fairly even, and the same is true of the 

surface stations used in this study; for reasons of simplicity it was therefore opted to weight the 

contribution of each point measurement equally.  The output of the sites was then summed for each 

half-hourly period to provide a simulation of generation. 

 

FIGURE 5.1 - MAP SHOWING INDICATIVE APPROXIMATE SIZE OF MERRA REANALYSIS GRID SQUARES WITH 

RESPECT TO NORTHERN IRELAND AND MAST SITE LOCATIONS 

TABLE 5.1 - LOCATION OF METEOROLOGICAL MAST SITES USED FOR THE SIMULATION OF WIND GENERATION 

AND COMPLETENESS 2001-2010 

Site Lat/Long Completeness  

ALDERGROVE (54.664, -6.224) 98.8% 

PORTGLENONE (55.181, -6.153) 98.1% 

GLENANNE NO 2 (54.865, -6.457) 95.5% 

ST ANGELO (54.237, -6.503) 99.3% 

BALLYKELLY (54.396, -7.644) 98.0% 

LOUGH FEA (55.057, -7.007) 94.6% 

CASTLEDERG (54.721, -6.814) 96.7% 

BALLYPATRICK FOREST (54.707, -7.577) 99.0% 

Ballypatrick Forest

Portglenone

Aldergrove

Glenanne No. 2

St. Angelo

Castlederg

Lough Fea

Ballykelly

Interoplated grid square
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5.4 RESULTS AND DISCUSSION 

The results of the simulation using mast and reanalysis data are summarised in Table 5.2, compared to 

the measured system wind generation for the historical wind capacity, and capacity factor (289.5MW 

and 0.312 respectively).   

The correlation of the raw wind speed values from individual sites between reanalysis and the mast 

data is given in Table 5.3.  The wind speed correlation and error between reanalysis and mast data 

were tested at each site and found to be of broadly good agreement.  The weakest correlation (0.667) 

was found to be at Ballypatrick Forest whose woodland location may be responsible for the deviation 

between local meteorological readings and the smoothed reanalysis grid, which represents the wider 

topographic area. 

The correlation of the reanalysis wind generation simulation with measured historical wind generation 

is given in Table 5.4. The results indicate that the reanalysis simulation from all the individual sites 

(cf. Figure 5.1) shows strong correlation with the system wind generation, suggesting that the 

reanalysis grids chosen are reasonable for representing the Irish wind fleet.  

TABLE 5.2 - WIND GENERATION OVERALL SIMULATION RESULTS COMPARED AGAINST MEASURED HISTORICAL 

SYSTEM WIND GENERATION 

Parameter Measured Mast Reanalysis 

Correlation 1.000 0.879 0.911 

RMSE  0.0% 14.1% 11.9% 

Normalised RMSE 0.0 34.6 29.8 

 

TABLE 5.3 - CORRELATION BETWEEN RAW METEROLOGICAL MAST DATA AND GRIDDED REANALYSIS WIND 

DATA AT 10M FOR ALL SITES 

 

Site Correlation

ALDERGROVE 0.826

PORTGLENONE 0.739

GLENANNE NO 2 0.818

ST ANGELO 0.781

BALLYKELLY 0.823

LOUGH FEA 0.739

CASTLEDERG 0.763

BALLYPATRICK FOREST 0.667
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TABLE 5.4 – CORRELATION BETWEEN SIMULATED REANALYSIS WIND GENERATION AT INDIVIDUAL SITES 

COMPARED TO HISTORICAL SYSTEM WIND GENERATION 

 

 

FIGURE 5.2 - CORRELATIONS OF THE MAST AND REANALYSIS SIMULATIONS WITH MEASURED GENERATION 

The correlation of the simulation and measured generation readings is plotted in Figure 5.2.  The mast 

data was found to have a correlation of 0.879, whereas the reanalysis series had a stronger correlation 

of 0.911, indicating an improvement using reanalysis data.   

Although correlation is a useful indicator of the performance of the simulation, it can only inform 

about the extent to which the simulated generation follows the same tendency to increase or decrease 

as the measured generation.  It does not provide any information about how accurately generation at 

each time step is predicted.  To investigate this, the root mean square error (RMSE) between the 

simulation and measured data was calculated for the percentage difference between the measured 

Site Correlation

ALDERGROVE 0.891

PORTGLENONE 0.898

GLENANNE NO 2 0.889

ST ANGELO 0.906

BALLYKELLY 0.894

LOUGH FEA 0.907

CASTLEDERG 0.905

BALLYPATRICK FOREST 0.867
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generation (Mi) and simulated generation (Si) for each time period, relative to the installed capacity C 

(289.5MW).  

 

     

√∑ (
     

 
)
 

 

   

 
 

(5.1) 

 

The RMSE of the capacity factor difference between the measured generation and the simulation using 

mast data was 14.1% whereas this was reduced to 11.9% using reanalysis (Table 5.2), suggesting that 

reanalysis offers some improvement to the half hourly representation of wind generation. 

It is important to note, however, that the wind power generation simulation approach used (i.e., 

estimating the wind shear co-efficient based on the observed capacity factor) effectively acts to correct 

mean biases in the power output that arise from using either the mast or reanalysis data.  This is 

appropriate here as the primary concern is the variability of the resulting generation time-series, rather 

than its absolute value.  Nevertheless, this wind-shear estimation process will also act to scale the 

magnitude of the variability of the resulting wind generation time-series, therefore distorting the 

results of a direct comparison of RMSE between the mast and reanalysis based simulations.  In the 

present case, the two meteorological datasets give rather different estimates for the wind-shear 

coefficient α; mast data typically suggest a wind-shear roughly double that of the reanalysis data, see 

Table 5.5.  This tends to artificially inflate the variance of the mast-based wind power generation time-

series relative to that from the reanalysis and consequently has an impact on the RMSE score.  To 

account for this effect, the RMSE was recalculated using a normalised version of the wind power 

generation time-series (i.e., after subtracting the time-series mean and dividing by its standard 

deviation).  These normalised RMSE results, shown in Table 5.2, qualitatively confirm that the RMSE 

is still reduced in the reanalysis-based wind power generation time-series when compared to the mast-

based equivalent by roughly 16%. 
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FIGURE 5.3 - HISTOGRAM SHOWING THE FREQUENCY OF GENERATION LEVELS OF SIMULATED GENERATION 

USING MAST DATA, REANALYSIS DATA AND ACTUAL MEASURED GENERATION DATA IN 10MW BINS 

 

FIGURE 5.4 - TIME SERIES PLOT OF ACTUAL VS SIMULATED WIND GENERATION FOR JANUARY 2009 

Figure 5.3 plots a histogram of generation output for the simulations against the measured system 

generation.  Both simulations closely follow the measured generation except at very low values and at 

maximum wind generation capacity (289.5MW).  The simulations also record the occurrence of zero 

generation and maximum generation events, whereas the measured generation data reveals that there 

were no such occurrences in reality.  This is further confirmed in the time series plot of Figure 5.4, and 

0

500

1000

1500

2000

2500

0 50 100 150 200 250 300

F
re

q
u

en
cy

 

Generation (MW) 

Measured

Mast_sim

ReAn_sim

0

50

100

150

200

250

300

1
4

8

9
5

1
4

2
1

8
9

2
3

6
2

8
3

3
3

0

3
7

7
4

2
4

4
7

1

5
1

8
5

6
5

6
1

2

6
5

9
7

0
6

7
5

3

8
0

0
8

4
7

8
9

4

9
4

1
9

8
8

1
0

3
5

1
0

8
2

1
1

2
9

1
1

7
6

1
2

2
3

1
2

7
0

1
3

1
7

1
3

6
4

1
4

1
1

1
4

5
8

G
e
m

e
ra

ti
o

n
 (

M
W

) 

Half hourly period count 

Mast

Rean

Actual



64 

is an important limitation to note, as a key concern for use of wind power is how frequently periods of 

very low or high output wind generation occur. 

The prediction of zero generation occurrences in the mast based simulation may be attributable to 

anemometer sticking, as it has been noted that anemometers are unreliable at recording wind speeds 

under 4ms
-1

 and that snow and ice can also cause issues during cold periods (World Meteorological 

Organization 2008).  In the reanalysis simulation, the “aggregation” of wind speed results over a grid 

area may be the reason low generation (< 25MW) does not match the actual generation data; in reality, 

local fluctuations within the grid square mean that some sites may be able to generate power even if 

the average wind-speed for the grid square is below the cut in value. 

The appearance of maximum generation occurrences in both simulations can, perhaps, be partly 

explained by the assumption of a 100% availability of the turbines.  In reality, not all turbines on the 

system will be operational all the times, (due to maintenance or faults), and may not be squarely facing 

the wind direction. The simulation also assumes all capacity was installed and operational at the start 

of the study period, whereas some wind generation capacity will have only being commissioned part 

way through the year.  Turbine availability has been shown to be poorer in months of high winds, 

when generation will consequently be at its greatest (Conroy et al. 2011). Furthermore, the models 

constructed here are based on 10m wind-speed data which is likely to be inherently more turbulent and 

variable than turbine height winds and, as such, they may lead to more frequent occurrences of 

extreme conditions. Finally, the relatively small number of sites used in this simulation may be 

insufficient to smooth out high and low generation events in the manner that a more dispersed wind 

fleet does.   

TABLE 5.5 - WIND SHEAR COEFFICIENTS ESTIMATED AT EACH SITE AND USED TO EXTRAPOLATE FROM 10M TO 

60M HUB HEIGHT SIMULATION 

 

 

 

 

Site Mast Reanalysis

ALDERGROVE 0.268 0.130

PORTGLENONE 0.328 0.130

GLENANNE NO 2 0.280 0.131

ST ANGELO 0.365 0.143

BALLYKELLY 0.228 0.092

LOUGH FEA 0.325 0.134

CASTLEDERG 0.379 0.133

BALLYPATRICK FOREST 0.270 0.065
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5.5 CONCLUSIONS 

As a data set reanalysis offers a number of significant advantages over surface station observations: a 

complete, long-term time series, without discontinuity; something very few masts are able to provide.  

It is also able to specify the location over which the time series is generated, avoiding a common 

problem over the unrealistic siting of masts for wind power generation simulation. 

A coarse-resolution (~50km+) global reanalysis cannot, however, directly capture all the effects of 

local topography.  In applications where that detail is required, dynamical downscaling approaches (as 

in Morales et al (2012) and Hawkins and Harrison (2010) may prove invaluable.  Such strategies, are 

however, extremely computationally expensive making this difficult in many situations.  There is 

therefore a case to argue that it is advantageous to understand how far the “raw” coarse global 

reanalysis can be used without resorting to further dynamical downscaling. 

Following a commonly used wind power generation simulation methodology, MERRA reanalysis has 

been shown to produce similar overall results to the direct use of equivalent mast-data.  Several 

improvements were noted in the resulting wind generation time-series in Northern Ireland, in 

particular, a stronger correlation with measured power system data and a smaller RMSE.   Reanalysis 

hence presents itself as a suitable basis for providing the wind simulation component of the process 

flow from Chapter 3 (Figure 3.2), as it removes a number of the concerns raised over using surface 

station data as a basis of simulation in Chapters 6 and 7.  Furthermore, it grants access to a 32 year 

long time series; crucial for the purposes of quantifying the occurrence of rare but extreme swings in 

wind generation that are used as a basis for assessing Northern Ireland’s system robustness to 2020 

levels of wind in Chapter 7. 

This study also indicates wider implications: that direct use of reanalysis data could be useful in many 

wind-power applications and that this issue is worthy of further research (e.g., more advanced 

statistical downscaling of reanalysis data to adjust for site-specific topography – as is common in 

many other meteorological applications).  A key concern within this is likely to be understanding the 

characteristics of boundary layer wind shear: an invariant wind-shear coefficient is a major 

simplification of the complex reality of the boundary layer profile that exhibits considerable diurnal 

variability and which previous research has shown to strongly affect wind power generation output 

simulations (Kubik et al. 2011; Fırtın et al. 2011). 
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6 MINIMUM STABLE GENERATION 

“When the wind of change blows, some people build walls, others build windmills.” 

         ~ Ancient Chinese Proverb 

6.1 INTRODUCTION 

Occasions where wind generation exceeds required demand were raised in Chapter 2 as a future 

system concern, due to the growing wind penetration in Northern Ireland.  Without methods of 

demand matching, storing or exporting excess energy during times of high renewable supply, wind 

generation has to be curtailed in order to balance the profile of supply and demand.  The smallest 

amount of generation that a conventional generator unit can stably operate at is known as its minimum 

stable generation (MSG).  The combined minimum output of conventional generation on the system 

was identified as a factor contributing to this challenge, as it restricts the portion of demand that can be 

satisfied by renewables.  Reducing this level of minimum stable generation offers an opportunity for 

enhancing the contribution of wind energy to the system and reducing curtailment events.  

Modern large scale electricity systems require a minimum level of conventional generation that is 

synchronised to the grid to provide system security, balancing, and power quality services (such as 

inertia against unexpected trips, automatic voltage regulation and frequency response).  Existing fossil 

fuel based electricity systems cannot satisfy demand requirements using wind energy alone, as wind 

generators do not normally provide the full range of services of system security and power quality 

required. 

Curtailing wind generation is undesirable from a system operator perspective.  Wind is a zero cost, 

virtually zero carbon fuel, and when it is curtailed not only is the cheap electricity it generates not 

utilised, the system operator also has to reimburse conventional generation for remaining on.  

Furthermore, under the Grid Code rules (SONI 2011), the system operator has to reimburse the wind 

generators for their curtailment.  These aspects undesirably raise the wholesale price of electricity as 

well as the net carbon emissions of the system.  Reducing wind curtailment maximises the utilisation 

of low cost wind energy, lowers system emissions and constraint payments, and reduces dependency 

on foreign imported fuels. 

Northern Ireland was introduced in this thesis as a small system with a high future wind penetration 

forecast for 2020, where 40% of electricity is to be met from renewable resources (1030MW onshore 

wind and 600MW offshore).  Many of the existing thermal generators in Northern Ireland will still be 

operational in 2020, and no new plants are forecast to be constructed in the interim. It is therefore 

particularly important to understand how their operation can affect wind curtailment, and the lessons 
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will have further applicability to similar systems that intend to follow a comparable renewables 

trajectory in the future. 

Using the model described in Chapter 3, the historic pattern of curtailment in Northern Ireland is 

established and validated in this chapter, and the cost of this is estimated.  The reanalysis wind 

simulation approach of Chapter 5 is used to simulate curtailment in 2020 under a number of minimum 

stable generation scenarios.  A number of potential plant modifications (drawing on generator operator 

insight) are included in these scenarios.  The importance of interconnection as a tool for managing 

wind variability is also given consideration, and strategies for reducing curtailment through adapting 

the dispatch of conventional generation are proposed. 

6.2 REVIEW OF PREVIOUS CURTAILMENT ASSESSMENTS 

A number of studies identify wind curtailment as an issue and call for more power plant flexibility.  

De Vos et al. (2013) studied an island power system in Cyprus, which draws a number of parallels to 

Northern Ireland as an isolated transmission system with limited interconnection.  Although the wind 

capacity targets are not as ambitious as Northern Ireland’s, the study suggests that the inadequate 

flexibility in Cyprus will mean significant wind curtailment and demand shedding will be required due 

to the level of minimum stable generation on the system.  Denholm and Hand (2011) demonstrate that 

eliminating must-run baseload generators allows for penetrations of up to 50% variable generation 

with curtailment rates below 10%.  Hong et al. (2012) similarly call for a more flexible system, with a 

lower baseload.   

A collection of literature describes the challenge of wind curtailment from a transmission system 

perspective.  Several studies recognise that eliminating wind curtailment completely is not 

economically optimal, and a level of curtailment has a role to play in reducing transmission congestion 

(Burke & O’Malley 2009; Kalantari & Galiana 2010).  Methods for indexing the risk of curtailment on 

systems and prioritising approaches of alleviating congestion have been proposed (Gu et al. 2011), 

while novel methods of managing transmission-based curtailment have been suggested using phase 

shifters (Daneshi et al. 2011).  Wind curtailment is recognised to occur for reasons other than 

transmission constraints; particularly for unit commitment or load balancing reasons under high wind 

penetrations (Burke & O’Malley 2011); this is the aspect of research that this chapter primarily 

addresses.  

Another cluster of wind curtailment literature discusses the value of storage from a number of 

stochastic and deterministic modelling approaches.  Multiple studies have shown there is value in 

capacity storage technology in reducing wind curtailment (Connolly et al. 2012; Tuohy & O’Malley 

2011; Denholm & Hand 2011), although they disagree on the economic breakeven points for such a 

solution.  A European wide study by Bove et al. (2012) identified that energy storage requirements are 
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strongly influenced by the system’s baseload (i.e. combined minimum stable generation level). This 

result indicates the importance of flexibility of thermal power plants as wind penetration increases.  

The study also indicated that in strongly correlated wind generation areas additional interconnection 

may not reduce the need for storage (as is the case in Ireland; see Table 3.1). 

In summary, the issue of wind curtailment has been examined by a diverse collective of authors, using 

a variety of modelling approaches and tools.  The calls for additional flexibility place a heavy 

emphasis on new generation and do not consider what can be achieved with the existing thermal 

generator mix.  The issue of transmission constraint related curtailment is understood, but the need of 

curtailment from a load balancing perspective has not been previously approached.  Finally, the value 

of energy storage has been examined but from a capacity perspective, storing the excess renewable 

energy when there is an oversupply; the value of this as a solution is strongly influenced by the 

baseload characteristics of the system.  An aspect that has not been as widely considered in the 

literature is the value of energy storage for displacing conventional plant.  A lithium-ion battery store 

is able to provide frequency response, voltage regulation and other services that are currently provided 

by conventional generation.  Battery storage may hence have value from an ancillary service 

perspective.  Given the existing knowledge gap, an investigation of the Northern Ireland system and 

its existing generator mix would deliver fresh insight into how wind generation can be managed in 

systems that have to deal with load-balancing curtailment.    

6.3 SYSTEM OVERVIEW 

6.3.1 CURTAILMENT IMPLICATIONS FOR NORTHERN IRELAND 

Curtailing wind generation to balance system frequency is not a challenge from a purely technical 

perspective.  When wind generation levels are too high to operate the system securely, the SONI 

control centre at Castlereagh House has the ability to remotely curtail or shut down a wind farm 

completely.  This ability extends to all existing and future wind generation on the grid, excluding the 

oldest 80MW of wind capacity. 

From a financial perspective however, curtailment has a negative impact on consumers.  Wind 

generators are registered as price takers on the market and are hence reimbursed by the system (and 

ultimately the consumers) the cost of the energy they would have produced at the system marginal 

price.  This is calculated using turbine anemometer readings during the period of curtailment.  In 

addition to this, the consumer is paying for system security constraints, i.e. for conventional generation 

to remain on.  There is hence a significant incentive to reduce the amount of conventional generation 

on the system as this has the combined benefit of reducing wind curtailment and reducing constraint 

and carbon costs. 
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Wind curtailment also has a strong negative financial impact for individual wind farm operators.  Such 

generators do not receive Renewable Obligation Certificates (ROCs) under the Northern Ireland 

Renewable Obligation (NIRO) mechanism for energy that is curtailed, and hence are unable to capture 

the revenue of selling these on the open market.  If curtailment becomes an increasingly frequent 

occurrence, this will signal a serious disincentive to invest in further wind generation capacity. 

6.3.2 UNIT MSG CAPABILITIES IN NORTHERN IRELAND  

The smallest amount of generation that a conventional generator unit can stably operate at is known as 

its minimum stable generation (MSG).  By reducing this parameter, an increased portion of demand is 

free to be met by wind generation and the need for curtailment to balance load is reduced.  Although 

fast start open cycle gas turbines (OCGTs) on the system have MSG values (Table 2.4), these units are 

only used for peaking power and would never realistically be asked to part load their generation for 

extended periods.  Hence only the MSG of conventional ST or CCGT units is relevant to calculating 

the minimum generation on the system. 

The MSG of each plant is fundamentally limited by the rate that fuel can be combusted without 

leading to instability issues in the designed unit.  Different types of generator have different MSGs, 

reflective of their different operational capabilities; this was initially introduced in Chapter 2  (Table 

2.4).   

6.3.2.1 BALLYLUMFORD AND COOLKEERAGH 

The gas steam turbine units at Ballylumford B offer one of the lowest MSG levels per unit on the 

Northern Ireland system and one of the best turndowns (MSG as a percentage of unit capacity), 

making them a valuable flexible unit for operating alongside wind generation.  However, these units 

are the oldest in Northern Ireland and due to be decommissioned in 2016 due to opting out of the 

Large Combustion Plant Directive (European Parliament 2001), and were hence not included in this 

analysis.   

Single shaft CCGTs such as those at Coolkeeragh and Ballylumford C are designed for efficiency at 

their maximum capacity output.  Such plant struggles to reach low MSG values because they are 

unable to uncouple their gas turbine generation from the heat recovery steam turbine.  Although 

Ballylumford C’s single shaft unit has a small absolute value of MSG, it is also Northern Ireland’s 

smallest non-peaking unit.  It is therefore not commonly used for system security at present, as it is not 

able to provide enough range to cover the loss of another large unit tripping without additional 

support.  Ballylumford C’s 500MW CCGT is able to operate in both open cycle and closed cycle 

modes.  Open cycle mode operation is less efficient and more expensive, and therefore not viable to 

use for sustained minimum generation.   
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6.3.2.2 KILROOT OPERATIONAL FLEXIBILITY 

Kilroot power station’s MSG depends on the quality of the fuel blend when dispatched on coal.  Coals 

are often sourced from multiple locations with different characteristics (e.g. low sulphur coals), and 

with different levels of homogeneity.  All coals will contain levels of non-combustible material that 

will simply contribute to ash and trace heavy metals that have to be removed, which influences the 

consistency of the fuel’s calorific value.  

A more consistent and predictable delivery of coal makes it easier for the plant operator to control the 

mills that pulverise the coal into a fine powder before it is injected to the boiler.  This allows the mills 

to run within tighter margins.  The most significant risk of running at minimum stable generation on 

coal is instability in the coal delivery, which can lead a mill to trip.  Kilroot’s units, which are fed by 

four mills to four separate fuel injection levels in the boiler, require at least three mills to operate 

stably as shown in Figure 6.1 (one is routinely cycled out for maintenance).     

 

FIGURE 6.1 - CONTROL PANEL FOR K1’S FOUR MILLS, SHOWING THREE MILLS IN OPERATION WITHIN THE 

TRAMLINES OF ACCEPTABLE AIR AND FUEL FLOW RATES  

Running Kilroot on three units allows some redundancy, as a mill trip can be compensated for by 

firing oil burner pairs to maintain generator load (avoiding a serious unit trip, which would affect the 

whole NI grid).  It is for this reason that 93MW stands as the current MSG of the units.  In order to 

reduce Kilroot’s minimum stable generation more than this it is necessary to reduce the number of 

mills in service. 

A significant problem with mill reliability at low loads are the safety failsafes that govern its 

operation; for example, flame scanner detection is used to ensure the pulverised coal is injected from 

each of the mills, and if this is not detected a mill not normal alarm is raised, requiring oil burners to 

be fired to support the flame, or the mill will trip.  At lower generation, the risk of failing to detect a 

flame is notably higher, due to the weaker intensity of fuel injection.  Introducing an improved burner 
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management system and improving flame scanner detection instrumentation would allow Kilroot to 

operate on coal using fewer mills, reducing its MSG to 64MW.   

Alternatively, Kilroot can operate using one mill with continual oil support at a reduced MSG of 

53MW, without the need for any further modification.  Such a running regime is more reliable as the 

combustion in the boiler is oil rather than coal controlled, minimising the risk of a mill trip as its coal 

and air flow rates can be fixed, and will not track the level of combustion in the boiler. 

Kilroot could instead be optimised to run on oil alone at minimum generation, with the option of 

switching back to coal operation when stable minimum generation levels for coal are reached.  Due to 

the homogeneity of HFO it can burn at much lower mass flow rates without the flame detection or mill 

stability issues of coal.  Kilroot is able to generate as low as 45MW per unit on oil firing alone, and 

with investment in the burner system to improve burner reliability, has potential to upgrade its 

maximum capacity on oil.  The biggest drawback to this improvement is the high commodity cost of 

HFO, and the need to rethink the emissions implications for the plant.  Oil is cleaner than coal in terms 

of CO2 equivalent emissions, but the post combustion scrubbing of the boiler gas is designed for coal 

use. 

A summary of Kilroot’s potential MSG operating regimes is given in Table 6.1. 

TABLE 6.1 - SUMMARY OF KILROOT OPERATIONAL MODIFICATIONS CONSIDERED 

Regime  Description Advantages Disadvantages 

K1/K2 Existing dispatch of Kilroot 

units, running on three coal 

mills. 

Uses only coal; coal much 

cheaper than oil.  Three mills 

allows some leeway against mill 

tripping. 

High minimum stable 

generation level relative to 

potential alternatives. 

K_O Run Kilroot on oil at 

minimum generation. 

Significant range between GMAX 

and GMSG, rapid ramp up and 

down.  HFO has lower CO2eq 

emissions. 

Price of HFO very high at 

present, improvement in oil 

burner reliability necessary.  

Different emissions and 

environmental considerations. 

K_CO Boiler to run on one mill, but 

with continual oil firing to 

support flame.  

Use of single mill allows 

considerable MSG reduction.  Oil 

burner support improves ramp 

up/down flexibility and reliability.   

High cost of HFO continually 

running.  Coal and oil mixture 

can cause blockages leading to 

tube leaks. 

K_C Improve flame scanners to 

allow Kilroot to run on two 

mills alone (with minimal 

oil). 

Coal a much cheaper commodity 

than oil. 

Modification required, non- 

homogeneity of coal makes 

ramping difficult and limits 

achievable MSG reduction.  

Mill trip hazard. 
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6.4 MODEL DESCRIPTION AND ASSUMPTIONS 

In this analysis it is assumed that in 2020 the system operator is confident of the short term wind 

forecast and therefore during times of high wind generation surplus plant will be taken offline so that 

only the minimum security constrained on plant mix remains.  This plant mix is also assumed to be 

ramped down to its minimum combined generation to accommodate as much wind as possible.  The 

implications of these assumptions will both be addressed in Chapter 8. 

The analysis conducted in this chapter is in two parts; first, records of half-hourly demand, wind 

generation and interconnector flows are modelled to calculate the levels of historical curtailment for 

the Northern Ireland system.  The cost of this is calculated using historical renewable obligation 

certificate values, carbon price and system marginal price.  The emissions and cost savings for viable 

operating regimes that satisfy the existing three unit constrained on are hence quantified under these 

conditions.  The second part of the analysis is concerned with the growth of wind generation capacity 

by 2020 (1030MW onshore and 600MW of offshore wind), and how this would affect the problem of 

curtailment.  The scenario based approach discussed in Chapter 3 was used to quantify the impact of 

both interconnection and the choice of generator units on wind curtailment levels in Northern Ireland. 

6.4.1 CURTAILMENT CALCULATION 

The approach to curtailment modelling was introduced in Figure 3.2.  The details of the modelling 

inputs are covered in Section 3.4.2, and the characteristics of the assumed 2020 wind generation mix 

are given in Appendix B-1.  Six input parameters are used to form a scenario for which curtailment 

requirements can be calculated.  A deterministic annual half-hourly time series is used for representing 

onshore and offshore wind generation (Won and Woff) and for Northern Ireland system demand (D).  

Parameters are also defined for system minimum stable generation (Gmsg) and interconnector flows to 

Great Britain (the HVDC Moyle interconnector, Im) and the Republic of Ireland (the north-south 

interconnector, Ins).  These variables are combined to determine the necessary balance of conventional 

generation Gb to create a balance of supply and demand 

 
 

                          
(6.1) 

 

When Gb is negative (i.e. there is surplus supply to satisfy demand for any given half hourly period), 

this is assumed to be resolved by the system operator through curtailment (Gc) of the wind generation: 

 
 

   |  |  if       
(6.2) 
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6.4.2 EMISSIONS CALCULATION 

In order to calculate the savings in carbon emissions from moving from one system MSG condition to 

another, it is necessary to consider both the reduction in conventional generation and the change in 

carbon intensity.   

Take Gmsg1 and Gmsg2 (with Gmsg1 > Gmsg2) to be an initial high MSG level and alternative lower MSG 

level on the system, each with associated carbon intensities Imsg1 and Imsg2.  Then the maximum 

additional level of wind generation that can be utilised due to this reduction is  

  Gmax = Gmsg1 - Gmsg2 (6.3) 

 

And the total carbon emissions displaced by switching MSG conditions is 

 Cmsg = Gmsg1Imsg1 - Gmsg2Imsg2 (6.4) 

 

If Gw is taken to be the additional amount of wind integrated in the system (i.e. the level of wind 

generation that would have to be curtailed if the MSG level had not been reduced), with an associated 

carbon intensity Iw (as wind has a small, but not negligible carbon emission level also).  The carbon 

emissions contribution from the additional wind generation can then be expressed as 

  Cw = GwIw  (6.5) 

 

If the requirement for wind curtailment during a particular period is less than the amount of generation 

capacity reduced on the system (i.e. Gw ≤ Gmax), the difference has to be made up by conventional 

generation capacity.   This difference is assumed to be made up by increased generation from the MSG 

unit with the lowest carbon intensity Ic.  This approach optimises the minimisation of emissions, 

although in reality dispatch would be determined on a least cost basis.  This limitation is discussed in 

Chapter 8.  Then the carbon emitted from increased generation is 

  Cc = (Gmax-Gw)Ic  (6.6) 

 

Taking Cnet to represent the net emissions saved in tCO2eq per half hour, then for any given Gw, 

Equations 6.4, 6.5 and 6.6 may be combined to form Equation 6.7.  A visual representation of this is 

given in Figure 6.2. 

  Cnet= Cmsg - Cw - Cc (6.7) 
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FIGURE 6.2 - DIAGRAM OF NET EMISSIONS SAVING ACHIEVED BY A REDUCED MSG LEVEL FOR ANY INDIVIDUAL 

HALF HOURLY PERIOD 

The average annual fuel carbon intensity factors used in this analysis are based on direct emissions 

reported in the Irish SEM in 2010 (Table 6.2).  The wind emissions factor is a life cycle emissions 

value and therefore provides a conservative estimate of wind’s carbon impact. 

During periods where conventional generators are operating at minimum generation levels, carbon 

equivalent emissions are higher than average intensities, as plant efficiency is lower at lower loads 

(Thomson 2013; Kubik et al. 2012).  This is accounted for in the modelling of carbon emissions by 

application of an intensity adjustment factor for each NI unit based upon calculating the increase in 

heat rate required to produce a unit of energy (GJ/MWh) at minimum stable generation relative to the 

unit’s operational design value.  A unit’s heat rate (HRG) at a particular level of sent out generation 

(G) is calculated using fixed heat (FH) and incremental heat (IH) as shown in Equation 6.8.   

  HRG = FH + (IH x G) (6.8) 

 

  The summary of these calculations for the NI units is given in Table 6.3. 

TABLE 6.2 - EMISSIONS FACTORS USED IN ANALYSIS, BASED UPON 2010 SEM DATA 

Fuel kgCO2eq/MWh 

Oil 833 

Coal 1015 

Gas 433 

Wind 21
i
 

i. Wind emissions factor based upon life cycle emissions by Lenzen (2008). 
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TABLE 6.3 - INCREASED EMISSIONS AT MSG RELATIVE TO DESIGN GENERATION FOR NI UNITS 

 

6.4.3 COST CALCULATION 

The main financial impacts of wind curtailment were earlier identified as system payment for curtailed 

wind energy that is not used, payment for conventional generation that is constrained on and lost ROC 

revenue for wind generators (Section 6.3.1).  Estimating the historical cost of wind curtailment is 

relatively straightforward, as commodities, carbon price, ROC data and system marginal price data are 

all publically available.  The cost calculations presented in this chapter look retrospectively over these 

system costs to identify present day solutions to reducing system MSG under the three generator unit 

rule.   It was beyond the scope of this study to forecast wind curtailment costs as far as 2020 due to the 

large degree of uncertainty as to how policy support will evolve, the outlook for coal, gas and oil 

commodity prices and other regulatory changes that could have a significant effect on wholesale 

electricity price.   

System curtailment costs for constrained off wind energy were calculated as follows 

 

     ∑         

 

   

 (1) 

Where i is the half hourly period of the annual time series, N is the total number of half hours (17520), 

and SMPi and Gci are the historic SMP price (£/MWh) and the amount of curtailment (MWh) at each 

time step.   

ROC revenue losses were calculated using 

 

     ∑         

 

   

 (2) 

Unit MSG Design Gen Primary FH IH Min HR Design HR Increased

(MW) (MW) Fuel (GJ/h)  (GJ/MWh) GJ/MWh GJ/MWh Emissions

K1 93.00 174.00 Coal 393.61 8.75 12.98 11.01 15.2%

K2 93.00 174.00 Coal 393.61 8.75 12.98 11.01 15.2%

CPS 260.00 404.00 Gas 628.85 5.53 7.95 7.09 10.8%

B10 63.00 101.00 Gas 98.15 6.67 8.23 7.64 7.1%

B31 113.00 247.00 Gas 312.00 6.60 9.36 7.86 16.0%

B32 113.00 247.00 Gas 312.00 6.60 9.36 7.86 16.0%

K_O 45.00 174.00 Oil 393.61 8.75 17.50 11.01 37.1%

K_CO 53.00 174.00 Coal 393.61 8.75 16.18 11.01 31.9%

K_C 64.00 174.00 Coal 393.61 8.75 14.90 11.01 26.1%

Existing 

Gen

Kilroot 

Mods
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Where for each ith half hourly period of the annual time series, ROCi is the historical average auction 

price published by e-roc
6
 and Gci is the amount of curtailment for the time step.   

The constrained on running costs for Kilroot were calculated using 

 

     ∑  ̇              

 

   

  ̇           (3) 

 

Where   ̇     and  ̇     were the fuel flow rates required (in tonnes per half hour) to sustain MSG of 

one of Kilroot’s units (Table 6.4), and        and       were the average historical commodity prices 

(£/t) for the fuel for each ith half hourly period in the annual time series. 

TABLE 6.4 - FUEL FLOW RATE FOR KILROOT TO SUPPLY MSG UNDER POSSIBLE OPERATION REGIMES  

Unit ID Description Generated 

(MW) 

Sent out 

(MW) 

Coal 

(kg/s) 

Oil 

(kg/s) 

K1,K2 Coal (3 mills) 110 93 11.75 0.00 

K_C Reduced coal (2 mills) 80 64 8.00 0.00 

K_CO Coal + continual oil 

support 

70 53 4.25 1.50 

K_O Oil 60 45 0.00 4.00 

 

Finally, the savings passed on to the consumer due to reduced cost of carbon were calculated using 

 

      ∑             

 

   

 (2) 

 

Where Cnet are the net carbon emission (in tCO2eq) saved due to reducing the MSG for each ith half 

hourly period, and Pcarbi is the average carbon price for the same half hourly period. 

 

 

 

 

                                                      

6
 http://www.e-roc.co.uk/trackrecord.htm [Accessed: 26/11/2012] 

http://www.e-roc.co.uk/trackrecord.htm
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6.5 RESULTS AND DISCUSSION 

6.5.1 HISTORIC TRENDS 

The results of historic curtailment levels under existing unit constraints and the potential 

improvements that could be made by modifying Kilroot’s operation under the three-unit rule are given 

in Table 6.5 for each of the four years of data.  For each scenario in each year, the number of half-

hourly periods of curtailment (count), sum of energy curtailed (sum) and percentage of total wind 

generation (% wind) these represent are shown, along with the cost to the system of reimbursing wind 

generators at SMP (CSYS) and cost to wind generators in terms of lost ROC revenue (CROC).  For the 

MSG reduction scenarios under the existing three unit constraint, the net saving in conventional 

generation (CCON) and carbon (CCARB) costs relative to the 3GU-B2 baseline
7
 are also quantified.  The 

overall net saving to the system operator (CSYS + CCON + CCARB) and total value to all stakeholders 

(CSYS + CCON + CCARB + CROC ) are also quantified. 

The frequency and severity of curtailment over the four historic years has increased exponentially with 

the growth of wind generation capacity in Northern Ireland under the business as usual (3GU-B1/B2) 

scenarios (Figure 6.3).  In 2011 the curtailment level estimated by this analysis was 25-32GWh 

(around 2.5-3.2% of total wind generation).  These results were validated using market data comparing 

dispatch quantity (DQ) and market schedule quantity (MSQ) data for the NI wind units, which 

revealed that the actual curtailment in Northern Ireland was 2.85% in 2011, exactly in the middle of 

this predicted range.  This validation therefore demonstrates that the modelling approach is able to 

determine curtailment levels successfully.  A subsequent curtailment report (EirGrid & SONI 2012a) 

comes up with lower curtailment levels of 1.3%, using the same market data approach; however they 

only calculated dispatch down for variable price takers and not all wind generators, with 

their  acknowledgement this means the report under-represents the downward dispatch of wind.   

The benefit of operating Kilroot under the six different running regimes (3GU-1 to 3GU-6) is 

summarised in two ways; net system operator costs (Figure 6.4) represent the direct net value of each 

unit combination scenario to the system operator and ultimately the consumer (i.e. CSYS + CCON + 

CCARB), while total value (Figure 6.6) represents the sum of the value delivered to all stakeholders for 

each scenario (CSYS + CCON + CCARB + CROC), i.e. including the wind generators avoiding lost income. 

The reduced MSG scenarios offer a substantial reduction in terms of curtailment, particularly in 

scenarios 3GU-1, 3GU-3 and 3GU-5, illustrating the relative merits of the Kilroot power plant 

modifications proposed.  The most substantial curtailment reduction would have been achieved by 

                                                      

7
 Throughout this chapter, 3GU-B2 was selected as a common baseline for comparison of the results over 3GU-B1 as it 

represents a less carbon intensive and more diverse mix of units, hence the savings of CO2 are more conservative. 
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running two Kilroot units on oil (scenario 3GU-1).  However, from a cost perspective, Figure 6.4 

illustrates how strongly the value of this is influenced by the volatile price of heavy fuel oil, which has 

grown from a low of £140/t in 2008 to a high of £446/t in 2011 (Figure 6.5).  Due to this increase, the 

cost of reduced minimum generation actually outweighs the benefits for reducing curtailment in 2011, 

due to the expense of running on oil (Figure 6.4).  In contrast, the value of coal is much more stable 

and has not deviated significantly from £64/t over 2008-2011.  As wind curtailment grows, so does the 

net system cost saving under these coal led modifications for Kilroot.     

From a total value perspective (Figure 6.6), a consistent hierarchy to the savings in 3GU-1 to 3GU-6 is 

present across years.  All MSG reduction scenarios are shown to offer a net value to the system, but 

the direct financial benefits are greatest in 3GU-5 and 3GU-6, using the reduced coal modification.  In 

contrast, the net savings of carbon (Figure 6.7) for these six scenarios is broadly reversed – with the 

largest reduction possible being 16-20 ktCO2eq on oil firing (3GU-1 and 3GU-2) and the worst (3GU-

5, where both Kilroot units run on reduced coal) increasing emissions relative to the business as usual 

case by 3.5 ktCO2eq.  This is due the increase of emissions per unit generated on coal at a lower MSG, 

which outweighs the savings of reducing wind curtailment because it is the fuel source the highest 

carbon emissions factor in Northern Ireland (cf. Table 6.2 and Table 6.3). 
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TABLE 6.5 - HISTORIC WIND CURTAILMENT LEVELS UNDER BUSINESS AS USUAL MSG SCENARIOS (3GU-B1 AND 

3GU-B2) AND POSSIBLE IMPROVEMENTS UTILISING KILROOT’S DUAL FUEL FLEXIBILITY.   

 

 

Year Scenario Count Sum (GWh) % wind CROC
a CSYS

b CCON
c CCARB

d Net SO savinge Total valuef

3GU-B1 65 1.36 0.2% £139,565 £104,318 N/A N/A N/A N/A

3GU-B2 100 2.21 0.4% £227,820 £170,809 N/A N/A N/A N/A

3GU-1 4 0.02 0.0% £2,051 £1,799 -£57,555 £48,790 £160,246 £162,297

3GU-2 41 0.64 0.1% £65,236 £48,785 -£28,777 £57,549 £150,795 £216,031

3GU-3 10 0.07 0.0% £7,364 £6,281 £16,943 £30,948 £212,419 £219,783

3GU-4 45 0.81 0.1% £83,289 £62,338 £8,471 £47,612 £164,554 £247,843

3GU-5 16 0.22 0.0% £23,055 £17,867 £41,643 £23,191 £217,776 £240,830

3GU-6 55 1.09 0.2% £111,605 £83,445 £20,821 £42,387 £150,572 £262,177

3GU-B1 88 2.55 0.3% £258,913 £124,193 N/A N/A N/A N/A

3GU-B2 104 3.49 0.4% £354,742 £170,555 N/A N/A N/A N/A

3GU-1 12 0.22 0.0% £22,148 £13,706 -£31,731 £48,702 £173,820 £195,968

3GU-2 65 1.44 0.2% £145,960 £71,724 -£15,866 £55,359 £138,325 £284,286

3GU-3 20 0.35 0.0% £35,485 £20,497 £76,503 £31,496 £258,058 £293,543

3GU-4 73 1.72 0.2% £174,755 £84,725 £38,252 £45,705 £169,786 £344,541

3GU-5 36 0.67 0.1% £67,900 £35,928 £124,602 £23,641 £282,871 £350,770

3GU-6 84 2.16 0.3% £219,489 £105,405 £62,301 £40,404 £167,856 £387,345

3GU-B1 122 5.04 0.8% £467,446 £239,091 N/A N/A N/A N/A

3GU-B2 177 6.50 1.0% £603,877 £313,335 N/A N/A N/A N/A

3GU-1 53 1.26 0.2% £115,431 £53,543 -£197,375 £76,471 £64,645 £180,075

3GU-2 98 3.54 0.5% £327,336 £164,347 -£98,687 £83,196 £59,252 £386,588

3GU-3 53 1.68 0.3% £154,482 £74,101 £22,841 £49,226 £237,057 £391,540

3GU-4 100 3.94 0.6% £364,588 £184,170 £11,421 £68,609 £134,950 £499,538

3GU-5 66 2.32 0.3% £213,317 £105,060 £124,366 £36,296 £294,693 £508,009

3GU-6 110 4.52 0.7% £418,686 £212,964 £62,183 £60,802 £149,111 £567,797

3GU-B1 633 24.97 2.5% £2,364,260 £1,505,179 N/A N/A N/A N/A

3GU-B2 760 31.99 3.2% £3,029,042 £1,940,255 N/A N/A N/A N/A

3GU-1 194 5.85 0.6% £553,278 £359,892 -£2,014,170 £337,441 -£96,366 £456,912

3GU-2 503 17.04 1.7% £1,613,255 £1,027,013 -£1,007,085 £369,174 £275,331 £1,888,586

3GU-3 244 7.63 0.8% £721,935 £465,788 -£429,241 £218,483 £1,263,708 £1,985,643

3GU-4 542 19.13 1.9% £1,811,220 £1,152,129 -£214,621 £304,451 £877,956 £2,689,176

3GU-5 339 10.79 1.1% £1,021,510 £653,412 £313,093 £161,638 £1,761,574 £2,783,084

3GU-6 591 22.25 2.2% £2,106,141 £1,339,371 £156,547 £269,300 £1,026,731 £3,132,872

a. cost to wind generators in terms of lost Renewable Obligation Certificate revenue 

b cost to the system of reimbursing wind generators at system marginal price

c net saving in conventional generation costs relative to the 3GU-B2 baseline

d net saving in system carbon emissions relative to the 3GU-B2 baseline

e net saving for system operator: CSYS + CCON + CCARB

f total value to system: CSYS + CCON + CCARB + CROC

Summary of units in each scenario (cf. Table 3.5)

3GU-B1 = CPS, K1, K1           3GU-1 = CPS, K_O, K_O          3GU-3 = CPS, K_CO, K_CO          3GU-5 = CPS, K_C, K_C

3GU-B2 = CPS, K1, B31         3GU-2 = CPS, K_O, B31            3GU-4 = CPS, K_CO, B31              3GU-6 = CPS, K_C, B31

2008

2009

2010

2011
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FIGURE 6.3 - SUMMARY OF ESTIMATED HISTORIC CURTAILMENT LEVELS UNDER BUSINESS AS USUAL 

CONDITIONS (3GU-B1 AND B2) AND SIX UNIT MODIFICATION SCENARIOS 

 

FIGURE 6.4 - NET COST SAVINGS FOR SYSTEM OPERATOR UNDER REDUCED MSG SCENARIOS 
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FIGURE 6.5 - FUEL COMMODITY PRICES DURING 2008-2011 (AES 2012) 

 

FIGURE 6.6 - TOTAL VALUE OF CURTAILMENT REDUCTION FOR ALL STAKEHOLDERS IN NORTHERN IRELAND 

UNDER REDUCED MSG SCENARIOS 
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FIGURE 6.7 - EMISSIONS SAVINGS UNDER REDUCED MSG SCENARIOS RELATIVE TO BUSINESS AS USUAL 

SCENARIO 3GU-B2 

6.5.2 CURTAILMENT PROJECTIONS FOR 2020 

6.5.2.1 UNDER DIFFERENT UNIT CONSTRAINTS 

The benefits of reducing minimum stable generation were assessed against a set of input parameters, 

representing an intermediate case for interconnector export capabilities (scenario V, cf. Table 3.3).  

The percentage of unconstrained wind generation that this would involve curtailing is shown in Figure 

6.8.   

 

FIGURE 6.8 - CURTAILMENT LEVELS FOR 2020 MINIMUM STABLE GENERATION SCENARIOS RELATIVE TO 3GU-B2 
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With the existing system security constraints remaining business as usual, the Northern Ireland system 

would be required to curtail in the order of 350GWh of wind generation in order to readdress the 

balance of supply and demand, some 7.0-7.5% of total unconstrained wind generation.  With the 

utilisation of Kilroot’s dual fuel flexibility during times of high wind generation, even with the 3-unit 

system security rule enforced, it is possible to reduce this level of curtailment down to 4.9% on oil 

(3GU-1), 5.3% on coal with oil support (3GU-3) and 5.7% with reduced coal modifications (3GU-5).  

Possible 2-unit configurations were considered, showing reductions of up to 79% to curtailment 

requirements relative to 3GU-B2 were possible (2GU-12).  The biggest reductions were for two unit 

combinations that did not include dispatching Coolkeeragh (2GU-7 to 2GU-20), due to this unit’s high 

MSG of 240MW (cf. Table 3.4). 

The savings of emissions in tCO2eq, relative to business as usual scenario 3GU-B2, are shown in 

Figure 6.9.  The findings broadly follow those of Figure 6.8, with lower curtailment levels saving the 

most on carbon emissions.  However, this is not true in all cases as the reduced operational efficiency 

at lower minimum generations and the increased carbon intensity of the conventional generation mix 

limit the emissions savings of some of the lower MSG scenarios.  For example, scenario 2GU-9 (two 

unmodified Kilroot coal units) would reduce curtailment to 2.5%, but the emissions savings of this are 

substantially lower than for other two-unit combinations due to the carbon intensity of a solely coal 

providing MSG.  The largest emissions savings, 202 ktCO2eq in the case of 2GU-19, do not come 

from the scenario that minimises curtailment of wind the most (2GU-12). 

 

FIGURE 6.9 - EMISSIONS SAVED FROM CURTAILMENT RELATIVE TO BUSINESS AS USUAL SCENARIO 3GU-B2 
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An indication of the respective impacts of the savings associated with avoided carbon emissions 

shown in Figure 6.9 is shown in Figure 6.10 under a range of carbon price assumptions: starting at the 

(minimum) 2020 carbon price floor levy of £30/tCO2eq (HMRC 2013).  This indicates that the cost of 

generation even under the £30/t carbon floor could result in end user savings of up to £6m in the 

lowest curtailment scenarios, and increases substantially more as the trading price rises. 

 

FIGURE 6.10 - COST SAVINGS ON CARBON EMISSIONS UNDER A RANGE OF ASSUMED CARBON PRICES 
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high emissions savings is weak, and strongly dependent on the type of conventional generation 
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saved for every GWh of wind that avoids curtailment. 
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FIGURE 6.11 - SCATTER PLOT SHOWING THE CORRELATION BETWEEN REDUCING WIND CURTAILMENT AND THE 

SAVINGS ON CARBON EMISSIONS FOR EACH SCENARIO 

6.5.2.2 UNDER DIFFERENT INTERCONNECTOR SCENARIOS 

The sensitivity of curtailment to interconnector behaviour was considered through nine interconnector 

scenario combinations (I to IX), summarised in Table 3.3.  The required curtailment under historical 

MSG conditions (3GU-B2), and the best case curtailment reduction (2GU-12) is show in Figure 6.12. 
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The severity of curtailment was found to be strongly dependent on the level of constraint in the 

scenario. Negligible curtailment was required with the construction of a new North/South tieline and 

both interconnectors able to export at maximum capacity (Scenario I), whereas severe curtailment 

(approaching nearly 70% of the total wind resource) would be required if this tie line is out of 

commission and the commercially operated Moyle interconnector was dispatched to import electricity 

(Scenario IX).   The maximum export scenario may be overly optimistic, as the strong correlation 

between wind generation in Northern Ireland, the Republic of Ireland and Great Britain may limit the 

export potential of the system; however detailed modelling of the likely interactions of these countries 

would be needed to confirm the true export capabilities during high wind periods. 

6.6 RECOMMENDATIONS FOR REDUCING WIND CURTAILMENT 

The historic trend of wind curtailment has provided an indication of the growing nature of this 

challenge, and the associated costs.  The analysis in this chapter has shown that this challenge will 

grow as the installed capacity of wind rises,  and that if the existing 3-unit system security rule 

remains unchanged, 340-360GWh of wind curtailment may be required, up from levels of around 25-

32GWh in 2011.  Under the existing market framework, the costs of this curtailment burden both the 

wind generators in terms of lost ROCs, and the whole system in terms of constraint payments for 

existing generators, carbon price, and SMP reimbursement to wind generators. 

An electricity system can be optimised for a number of parameters such as lowest end user cost, 

minimisation of emissions, or power quality and reliability.  An effective electricity system balances 

all three elements, which have often-conflicting requirements.  Having fewer units on may reduce cost 

and emissions, for example, but is a potential trade-off against poorer security of supply.  These issues 

are discussed with suggested strategic recommendations to reduce wind curtailment in the following 

sections. 

6.6.1 POWER PLANT MODIFICATIONS 

A number of possible running regimes that would allow Kilroot’s generator units to operate at lower 

MSG were introduced in Section 6.3.2.2.  The benefits of the proposed alternative running regimes 

have been quantified both in terms of reduced curtailment, emissions and in terms of financial 

implications.  The most effective operating regime depends on the overall goal of the system. 

If the primary goal is to reduce wind curtailment and system carbon emissions, then of the operating 

regimes considered firing Kilroot on heavy fuel oil alone (K_O) is of greatest value.  Such a change, 

even with the three-unit rule in place, could have reduced historical wind curtailment in 2011 from 

32GWh down to 5.9GWh, and carbon emissions of the system by 20 ktCO2eq.  The net economic 

benefit of this solution for the system operator is influenced by the price of oil; in 2008 the savings in 

wind curtailment costs would have outweighed the increased cost of oil firing by £160,000 for the 
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system operator.   However, the escalation of oil price after 2008 (Figure 6.5) has meant this solution 

would have resulted in a relative increase to system costs in 2011 of £96,000.  Despite this, Figure 6.6 

illustrates that from a total value perspective (including the benefits to the wind industry), oil firing 

still is of overall positive value to the system.  Such a running regime is most valuable if the Irish 

system’s priority is decarbonisation, reducing carbon emissions and allaying wind investor fears over 

revenue. 

If the primary goal of MSG reduction is to reduce costs for the system operator (and ultimately 

consumers), the best strategy is to modify Kilroot to dispatch more reliably at a lower coal generation 

without the need for continual oil support (K_C).  Such a solution would have saved £1.8m for the 

consumers and had a total value to all stakeholders of over £2.8m.  However, this solution offers the 

smallest reduction in wind curtailment and would actually have increased system emissions by 

approximately 3.5 ktCO2eq under the three unit rule due to the higher carbon intensity of the plant 

mix.   

A middle ground solution is the final flexibility proposal; coal firing with continual oil support 

(K_CO).  This solution would reduce wind curtailment and save levels of carbon intermediate to both 

the K_O and K_C options (reducing curtailment to 7.63GWh, saving 2.5 ktCO2eq) and offer 

intermediate system cost savings (£1.3m net system operator savings, £2m total value).  Of the 

proposed running regimes, this is one that would require no physical modification work to Kilroot 

power station and no operational difficulties that might affect reliability (see Section 6.3.2).  

The above changes to Kilroot’s operational regime could be implemented without changing the 

existing three unit rule or improving Northern Ireland’s interconnection.  However, the current Irish 

Single Electricity Market framework prevents start up on a more expensive fuel, even if it has a lower 

MSG.  The rules stipulate that the price of electricity generation increments submitted as generator 

bids have to be monotonically increasing.  This means that a bid for more generation from the same 

unit has to be for a larger amount of money than for less generation.   

The framework therefore currently restricts Kilroot from starting up on oil, a more expensive fuel, and 

moving to cheaper coal when a stable generation level is reached, as it is not accepted by the 

scheduling software (the region of bids not allowable is illustrated in Figure 6.13).  The option of 

firing on oil below the acceptable MSG level for coal and switching fuel back to coal above this 

threshold was not directly factored into this analysis.  However, if this rule was revisited, it would 

offer a compromise of reduced MSG on the system during periods of high wind and low cost coal 

operation when there is a higher requirement for conventional generation on the system.  Such an 

opportunity is timely, as the system and market operators are consulting on changes to system tools, 

policy and performance through their ongoing DS3 study (EirGrid & SONI 2011a), and the required 

market reforms to comply with 2016 common electricity market arrangements (see Section 2.2.3). 
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FIGURE 6.13 - SCHEMATIC BID PROFILE FOR KILROOT ON OIL AND COAL 

6.6.2 RELAXATION OF THREE UNIT CONSTRAINT 

The curtailment levels and emissions savings in 2020 are ranked in order of benefit in Figure 6.14 and 

Figure 6.15.  The most significant reductions in 2020 wind curtailment were achieved by reducing the 

three-unit constraint rule currently imposed by SONI for system security to two units, particularly if 

the two units do not include Coolkeeragh power station, which due to its high minimum generation 

level imposes higher curtailment requirements on the system.  The relaxation of the constraint to two 

units could reduce curtailment levels by up to 79% (in scenario 3GU-12) in comparison to present day 

configurations, and would result in a net emissions saving of up to 150 ktCO2eq.  However, the largest 

savings in emissions were found to be up to 202 ktCO2eq (in scenario 3GU-19), where curtailment is 

reduced by 68% relative to 3GU-B2, indicating that there is an optimum level of curtailment from a 

carbon saving perspective, and that reducing curtailment as far as possible is not necessarily the best 

solution.  This is due to the increased emissions of conventional units for the power they produce at 

very low MSG levels (Thomson 2013; Kubik et al. 2012). 

The sensitivity of the results was tested with respect to capacity factor (Figure 6.16).  The middle case 

shows the reanalysis year for 2009, which was representative of the long-term average capacity factor, 

but also indicates the wind curtailment levels during the highest and lowest years of wind curtailment 

observed in the reanalysis data set (1990 and 2010 respectively).  The results show a stronger 

sensitivity to relatively small increase in capacity factor, than to a relatively large reduction; the lowest 

wind year observed was a significantly larger deviation from the long-term average than the high wind 

year.   

The number of conventional generation units operational during times of high wind is a trade-off 

against system security.  There are indications that the three-unit requirement might be revised by 

2020, given the planned construction of a new tieline to the Republic of Ireland relieving constraints 
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(EirGrid 2011).  Recent published constraint changes by EirGrid and SONI (2012e) are indicating 

these rules are already beginning to be relaxed, with Coolkeeragh now only being constrained on when 

system is demand is greater than 1000MW. 

The reasons that certain unit combinations may be a security concern to the system are twofold;  One 

issue is spatial, for example the escalated risk by having both generators coming from a single 

substation due to the single point of failure, or the need for Kilroot/Coolkeeragh to remain on for 

regional power quality.  The former is an acknowledged risk that may be unacceptable to the system, 

whereas the latter constraints are not expected to be a problem in 2020, due to transmission network 

improvements and improvements in interconnection.  The scenarios that fall under the spatial 

stipulation are idenfified with diagonal hatching in Figure 6.14 and Figure 6.15, showing that many of 

the best scenarios from a curtailment or emissions persepctive may not be permissble from a security 

perspective unless enabling measures are provided. 

The second issue is the physical robustness of the system to cope with the variability of wind 

generation and ensure a continual balance of supply and demand, which diminishes with a smaller mix 

of plant and with certain slow ramping or low range units.  For example, two unit scenarios involving 

Ballylumford C’s 101MW unit may not have enough range in its capacity (63MW minimum to 

101MW maximum) to function in a system security role particularly in managing the variability of 

wind. This includes scenarios 2GU-6, 2GU-8, 2GU-11, 2GU-14 and 2GU-17, identified in Figure 6.14 

and Figure 6.15 by dotted filling.  These issues of sytem robustness are examined in detail in the 

analysis conducted in Chapter 7. 

The system security of these two unit combinations could be enhanced by supporting the system’s 

provision of ancillary services through other means, something Puga (2010) argues will require proper 

pricing in high wind penetration systems.  Although the value of capacity based storage schemes for 

island systems has been well established (cf. Section 6.2), there is potentially a role for battery storage 

to provide advanced reserves to the system.  Rather than store wind that would otherwise be curtailed, 

which previous studies have shown to only become economically viable for wind penetrations greater 

than 50% (Tuohy & O’Malley 2011), this type of service storage would allow system security rules to 

be relaxed, making more generator unit combinations permissible and hence reducing curtailment and 

increasing emissions savings.  Such a scheme also fits well with current calls from the system operator 

for demonstration projects that will provide such services (EirGrid & SONI 2012c).  This discussion 

of optimal unit combinations and the role of storage in Northern Ireland is further expanded upon in 

Chapter 7, where the risk of reduced generation capacity in these scenarios is quantified against the 

ability of Northern Ireland’s ability to meet swings in its wind generation.  The wider considerations to 

achieve some of the proposed changes in expanded upon in Chapter 8. 
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FIGURE 6.14 - SCENARIOS RANKED WITH RESPECT TO WIND CURTAILMENT LEVELS AND IDENTIFYING SYSTEM 

SECURITY CONCERNS 

 

FIGURE 6.15 - SCENARIOS RANKED WITH RESPECT TO CARBON EMISSIONS SAVINGS AND IDENTIFYING SYSTEM 

SECURITY CONCERNS 
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FIGURE 6.16 - SCENARIOS RANKED WITH RESPECT TO WIND CURTAILMENT LEVELS AND SHOWING SENSITIVITY 

OF RESULTS TO MAXIMUM AND MINIMUM CAPACITY FACTORS 

6.6.3 ENSURE RELIABLE INTERCONNECTOR CAPACITY 

The modelling in this chapter has highlighted that the behaviour of the interconnectors is significant to 

the overall curtailment levels in Ireland.  The scenarios in Figure 6.12 have been broadly categorised 

into three groups; full export of wind generation to the Republic of Ireland, partial use of the 

interconnector, or in worst case not being able to export any energy. 

If the system is in a position to export at its maximum capacity at all times, there will be negligible 

levels of wind curtailment on the system required to balance generation with demand, such as in 

scenario I (Figure 6.12).  This is a situation assumed in the All Island Grid study (Meibom et al. 2008) 

which states that the construction of the additional interconnector and the function of the Moyle 

interconnector is a precondition to the feasibility of its research, which may be why that study does not 

emphasise the challenge of wind curtailment.  Conversely, in very constrained conditions, as much as 

70% of the wind energy generated would have to be curtailed (scenario IX).  The most likely situation 

is somewhere between these extremes, and will vary with time; as like all components in an electricity 

system, transmission lines are cycled out for maintenance. 

A central scenario (such as scenario V) represents what would happen if the interconnector capacity 

remained as it is today but with 2020 levels of wind generation, assuming maximum export to the 

Republic of Ireland and the continual outage of the Moyle interconnector.  Under the existing three-

unit rule (3GU-B2), 7.54% of wind generation would have to be curtailed, up from 2.85% in 2011 (cf. 
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for the Irish electricity market (Pöyry 2009), using the larger absorption capacity of the National Grid 

of Great Britain.  The importance of the new tieline with the south of Ireland for coping with wind 

variability is reaffirmed, drawing concern about the long delays on the planned line (Energy Daily 

2012).  There are still however questions as to the exact extent the interconnector can be utilised due 

to the strong correlation of renewable generation between Northern Ireland, Great Britain and the 

Republic of Ireland.  Further work is needed to model these markets interacting under the future 

reformed electricity market mechanism. 

6.7 CONCLUSIONS 

Northern Ireland is part of one of the world’s first electricity markets to integrate a level of wind 

generation that will provide 40% of electricity from renewable resources as soon as 2020.  These 

changes are happening over a short timeframe and at the same time as the conventional generation 

capacity diminishes.   The challenges faced and resolved by the system therefore have relevance to 

other countries mapping out pathways to similar wind penetrations over a longer timescale. 

This chapter has shown that wind curtailment is only just beginning to become a challenge at present, 

but that the frequency, volume and cost of curtailment are all growing in line with the installed 

capacity of wind.  By 2020, under the existing constraint rules, wind curtailment in Northern Ireland is 

expected to grow to 340-360GWh, up from levels of around 25-32GWh in 2011. 

A review of the operating capabilities of Northern Ireland’s conventional generation has highlighted 

where there are opportunities for reduction in wind curtailment without the construction of new plant.   

Quantitative modelling work has shown that different modifications to Kilroot power station’s running 

regime have differing impacts on system costs and emissions.  Based on historic analysis, firing 

Kilroot on oil had the potential to reduce historical wind curtailment and emissions the most in 2011, 

and looking to 2020 oil firing would allow a substantial amount of wind curtailment to be eliminated 

without investment in new generation.  However, adopting such measures would require a rethink of 

the market rules to allow non-monotonically increasing bids, and unless the price of fuel oil falls 

significantly, this solution would increase overall system operator costs.  Alternatively, modifying 

Kilroot to operate on reduced levels of coal would provide the best financial saving overall and reduce 

curtailment, but would not reduce emissions as part of a three unit combination and would be the most 

technically challenging to facilitate without loss of reliability.  Finally, an intermediate outcome is 

achievable without any modification to the market or physical plant equipment by running Kilroot on 

coal with continual oil firing.  Such an operation would have provided intermediate levels of 

curtailment reduction, emissions savings and system operator savings. 

Twenty-eight unit combination scenarios were investigated and the reduction of curtailment and 

emissions savings quantified for 2020 under both 2-unit options and Kilroot power plant 
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modifications.  The analysis found that the biggest curtailment savings were accrued with two unit 

combinations, especially those not including Coolkeeragh Power Station, whose high MSG is an 

obstacle to reducing curtailment.  Curtailment levels could be reduced by up to 79% in comparison to 

the best present day configuration, or net emissions could be reduced by 202 ktCO2eq, equating to a 

£6.06m annual saving on carbon emissions even with the most conservative carbon floor price.  

System security considerations were discussed, and scenarios of potential concern with the two unit 

scenarios were identified, particularly those that offer the greatest emissions savings and curtailment 

reduction.   

The role of interconnection was investigated and export capacity was identified as an important 

parameter in reducing wind curtailment, both directly in terms of exporting excess wind but also 

tacitly by reducing pressure on system security constraints.  Additional ancillary service provision 

from battery storage was suggested as an additional step that would facilitate some of the scenarios 

that offer the largest reductions to curtailment. 
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7 FLEXIBLE POWER PLANT OPERATION 

"We demand rigidly defined areas of doubt and uncertainty!"  

~ Douglas Adams 

7.1 INTRODUCTION 

Increasing levels of supply variability due to growing wind generation penetrations were identified in 

Chapter 2 as an issue that requires further investigation.  Increased variability will require further 

flexibility from conventional plant, and this will have impact on their operation.  In Northern Ireland, 

where an aging and diminishing conventional generation mix is required to respond to this variability, 

this is a particularly challenging proposition.   Lessons learned managing variability in Northern 

Ireland are therefore of significance to many other countries, which face similar challenges with 

integrating renewable energy in the future. 

A particular system operator concern is the occurrence of low probability, high swings in renewable 

generation that exceed the operational characteristics of conventional plant, requiring, for example, 

fast acting peaking plant to respond to a sudden drop in wind power.  The frequency and limits of such 

events is not thoroughly investigated in the literature, and there is a missing link to tie this into the 

physical stability of a system using primarily conventional generation.  In this chapter, occurrences 

where wind ramping exceeds system capabilities will be described as events.  As wind generation 

increasingly displaces conventional generation from operating, the capacity of dispatchable plant 

available to respond to swings in wind generation output diminishes.  This is a particularly acute 

challenge given that Chapter 6 identified that in order to minimise wind curtailment (one of the other 

results of a highly variable wind regime) it is necessary to reduce the number of conventional 

generators on the system from three to two units. 

This chapter performs a technical analysis of the robustness of Northern Ireland’s generators in 

responding to the variable nature of wind generation, using the research methodology discussed in 

Chapter 3 and drawing upon an extensive reanalysis data set validated for this purpose in Chapter 5.  

An analysis of the frequency and duration of the swings in wind generation over five minute, hourly 

and four hourly time steps is performed and mapped against existing and potential future generator 

unit scenarios.  The frequency and severity of events are quantified against these scenarios, and the 

impact of a potential solution in the form of a proposed battery store is investigated.  Based upon the 

results of the analysis, recommendations for optimising the Northern Ireland system in order to 

manage wind events are proposed. 

 

 



95 

7.2 REVIEW OF PREVIOUS STUDIES 

Although studies in more recent years have begun to turn their attention to the analysis of growing 

penetrations of wind energy, an area that lacks detailed attention is a focus on extremes; namely, how 

often low and high generation events occur and last, and particularly the transitional behaviour of 

wind; how quickly output from wind generation can change.  This section summarises the research 

landscape, identifying areas that have been studied and where there is a knowledge gap that is worthy 

of attention. 

Attempts to identify the rate of change of wind power for both ramp-up and ramp-down events have 

been made in a number of studies (Milborrow 2001; Milborrow 2007; Ummels et al. 2007; ILEX & 

Strbac 2002); however the emphasis has been on the ability of wind to contribute to energy supply, 

showing that most changes are well within system capabilities.   

Data on wind generation fluctuations (ramp rates) is often represented in a manner displayed in Figure 

7.1, showing the frequency of occurrence of each percentage change in output from the wind farms in 

the whole of western Denmark.  This region was selected for analysis in Milborrow’s study because it 

is a distinct region from a market perspective and where the majority of Denmark’s wind was 

concentrated at the time of his publication in 2001.   

 

FIGURE 7.1 - EXAMPLE MILBORROW (2001) PLOT, COMPARING THE FREQUENCY OF CHANGES IN WIND 

GENERATION FOR THE WHOLE OF WESTERN DENMARK AT DIFFERENT TIMESCALES 

The plot illustrates that larger changes in power occur over longer time steps, but that these occur 

several orders of magnitude less frequently than smaller changes.  However, in Milborrow’s analysis, 

only three months of wind data were used and in subsequent studies little attention has been paid to the 
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extremes of changes in power that can occur.  A considerably longer data set would be required in 

order to define the physical limits of wind ramping over different time scales, and how frequently they 

occur.   

In Northern Ireland, where wind generation in 2020 is expected to make up 57% of installed generator 

capacity (EirGrid & SONI 2010) it is extremely important to understand whether there is sufficient 

ramping capacity in the conventional generation mix, particularly during high wind periods when only 

a minimal amount of conventional generation will be online for system security purposes.  If there are 

cases where this is not sufficient, an idea of the severity and probability of an event occurring needs to 

be established, and potential mitigation strategies need to be suggested. 

A study by Kamath (2011) examined which variables are important for predicting 30 minute ramp 

events, identifying that wind speed, relative humidity and temperature held the strongest link.  Some 

studies have analysed the very short term (minute to minute) impacts of gusts and how these might 

cause turbines to cut out (Hewston & Dorling 2011) or use univariate time series sampling to estimate 

ramping rates for similarly short time horizons (Hwang et al. 2011).  However, these studies all place 

an emphasis on resource and make little connection to the impacts and capabilities of conventional 

plant required to respond in changes in generation. Furthermore, they also only make use of short time 

series which cannot capture the rare events where significant swings in wind generation occur. 

An exception to the use of short time series is Sinden (2007), who carried out one of the best known 

long term statistical analysis of historic wind data.  In his work he determined the relationship between 

wind generation and demand in some considerable depth.  Although this work would have been well 

placed to glean insight into the occurrence of wind events, his study did not consider this aspect of 

wind variability.   

Oswald et al. (2008), Sinden (2007) and Brayshaw et al. (2011) all highlight the occurrences of ‘low 

wind cold snaps’ where extended calm periods with very low wind generation output can combine 

with heightened electricity demand due to cold weather conditions.  However, there is limited focus in 

any of these studies on how quickly these conditions change.    

Valuable insight into the impacts of resource variability on variable plant has emerged with time 

(Grubb 1991; Gostling 2002; Starr 2007; Oswald et al. 2008; Kubik et al. 2012), the findings of which 

were set out in Chapter 2.  However, the discussion in this work is made qualitatively without a direct 

analysis of wind generation data.  Qadrdan et al. (2010) take Oswald’s data further to look at impacts 

of wind ramping, and to estimate some of the economic impacts on the gas network having to 

compensate for wind variability.  However, Oswald’s data has been criticised for its narrow selection 

of data; simulating data for only the month of January, which Gross and Heptonsall (2008) argue 

‘risks repeating the mistakes of the past by interpreting data in a selective manner, or by erroneously 
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singling out alarming sounding findings.’  Foley et al (2013) similarly recognise the impact of 

increasing wind ramp-ups and ramp-downs on the Irish grid has not received adequate attention. 

A few studies do bridge generator dispatch and the analysis of wind ramping using stochastic 

approaches (Arabali et al. 2012; Ummels et al. 2007) but these are based on theoretical systems with 

simplified and aggregated characteristics.  The modelling of individual plant parameters of a real 

system is beyond these configurations.   

In summary, the occurrence of low probability ramping events is not thoroughly investigated in the 

literature, as the majority of studies make use of short time series or use stochastic simulation 

approaches.  The impact of renewable resource variability on conventional generation has not received 

adequate attention, especially as the infrequent large ramping events are the most problematic for 

systems to cope with.  The analysis in this chapter is able to bridge this knowledge gap by analysing 

an extensive wind simulation data-set and detailed, unit specific parameters for a real system to 

quantify the risk of ramping rates exceeding system capabilities. 

7.3 SYSTEM OVERVIEW 

7.3.1 UNIT RAMPING CAPABILITIES IN NORTHERN IRELAND 

The rate at which a conventional generation unit can increase or decrease its output is expressed in 

terms of MW/min.  The higher this parameter, the quicker that unit is able to respond to an instruction 

to increase or decrease its output to a desired level.  The ramp rate of each Northern Ireland unit is 

agreed contractually by each unit as part of the Northern Ireland Grid Code (SONI 2011).   

The ramp rate characteristics of each unit are technology and fuel dependent.  The values for each 

individual unit, and their maximum operational capability to ramp up and down over 5 minute and 

hourly time steps is summarised in Table 3.4 (cf. Table 2.4 for description of plant).  The reasons for 

the selected plant parameters and for potential modifications were introduced in the context of 

minimum stable generation issues in Section 6.3.2, but are discussed from the perspective of ramping 

capability below. 

7.3.1.1 BALLYLUMFORD AND COOLKEERAGH 

Combined cycle gas units such as those at Ballylumford C station (B31 and B32) and Coolkeeragh 

(CPS) are ‘light’ units and therefore are more responsive than large inertia-heavy steam units such as 

that at Kilroot (K1 and K2) or Ballylumford B station (B4, B5 and B6), which both possess a stronger 

thermal inertia and resistance to change.  Natural gas, which all the Northern Ireland CCGT units run 

on, is also a very controllable fuel, unlike coal.  CCGT units therefore are typically more flexible from 

the perspective of ramping, as reflected in their ramp rate characteristics in Table 3.4.   
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A notable exception is Ballylumford C’s single shaft B10 unit, which has lower ramping ability than 

the other CCGT units.  This is believed to be due to the design, which as discussed in Section 2.3.2.1, 

is always a compromise between load change response and efficiency. Ballylumford’s B10 unit was 

designed for maximum efficiency, which manifests itself in design aspects such as turbine blade 

clearance, which in turn affects differential expansion rates and corresponding limits to ramp rate up 

or down. 

7.3.1.2 KILROOT OPERATIONAL FLEXIBILITY 

A steam plant such as Kilroot has a very high thermal inertia, which makes it valuable in responding 

to transients on the system (the trip of a unit resulting in a drop of frequency on a scale of seconds) as 

it is instantly able to increase its output through free governor action.  A governor is a device used to 

measure and regulate the speed of the generator, designed to respond automatically to a change in 

generation in a certain characteristic manner.  Normally the governor characteristic and unit ramp rates 

are set contractually, however the actual technical limits are defined by a number of factors. 

As already discussed in Section 6.3.2.2, coals are often sourced from multiple locations with different 

characteristics (e.g. low sulphur coals), and with different levels of homogeneity.  This variance 

influences the consistency of the fuel’s calorific value, which in turn makes pulverising the coal with 

the right mixture of air a challenging prospect.  As the coal mills operate within tight tramlines of 

acceptability (see discussion surrounding Figure 6.1) any required increase or decrease in output has to 

be carefully controlled.  Due to the large thermal inertia of Kilroot’s units there is a signal delay 

between increasing the coal flow rate and a pickup in output of around 2-4 min (depending on the 

quality of system instrumentation, which differs for the two units).  The larger the rate of change 

applied the sharper the rise or fall in boiler pressure until this balance is readdressed.  For this reason, 

Kilroot operating on coal alone cannot comfortably support a ramp rate of greater than around ±2.5 

MW/min, as reflected in the ramp rate characteristics for K1 and K2, and under the 2020 coal only 

modification K_C (cf. Table 6.1).  Although there is potential to improve the instrumentation under 

the K_C modification, the difficulty of operating under lower minimum generation conditions (where 

there is minimal leeway regarding coal/air mix) means that this ramp rate has to be limited at these 

lower values and would be difficult to improve upon. 

Kilroot has additional ramp rate capability due to its dual fuel flexibility.  By firing oil burners, such as 

in modification K_CO (cf. Table 6.1), the modified unit could meet a ramp rate of ±6 MW/min 

comfortably, as oil is much more stable and controllable as a fuel than coal.  Such a mix does pose 

some operational challenges as the mixture of coal and oil together can form a mixture which leads to 

blockages and increases the risk of tube leaks in the boiler. 

Finally, Kilroot is also capable of running solely on oil (K_O, cf. Table 6.1).  This allows considerably 

more flexibility in ramp rate.  Burner reliability is a key factor in achieving this.  When originally 



99 

designed to operate on oil, ramp rates of up to a maximum of 36 MW/min up or down were possible at 

Kilroot.  However, under the 1980s modification to allow dual fuel flexibility some of this ramping 

ability was lost, and achieving such ramp rates requires very high burner reliability.  Within the 

limitations of the existing configurations, an operational ramp rate of ±10MW/min is a feasible rate 

that could be offered to the system operator on oil. 

7.3.1.3 OPEN CYCLE GAS TURBINES 

Northern Ireland possesses a total of 258MW of open cycle generation distributed across several sites 

(cf. Table 2.4).  Open cycle gas turbines, which are fast starting ‘peaking’ units that can quickly reach 

their full output, were introduced in Section 2.2.5.2.   

Peaking units have fewer auxiliaries to start up, and are hence able to load and unload very quickly, 

making them a valuable asset in responding to a drop off of wind generation.  Their ramping 

characteristics are similar to those of CCGT units (cf. Table 3.4), but importantly, they can be brought 

online within 15 minutes from a cold start, whereas a CCGT or steam unit will take considerably 

longer to be brought online.   

Although valuable for dealing with rapid changes in generation, their low efficiency and high running 

costs mean that their use is expensive and undesirable to the system.  The All Island Grid study by 

Meibom et al (2007) identifies a heavy reliance on OCGTs to meet the variability of wind generation, 

but this study omits to set a lower limit on the number of dispatchable plant in operation in order to 

maintain system security. This results in an underestimation of plant and system operation costs (Foley 

et al. 2013).  There is hence a need to identify the frequency and cost of OCGT starts required in order 

to respond to the inherent variability of a generation mix with these security constraints in place. 

7.3.2 BATTERY STORAGE 

The storage of energy is widely considered to have an important long term role in dealing with energy 

variability.  There are many different potential applications to energy storage in the generation sector, 

as well as in transmission, transport and community energy use (Fioravanti & Dickerman 2009).  

While it is beyond the scope of this thesis to carry out a complete investigation of the wider field of 

energy storage, battery storage is an area worthy of some attention in this chapter’s analysis.  Divya 

and Østergaard (2009) introduce the discussion over various storage technologies and that so far 

battery technology is the most widely used storage device for power system applications. 

Although this technology does not currently have a presence in Northern Ireland, an offer to build a 

100MW store has been proposed by AES Storage Ltd., who have a track record providing megawatt-

scale battery services globally.  An understanding of such a battery scheme’s role in managing the 

wind variability challenge therefore needs to be established. 
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There are number of characteristics that make battery based storage a valuable potential asset for 

dealing with wind ramping events.  Firstly, it is continually synchronised and therefore its response 

time is, from a system dispatch perspective, instantaneous.  This makes it suitable for responding to 

wind variability at any timescale, whereas a peaking plant will take around 15 minutes to run up.  

Secondly, it is able to respond to a ramping event using any amount of its power capacity, as it 

possesses no minimum stable generation constraint (it is however constrained on the duration of the 

balancing it can provide depending on the size of the energy store).  The standby costs relative to an 

OCGT are low, and equally there are no emissions associated with this (unlike an OCGT).  Finally, a 

battery is able to operate in both a positive (discharging) and negative (charging) direction for the 

system, meaning that it can respond to downward ramping events as well as upwards, whereas an 

OCGT can only respond to an upward swing. 

7.4 MODEL DESCRIPTION AND ASSUMPTIONS 

In the analysis carried out in this chapter it is assumed that the system operator is confident of the 

short term wind forecast (as with Chapter 6), so that during times of high wind generation surplus 

plant will be taken offline and only the minimum level of security constrained on plant mix remains.  

The ramping ability of the each unit is idealised, assuming the definite availability of the units and that 

each unit can ramp up from its minimum generation up to full output and vice versa.  

The investigation conducted in this chapter is in three parts; the first is concerned with the analysis of 

wind variability at different timescales, using data from reanalysis and metered generation from the 

UK National Grid and System Operator for Northern Ireland.  The second applies this variability to 

the scenarios expressed in Table 3.5.  Judgements are then made as to the capability of the system to 

manage events under existing security constraints and future plant scenarios introduced in Chapter 3.  

The final part of the analysis is concerned with the role of battery storage, and quantifying how this 

would influence Northern Ireland system robustness to an installed capacity of 1030MW of onshore 

and 600MW of offshore wind.  The reduction in numbers of events is quantified for each scenario, and 

the savings in terms of avoided balancing costs estimated. 

In the remainder of this section, the modelling approach used to calculate the occurrence of ramping 

events is outlined, and the method used to classify the results and quantify the costs of OCGT 

operation explained. 

7.4.1 RAMPING EVENT CALCULATION 

The overarching approach to modelling wind variability and its impact was introduced in Figure 3.2.  

A central input to this approach in this chapter is the simulation of a 32 year long hourly time series, 

which was developed through the exploratory work carried out in Chapter 4 and the investigation of 

reanalysis in Chapter 5.  As the details and critical analysis of this approach and its validation is 
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explicitly covered in Chapter 5, it will not be repeated here.  This long term, continuous time series 

was supported by historic wind generation for the Northern Ireland system for the period of 2008-2011 

and 5-minute resolution wind generation data for the Great Britain electricity system run by National 

Grid. 

As previously discussed in Chapter 5, one of the major advantages of using a reanalysis dataset is that 

it produces a complete continuous time series with no data gaps.  Similarly, the hourly Northern 

Ireland wind generation was complete.  The National Grid 5-minute resolution data had a very high 

completeness with only 78 (out of 105,120) missing entries.  Furthermore, the data was screened for 

logging errors, and 5 entry pairs were identified where large step changes in generation dropped 

significantly but “bounced back” within a few time steps.  These data points were also discounted 

from the analysis so that a realistic bound to wind ramping was produced. 

The change in wind generation in the input time series in each case was calculated over each time step 

to give an average rate of change in wind generation for each hour as shown in Equation 7.1. 

 

 

   

  
 

       

 
 

(7.1) 

 

Where Wt is the wind generation at a particular time step t, and Wt+1 is the wind generation at the next 

time step t+1.  Positive swings are hence defined as those where wind generation is consecutively 

increasing (dWt/dt is positive) and negative swings when wind generation is decreasing (dWt/dt is 

negative). 

The wind ramp rates in the data set were then compared to the upward or downward ramping 

threshold (RU and RD) for each unit scenario, as described in Chapter 3 and summarised in Table 3.5.  

An upward swing in wind generation requires downward unit ramping to balance it, and conversely a 

downward swing requires upward unit ramping to balance it.   

For each time step, the wind ramp rate was then categorised using the hierarchy summarised in Table 

7.1.  The occurrence of events where the ramp rate exceeds the capability of the generation is used to 

discuss the relative level of risk for the Northern Ireland network in 2020. 
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TABLE 7.1 - HIERARCHY OF POSSIBLE CATEGORIES FOR WIND RAMPING (FROM LEAST SEVERE TO MOST 

SEVERE) 

Category Description 

OK The wind ramp rate dWt/dt is within the capabilities of the generator unit ramp rate.  

BAT EX 

(Optional) 

In the case where battery balancing is being considered, the downward wind ramp rate -dWt/dt 

exceeds the capabilities of the generator unit ramp rate RU but can be met using 100 MW of 

battery storage exporting energy to the grid. 

BAT IM 

(Optional) 

In the case where battery balancing is being considered, the upward wind ramp rate dWt/dt 

exceeds the capabilities of the generator unit ramp rate RD but can be met using 100 MW of 

battery storage importing energy from the grid. 

55% GT* The downward wind ramp rate -dWt/dt exceeds the capabilities of the generator unit ramp rate 

RU, and if included, 100MW of battery storage, but can be met by additionally using the cheaper 

55% of peaking OCGT generation available on the Northern Ireland system. 

ALL GT The downward wind ramp rate -dWt/dt exceeds the capabilities of the generator unit ramp rate 

RU, and if included, 100MW of battery storage, but can be met using all the peaking OCGT 

generation available on the Northern Ireland system. 

ULIM The downward wind ramp rate -dWt/dt is outside the capabilities of the generator unit ramp rate 

RU even with battery support (if considered) and OCGT generation, but is within the maximum 

system ramping capabilities if up to all the units in Northern Ireland were available. 

DLIM The upward wind ramp rate dWt/dt is outside the capabilities of the generator unit ramp rate RD 

even with battery support, but is within the maximum system downward ramping capabilities if 

all the units in Northern Ireland were available. 

UEVENT The downward wind ramp rate -dWt/dt is outside the upward ramping capabilities of the 

Northern Ireland system. 

DEVENT The upward wind ramp rate dWt/dt is outside the downward ramping capabilities of the 

Northern Ireland system. 

*see Section 7.4.3 as to the reasons for this category 

7.4.2 RAMPING CURTAILMENT 

The events classified as downward ramp rate limit events (DLIM) in Table 7.1, are due to a rapid 

increase in wind generation.  Unlike upward ramp rate events (ULIM) which are caused by a fall in 

wind generation output requiring an upward increase in conventional generation, DLIMs are avoidable 

from a technical perspective by restricting the wind ramp rate that the plant mix is capable of 

supporting.  This is assumed to occur wherever an event would take place due to the upward ramping 

of wind (i.e. dWt/dt > RU, where, by definition dWt/dt must be positive).  However, curtailing wind 

ramp rates will have a system cost impact (see Section 6.3.1), hence the level of ramping curtailment 

RC in each scenario was calculated for each time step t using  

    
   

  
      (7.2) 
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7.4.3 OCGT RUNNING COSTS 

The role of using high running cost OCGT generation to provide a short term response in order to 

address a deficiency in ramp rate was introduced in Section 7.3.  The combined peaking capacity of 

these units is 258MW; however Table 7.2 demonstrates that the hourly running cost of the larger 

BGT1 and BGT2 units is roughly double that of the smaller capacity units, which are all of similar 

cost.  In order to balance computational efficiency but still represent this step change in cost, the 

OCGT overheads were aggregated into two tiers in the analysis; one for the cheaper units (KGT1, 

KGT2, KGT3 and KGT4), with an average hourly running cost of £7,414.04 and one including the 

higher cost units (BGT1 and BGT2), with an average cost of £9,506.55.   

It is assumed that for a time step where OCGT support is required to support the system ramp rate, the 

less expensive tier, making up 142MW (55%) of peaking generation is utilised first (55% GT in Table 

7.1). When this level of generation is insufficient, the additional higher rate of the second tier is 

applied. 

TABLE 7.2 - RUNNING COSTS OF OCGT GENERATION IN NORTHERN IRELAND 

Unit Capacity 

(MW) 

Running cost 

(£/MWh) 

Start cost 

(£) 

Total hourly 

running cost (£) 

KGT1 29 £175.50 £1,923.59 £7,013.09 

KGT2 29 £175.50 £1,923.59 £7,013.09 

KGT3 42 £139.66 £1,949.28 £7,815.00 

KGT4 42 £139.66 £1,949.28 £7,815.00 

BGT1 58 £172.95 £3,660.46 £13,691.56 

BGT2 58 £172.95 £3,660.46 £13,691.56 

 

7.5 RESULTS AND DISCUSSION 

The results section is divided into three themes; the first aims to establish the inherent characteristics 

of variability in wind generation at different timescales; the second pays particular attention to how 

this variability maps onto plant capability and quantifies what is required to make all events 

technically manageable; the final section considers the effect of introducing energy storage to the 

Northern Ireland system. 

7.5.1 ANALYSIS OF WIND VARIABILITY 

7.5.1.1 NATIONAL GRID GENERATION 

The graph in Figure 7.2 shows a plot of wind variability dW/dt for the installed capacity in Great 

Britain for the year of 2011 (6540MW) at time steps ranging from t = 5 minutes up to 4 hours.  The 
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plot produces findings broadly agreeing with Milborrow’s analysis for Western Denmark (cf. Figure 

7.1), showing progressively larger variability in wind generation swings occurring over longer time 

steps, albeit with very low frequencies of occurrence for the most extreme swings.  This data, which 

importantly adds the ability to examine variability at a five minute time step, shows that at this time 

step that there is no change in generation (30% of all periods) but the maximum change in very rare 

cases are around ±6% of installed capacity (98MW/5min).  This is a substantial rate of change from a 

conventional generator ramping perspective, although rare. 

As a percentage of installed capacity, the largest swings in wind generation at a four hourly time step 

are smaller for Great Britain than they were for Western Denmark (cf. Figure 7.1); with a maximum 

swing of around ±20% of capacity compared to ±50%.  A similar trend is observed for the one hour 

swings in wind generation, and could not be investigated for 5-minute swings because this resolution 

data was not included in Milborrow’s West Denmark study.  This observation may be attributable to 

the larger geographic area that Great Britain covers and demonstrates how aggregation of the resource 

reduces the volatility of the generation and hence the severity of events.   

 

FIGURE 7.2 - MILBORROW PLOT SHOWING A COMPARISON OF THE CHANGES IN WIND GENERATION OUTPUT IN 

GREAT BRITAIN OVER DIFFERENT TIME STEPS AS A PERCENTAGE OF INSTALLED CAPACITY 

It is not possible to comment on the sub hourly wind variability in Northern Ireland directly due to the 

lack of metered data at this resolution and the fact that the installed capacity of generation will be 

much higher by 2020.  However, the results of Figure 7.2 suggest 5-minute data is worthy of attention.  

An approximation to this was hence made using statistical means, scaling the 5-minute National Grid 
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time series so that each 5-minute swing was expressed as in terms of a dimensionless multiple of the 

series standard deviation.  This was achieved by calculating the series mean μ and standard deviation 

σ, and for each entry time step t calculating the normalised swing in wind generation 
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(7.3) 

 

Supposing that the relationship between the standard deviation of the hourly time step National Grid 

data and 2020 Northern Ireland reanalysis simulation is similar to the relationship between these 

parameters at a five minute time step also, then by use of ratios the standard deviation at five minute 

resolution for Northern Ireland can be calculated to be 12.9MW/5min (Table 7.3).  The normalised 

time series of the 5-minute National Grid data determined using Equation 7.3 can then be scaled by 

this 12.9 factor to produce a time series that represents what 5-minute wind swings in Northern Ireland 

may look like in 2020.   

It is worth noting that this approach is for a much shorter statistical time series than the 32 years of 

reanalysis data used at the one and four hour time step.  It is hence therefore less robust than the 

analysis at these timescales. 

TABLE 7.3 - RATIOS BETWEEN GREAT BRITAIN AND NORTHERN IRELAND TIME SERIES, USED TO DETERMINE 

STANDARD DEVIATION OF 5 MINUTE TIME STEP GENERATION SWINGS 

 1 hr 5 min 

dWt/dt  NI σ (MW/t) 61.7 ??? 

dWt/dt  GB σ (MW/t) 94.3 19.7 

Ratio 0.654 0.654 

 

Figure 7.3 shows the results of this assumed relationship, which appears to indicate that the Northern 

Ireland time series accounts for the difference in geographical area of these networks, as larger swings 

are expected with a higher installed capacity over a small area as was observed in West Denmark 

(Figure 7.1).   
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FIGURE 7.3 - MILBORROW PLOT SHOWING THE EXPECTED RELATIONSHIP BETWEEN 5-MINUTE METERED WIND 

GENERATION SWINGS IN GREAT BRITAIN AND THE EQUIVALENT VARIABILITY IN NORTHERN IRELAND 

7.5.1.2 REANALYSIS SIMULATION 

The results of the 32 year hourly reanalysis time series variability are shown in Figure 7.4.  The 

validation of the reanalysis time series using actual Northern Ireland generation data was carried out in 

Chapter 5 and hence will not be repeated here, however for comparison the 2009 metered wind 

generation for Northern Ireland and reanalysis time series that were examined in Chapter 5 are plotted. 

 

FIGURE 7.4 - MILBORROW PLOT SHOWING A COMPARISON OF THE PREDICTED CHANGES IN HOURLY WIND 

NORTHERN IRELAND WIND GENERATION OUTPUT IN 2020 USING 32 YEARS OF REANALYSIS AND A COMPARISON 

TO 2009 METERED GENERATION AND THE 2009 BASED REANALYSIS SIMULATION COVERED IN CHAPTER 5. 
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The plot shows that the 2009 reanalysis simulation and the equivalent metered generation are in good 

agreement as to the distribution of the frequency and size of events, although some of the extremes 

appear to be underestimated.  This aspect warrants further investigation, as although the full 32 year 

time series gives a much firmer indication of the distribution of larger swings than the one year, this 

indicates true variability may be larger over the 32 years than reanalysis predicts.   

The simulation is able to capture the occurrence of low probability, high swings in wind generation 

that cannot be identified using a shorter time series.  It also indicates that wind swings are set in a 

stable pattern that is not revealed in 2009 as a single year.  Furthermore, the figure shows that only 1% 

of hourly swings exceed ±5%, and the most common occurrence is no hourly change in wind output, 

which is the case 13.9% of the time. 

The wind generation capacity factors for the 32 years of equivalent data represent how the yield of 

energy varies even with a fixed installed wind fleet.  The average long term capacity factor for 

Northern Ireland based upon this analysis is 0.308, indicated in Figure 7.5.  This highlights the danger 

of relying on a single sample year for analysis, as it may be typical of capacity factor but atypical of 

the variability and hence the rate of change of wind generation.  The year selected to carry out the 

minimum stable generation analysis in Chapter 6 was 2009 for a number of factors, which is shown 

here to be close to the long term mean, and therefore a sensible sample choice for the purposes of 

energy production. 

 

FIGURE 7.5 - CAPACITY FACTORS FOR NORTHERN IRELAND BASED ON HISTORICAL REANALYSIS DATA 

ASSUMING CONSTANT 2020 LEVEL OF INSTALLED WIND CAPACITY 

Finally, Figure 7.6 combines the plots of Northern Ireland’s wind variability into a single plot; the 

reanalysis data at four hour and one hour time steps, and the five minute data determined using the 

statistical method described in this section.   
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FIGURE 7.6 - CHARACTERISTICS OF WIND VARIABILITY IN NORTHERN IRELAND FOR 2020 AT DIFFERENT 

TIMESCALES, BRINGING TOGETHER REANALYSIS DATA AND A SMALLER SAMPLE OF 5-MINUTE DATA 

The results reveal that the changes in wind generation with respect to a total installed capacity of 

1630MW of generation remain less approximately ±5% for 99% of the time, but that infrequent large 

swings in wind generation occur with high levels of volatility.  At a 4-hourly time step these could be 

as large as ±70% of installed wind capacity, ±40% at a 1-hourly time step, and ±15% at a 5-minute 

time step.  Although the observed pattern is consistent with the GB data (Figure 7.2) the 5-minute data 

is based on only a single year of data, compared to 32 years of reanalysis data at the other time scales.  

For this reason Figure 7.6 is unable to offer as comprehensive an understanding of the absolute largest 

swings the system may see at a 5-minute time step. 

7.5.2 QUANTIFICATION OF EVENTS AT DIFFERENT TIMESCALES 

The previous section began to discuss some of the important characteristics of wind generation 

variability in 2020.  It is necessary to establish how this variability maps onto the capabilities of 

conventional generators, with close examination of the low probability, high impact swings in wind 

generation at 5 minute, 1 hour and 4 hour time steps.  The results of this are shown in Figure 7.7, 

mapped against the event criteria defined in Table 7.1 for each of the scenarios of Table 3.5.  Note that 

Y-axis of these graphs has been cut off at a different point for (a), (b) and (c) so that the events are 

represented more clearly.  Full tables of these results may be found in Appendix A-1.   
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The analysis was also carried out for present day levels of wind generation, using 2009 metered 

generation in Northern Ireland.  This showed that the current levels of wind generation would not pose 

a challenge under any of the unit scenarios considered, with no unmanageable wind swings 

whatsoever.   

 

(a) t = 5 minutes 

 

(b) t = 1 hour 
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(c) t = 4 hours 

FIGURE 7.7 - CLASSIFICATION (CF. TABLE 7.1) AND FREQUENCY OF NORTHERN IRELAND WIND VARIABILITY 

EVENTS AGAINST 28 UNIT COMBINATION SCENARIOS (CF. TABLE 3.5)  

The analysis identifies a number of key issues surrounding the operational viability of 2020 levels of 

wind in Northern Ireland under the different unit scenarios considered.  The first general observation is 

that events manifest differently at different timescales.  At a five minute time scale the ramp rate of the 

units (in MW/min) is the most significant factor in determining the system’s response capability to a 

particular event, so that possible plant scenarios that consist only of units with slow rates of change, 

i.e. those using Kilroot on coal (K1 or K_C), or Ballylumford’s single shaft CCGT (B10), perform 

poorly (cf. Table 3.4).  The scenarios consisting of these units (namely 2GU-8, 9, 14 and 15) all have 

higher numbers of events than other scenarios, with up to 6.8% of all 5-minute swings in wind 

generation outside plant capability.    In contrast, at hourly and 4-hourly time steps, the range of the 

units is more significant than the rate at which they can respond, as by these time steps even the 

slowest units are able to achieve their maximum potential change in output, restricted by their 

minimum and maximum generation parameters Gmin and Gmax.  Because of this, the occurrences of 

events at these timescales are largest in the scenarios that include units with the poorest range (i.e. 

scenarios 2GU-6, 8, 14 and 19, where the common factor is again unit B10).   

Plant downward ramping events are controllable by restricting the ramp rate of wind generation; hence 

all DLIM category events are manageable, albeit with economic implications.  In contrast, upward 

ramping events caused by a drop off in wind generation can only be met if there is sufficient plant 

ramping and peaking capacity on the system, and hence is the more important consideration for secure 

and reliable power generation. 
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At a 5-minute time step upward events (where the fall off in wind generation is greater than the ability 

of plant to increase output) outnumber the number of downward events.  At 1-hour and 4-hour 

timescales the reverse is true, but a significant portion of these events can be met using peaking 

generation.  The 5-minute timescale is particularly important because peaking generation is not able to 

provide the shortfall as it is at larger time steps.  This is emphasised by the ranked results presented in 

Table 7.4 and Table 7.5.  The single year of 5-minute data records significantly more exceedences 

than the considerably longer 32 year reanalysis data set at an hourly time step, where 13 of the unit 

scenarios would observe no periods with unmanageable wind events at all.  However, five minute 

swings are likely to be absorbed by auto generation control and changes in frequency.  Further 

research is needed to determine the impact of wind ramping at this timescale. 

The wind swings at a 4-hourly time step, shown in Figure 7.7(c), indicate significantly higher 

frequencies of events outside the capabilities of the units assumed in the scenarios, up to 27.6% of all 

periods in the poorest performing scenario, 2GU-19.  The reason for this is that after an hour the 

system is able to achieve its maximum change in output, hence the output at a 4-hour time step cannot 

be improved, while the wind generation over this time period varies considerably more, as was shown 

in Figure 7.6.  However, as previously discussed, upward ramping limits represent the true technical 

limit to the system operation for each scenario, and even the strongest unit combinations cannot avoid 

these ULIM events completely with the existing peaking generation on the system (Table 7.6). 

TABLE 7.4 - NUMBER OF PLANT UPWARD RAMPING EXCEEDENCES IN ONE YEAR FOR T = 5MIN, RANKED  

Rank Scenario ULIM Rank Scenario ULIM 

1 3GU-1 1 15 2GU-6 55 

2 3GU-2 6 16 2GU-10 111 

3 3GU-3 8 17 2GU-18 162 

4 3GU-4 11 18 2GU-11 222 

=4 2GU-2 11 19 2GU-16 460 

6 2GU-4 17 20 2GU-17 1104 

7 3GU-B2 18 21 2GU-20 1625 

=7 3GU-6 18 22 2GU-7 2212 

9 3GU-B1 20 =22 2GU-13 2212 

=9 3GU-5 20 24 2GU-9 2864 

=9 2GU-12 20 =24 2GU-15 2864 

12 2GU-5 33 26 2GU-19 4684 

13 2GU-1 37 27 2GU-8 6187 

=13 2GU-3 37 =27 2GU-14 6187 
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TABLE 7.5 - NUMBER OF PLANT UPWARD RAMPING EXCEEDENCES IN 32 YEARS FOR T = 1HR, RANKED  

Rank Scenario ULIM Rank Scenario ULIM 

1 3GU-B1 0 15 2GU-1 3 

=1 3GU-B2 0 =15 2GU-3 3 

=1 3GU-1 0 =15 2GU-5 3 

=1 3GU-2 0 =15 2GU-7 3 

=1 3GU-3 0 =15 2GU-9 3 

=1 3GU-4 0 =15 2GU-11 3 

=1 3GU-5 0 =15 2GU-13 3 

=1 3GU-6 0 =15 2GU-15 3 

=1 2GU-2 0 =15 2GU-17 3 

=1 2GU-4 0 =15 2GU-20 3 

=1 2GU-10 0 25 2GU-6 5 

=1 2GU-12 0 =25 2GU-8 5 

=1 2GU-18 0 =25 2GU-14 5 

14 2GU-16 2 28 2GU-19 8 

 

TABLE 7.6 - NUMBER OF PLANT UPWARD RAMPING EXCEEDENCES IN 32 YEARS FOR T = 4HR, RANKED  

Rank Scenario ULIM Rank Scenario ULIM 

1 3GU-1 30 15 2GU-15 663 

2 3GU-3 91 16 2GU-3 688 

3 3GU-2 104 17 2GU-9 712 

4 3GU-4 157 18 2GU-1 717 

5 2GU-12 170 19 2GU-13 748 

6 3GU-5 183 20 2GU-7 781 

7 3GU-B1 200 21 2GU-5 788 

8 3GU-6 207 22 2GU-20 851 

9 3GU-B2 222 23 2GU-11 880 

10 2GU-18 367 24 2GU-17 1175 

11 2GU-2 370 25 2GU-14 1484 

12 2GU-10 411 26 2GU-8 1550 

13 2GU-4 533 27 2GU-6 1554 

14 2GU-16 572 28 2GU-19 1675 
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7.5.3 UNMANAGEABLE EVENTS 

So far in this results section an analysis of wind variability in Northern Ireland has been carried out, 

identifying the frequency of different magnitude wind generation swings at different timescales and 

mapping these against the capabilities of conventional generation.  The results have shown that some 

wind ramp rates are outside system capability at each of the timescales considered. 

This section of the analysis identifies the additional generation that would be required to eliminate the 

occurrence of unmanageable events on the system. 

7.5.3.1 UPWARD WIND RAMPING EVENTS 

Upward swings in wind generation too large for conventional generation to ramp down (i.e. DLIM 

events) were shown to be considerably more numerous than those due to a drop off in wind generation 

at 1-hour and 4-hour timescales in Figure 7.7.  These can be balanced without requiring any changes 

to the technical composition to the system either by exporting them via the interconnectors or by 

applying a restriction to the wind ramp rate to no greater than that of the ramping capabilities of the 

generation.  The maximum required level of ramping curtailment observed in the whole time series of 

each study period (i.e. one year of data for the 5-min time step, and 32 years of data for 1-hour and 4-

hour time steps) is shown in Figure 7.8 for the different unit scenarios considered.   

In most cases, the level of ramping curtailment increases with time step.  The highest observed 

curtailment requirement overall was 967 MW/4hrs, representing holding back 59% of all 2020 wind 

capacity.  This is a conservative estimate as substantial upward wind ramping comes from still periods 

of low wind output.  During these periods there are likely to be more conventional units on the system 

and hence a greater downward plant response rate RD than this analysis indicates.   

As Figure 7.6  indicates, the frequency of the largest upward wind generation swings is extremely low.  

As the technology required to achieve this kind of control is already available to the system operator, 

managing upward wind ramping is hence not a significant technical challenge for managing one off 

events.  The greater concern is the cost of this holding back wind energy if it is required more 

frequently for wind balancing.  This aspect will be assessed in Section 7.5.4. 
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FIGURE 7.8 - MAXIMUM CURTAILMENT OF WIND RAMP RATE REQUIRED TO BALANCE ALL UPWARDS WIND 

RAMPING (I.E. DLIM EVENTS) IN 28 UNIT COMBINATION SCENARIOS (CF. TABLE 3.5) 

7.5.3.2 DOWNWARD WIND RAMPING EVENTS 

Downward wind ramping events occur when there is a sharp fall in wind generation, and the only 

response of the system is to source more power through its interconnection to other networks or to 

increase its generation output (i.e. ULIM events).  Unlike upward wind ramping, this cannot be 

controlled with the existing system configuration in Northern Ireland.  However, Figure 7.7 shows that 

these events are rarer than DLIM events at 1-hourly and 4-hourly time steps due to the presence of 

peaking OCGT generation on the system.  At a 5-minute time step, which OCGT generation is not 

quick enough to respond to, it forms a more substantial part of the unmanageable events on the system 

in certain scenarios.  The number of unmanageable system events was documented in Table 7.4, Table 

7.5 and Table 7.6. 

The additional capacity required for each timescale in order to meet all of these events (i.e. the largest 

downward wind ramping rate) is shown in Figure 7.9. 
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FIGURE 7.9 - LEVEL OF ADDITIONAL CAPACITY REQUIRED TO BALANCE DOWNWARDS WIND RAMPING (I.E. ULIM 

EVENTS) IN 28 UNIT COMBINATION SCENARIOS (CF. TABLE 3.5) 

The graph shows that there is a shortfall in capacity at all timescales, but this is by far the most 

significant at a 4-hourly time step, where up to 779MW of capacity need to be brought online to meet 

the largest wind generation swings observed in the 32 year reanalysis dataset.  Recommendations for 

the best way to address this shortfall are made in Section 7.6. 

7.5.4 EFFECT OF BATTERY STORAGE  

The result of introducing 100 MW of battery storage to the Northern Ireland system is shown in Figure 

7.10.  The relative benefits of storage are strongest in scenarios that were identified in Section 7.5.2 to 

be least able to respond to the variability of wind. Figure 7.10(a) shows that the large number of 

upward and downward ramping events in Figure 7.7(a) is reduced substantially.  As this is a timescale 

at which peaking generation is not able to assist, the value of storage is especially high, particularly in 

addressing the generation capacity deficit highlighted in Figure 7.9. 

At 1-hourly and 4-hourly time steps the use of battery storage also reduces the number of upward and 

downward generation limited events significantly.  The reductions in terms of avoided peaking plant 

costs (for upward ramping events) are shown in Figure 7.11 and in terms of the total ramping 

requirement (for downward ramping events) in Figure 7.12 (a), (b) and (c).  In (a) the data is for the 

year of 5-minute data available; in both (b) and (c), the values have been averaged to give a 

representative mean year from the 32 year time series.  The full table of results may be found in 

Appendix A-3. 
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(a) t = 5 minutes 

  

(b) t = 1 hour 

 

(c) t = 4 hours 

FIGURE 7.10 - CLASSIFICATION (CF. TABLE 7.1) AND FREQUENCY OF NORTHERN IRELAND WIND VARIABILITY 

EVENTS AGAINST 28 UNIT COMBINATION SCENARIOS (CF. TABLE 3.5) WHEN 100MW OF BATTERY STORAGE IS 

ADDED TO THE SYSTEM 
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FIGURE 7.11 - AVERAGE ANNUAL REDUCTION IN OCGT RUNNING COSTS IN 28 UNIT COMBINATION SCENARIOS 

(CF. TABLE 3.5) DUE TO 100MW OF BATTERY STORAGE ADDED TO THE NORTHERN IRELAND SYSTEM 

 

(a) t = 5 min 

 

(b) t = 1 hr 
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(c) t = 4 hours 

FIGURE 7.12 - AVERAGE ANNUAL REQUIRED LEVELS OF RAMPING CURTAILMENT IN 28 UNIT COMBINATION 

SCENARIOS (CF. TABLE 3.5) WITH AND WITHOUT 100MW OF BATTERY STORAGE 

Figure 7.11 shows that OCGT running cost savings are disproportionately larger at a 4-hour time step 

than a 1-hour time step.  This is because over the 4-hour time horizon, the changes in wind generation 

output are larger than over 1-hour, whilst the majority of the generator units considered are able to 

ramp over their whole range in 1-hour.  The ramping response of the system over timescales longer 

than an hour therefore becomes more frequently inadequate and a higher number of events occur.  As 

four hours is the planning time frame for bringing on replacement operating reserve on the Irish 

system (Kelly 2011), it is therefore important.  The value of storage is shown to be higher in scenarios 

where the ramping capabilities of the plant mix is poorer, saving an annual average of over £2m/year 

in avoided OCGT peaking costs in scenarios 2GU-6, 8, 14 and 19. 

Figure 7.12 reveals that absolute reductions in curtailment due to the introduction of battery storage 

are 90-100% at a 5-minute time step, 60-80% over a 1-hour time step, and around 50% over a 4-hour 

time step.  The reductions in each case are strongest in scenarios with the most occurrences of 

problematic events at the respective timescales (cf. Figure 7.10). 

The required curtailment levels to avoid the occurrence of DLIM events at a 5-minute and 1-hour time 

step are small compared to those at a 4-hour time step, which are an order of magnitude larger.  The 

ramping curtailment levels due to wind variability in Figure 7.12 (c) are of comparable magnitude to 

those seen in Chapter 6 where curtailment from a load balancing perspective was considered. 
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7.6 RECOMMENDATIONS FOR MINIMISING RAMPING EVENTS 

7.6.1 UNIT DISPATCH IMPLICATIONS 

The results in the previous section have identified that events where wind generation exceeds the 

capabilities of the existing Northern Ireland system occur most strongly at 5-minute and 4-hour time 

steps.  Although different unit combinations and potential plant modifications influence this, 

additional measures are required to deal with upward and downward wind ramping events at these 

timescales in all of the scenarios considered. 

The impact of wind variability at these time steps manifests differently, and hence different unit 

combinations are problematic for each of these.  At a 5-minute timescale, the ramp rate is the most 

important characteristic; hence, scenarios consisting of units which respond slowly to instructions to 

change output, such as coal plant, perform poorly, while gas units perform well.  At a 4-hour 

timescale, the range of the units is the far more significant factor.  As Kilroot’s coal units have 

amongst the largest range in Northern Ireland, scenarios including these tended to perform more 

strongly in the analysis, and it is the less flexible gas units that are unable to react.  A commonly 

identified problematic unit was Ballylumford B10, which is neither able to ramp quickly nor has a 

large range. 

The results have shown that three generator unit scenarios fare better in coping with ramping events 

because they physically have more ramping capacity and range than most of the two unit combinations 

considered.  However, Chapter 2 identified this is contradictory to the need to reduce system minimum 

stable generation, and Chapter 6 showed that the biggest savings to wind curtailment are to be made in 

these two unit scenarios.  Recommending three units to manage wind variability is therefore 

contradictory to the requirements of Chapter 6.  The solution to resolving these paradoxical 

requirements through alternative provision of ancillary services is discussed in Chapter 8. 

7.6.2 ‘EVENT’ MANAGEMENT 

Although some unit combinations fare considerably better than others, the results have demonstrated 

that there are both upward and downward event occurrences at 5-minute and 4-hour timescales for all 

the scenarios considered.  Upward and downward wind ramping events have different implications, 

and hence each needs to be considered in turn. 

Upward wind ramping events are manageable, as a limit can be set to the ramp rate of wind 

generation.  The cumulative wind energy wasted through ramping curtailment of wind generation was 

shown to be small at a 5-minute time step and therefore there is a strong case for restricting 5-minute 

ramp rates to a level suited to the generation mix on the grid at the time.  At 4-hour time steps, the 

annual average cumulative wind generation wasted is of a much more significant magnitude and other 
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solutions are therefore preferable.  The proposed 100MW battery storage project was shown to 

eliminate 90-100% of curtailment requirements at a 5-minute time step and around 50% at 4 hours.   

Downward wind ramping events were identified to be significant at 5-minute and 4-hour timescales.  

At a 5-minute time step, battery storage was shown to be vital for managing events of this nature, as 

peaking generation is unable to provide sufficient support in all cases.  The physical capacity of 

battery storage required depends on the scenario, ranging between 66 and 223 MW (Figure 7.9), which 

suggests that the proposed 100 MW store investigated in this chapter would cover all events in some, 

but not all unit combinations.  It is important to note that the assumption in this analysis of 100% 

OCGT availability is the maximum peaking capability of the system.  From a risk perspective, a 

capacity margin higher than this value would be prudent to plan for, in case one of the peakers is 

unavailable at the time of an event occurring.  At 4-hourly timescales, either battery storage or 

additional OCGT generation could be used to provide the system deficit.  Alternatively, shortening the 

4-hour planning window to bring on new generation would have a very favourable impact on reducing 

the curtailment required to avoid downward wind ramping events.  Over a 1-hour time window, the 

analysis showed that many of the scenarios require little or no additional capacity to manage these 

events.  The identification of units that can be brought online with less than four hours notice, and the 

practice of two-shifting (Section 2.3.2.2) therefore become important. 

7.6.3 ADDRESSING THE CAPACITY SHORTFALL 

A potential way of addressing the shortfall in conventional generation ramping is utilisation of the 

tieline between the north and the south in Ireland.  Unlike the Moyle interconnector, which is 

commercially operated and has fixed directional flows, the north-south timeline provides real time 

balancing with the plant in the Republic of Ireland.  If sufficient plant capacity remains in the south to 

increase or decrease generation output, the tieline is able to support the wind generation in the north.  

There are plans to expand the additional 275kV line to be reinforced with a 400kV line, but as 

discussed in Section 3.4.2.3 there are some uncertainties on its construction, so the maximum import 

and export capabilities of Northern Ireland are difficult to define in 2020.  Figure 7.13 highlights the 

maximum potential import and export capacities for Northern Ireland and the shortfall in capacity to 

meet the (largest) 4-hour events identified in Figure 7.8 and Figure 7.9.  It is clear that with the 

existing 275kV line this balancing is not sufficient, but with the construction of the new tieline to the 

Republic of Ireland even these most extreme shortfall could be comfortably met if the full line 

capacity could be utilised.  Furthermore, if an intra-day market and harmonised trading with Great 

Britain is adopted as is planned in the EU Target Model (Section 2.2.3), this would also allow 

adjustments to flow across the Moyle interconnector to contribute towards balancing 4-hour 

variability.   
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Figure 7.13 highlights the importance of intra-day trading and improved interconnection with the 

Republic of Ireland in meeting the shortfall in ramping capacity.  However, without detailed modelling 

of Northern Ireland, Great Britain and the Republic of Ireland together it is difficult to speculate on 

whether these maximum potential power flows across the interconnectors could be utilised.  In order 

to quantify the potentially important contribution of interconnection during extreme wind events, 

further work is required. 

  

FIGURE 7.13 - EXISTING AND POTENTIAL MAXIMUM ADDITIONAL IMPORT/EXPORT CAPABILITY FOR 4-HOUR 

WIND SWINGS IN NORTHERN IRELAND BY 2020 

Finally, if tieline or interconnector flows are not able to be utilised, the additional capacity shortfall 

has to be met by other means, requiring additional battery storage to manage events at all timescales or 

OCGT generation capacity to manage those occurring over hourly time steps or longer.  Alternatively, 

an acceptable risk level (e.g. no more than one unmanageable event every ten years) needs to be 

defined, and the level of capacity required to ensure this risk level is maintained needs to be 

calculated.   

7.7 CONCLUSIONS 

The purpose of this chapter was to identify the size and frequency of swings in wind generation in 

Northern Ireland, and to quantify how many of these wind generation swings are problematic events.  

As previous research into wind variability has been restricted to short data sets, low frequency events 

have not been fully identified in the existing literature.  A 32-year long reanalysis data set was used to 

identify these variability limits at a 1-hour and 4-hour time step, and approximated the variability of 

wind generation in Northern Ireland over 5-minute time steps by drawing upon a statistically based 

comparison of National Grid data for Great Britain.  The extremes to swings in wind generation were 
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identified to be ±15% of installed capacity at 5-minute steps, ±40% of installed capacity at 1-hour 

steps and ±70% of installed capacity at 4-hour steps.   

The adequacy of the ramp rate and range of the generators in Northern Ireland to meet swings in wind 

generation were assessed, and strategies for minimising events of insufficient generator ramping 

capacity identified.  Different unit combinations were considered and the effect of power plant 

modifications on system capabilities was assessed, showing that three unit combinations were found to 

have a stronger capability in managing events.  However, this is contradictory to the need to reduce 

system minimum stable generation investigated in Chapter 6 (where the biggest savings to wind 

curtailment are made in these two unit scenarios).  A solution to this paradoxical set of requirements is 

discussed in Chapter 8.   

Upward wind ramping events occur more frequently than downward ramping events, due to the 

additional response of OCGT peaking generation to wind drop off.  However, wind pick up events are 

manageable by setting a limit to the ramp rate of wind generation, whereas wind drop off events are 

outside of the existing system’s capability to manage.  The shortfall of additional capacity required to 

meet all these events was identified, which could be met by some combination of utilising the 

interconnection into the Republic of Ireland and Great Britain, additional peaking generation, or the 

addition of battery storage.  Of these options, the construction of the new north south 400kV tieline 

and the contribution of the Moyle interconnector were shown to be of greatest importance. 

Variability of wind generation output over one hour was found to be more manageable compared to 

that over four hours.  The reason for this is that all generator units considered are able to achieve their 

full ramping range over one hour, so at timescales longer than this the larger variability in wind 

generation more frequently exceeds system capability.  As four hours is a typical planning margin for 

bringing online substitute reserve generation, it is important to re-examine how quickly generators can 

be brought online, as any reduction to this limitation will improve the system’s ability to respond in 

changes in wind.   

While over a 1-hour time step, part-loaded and rapid ramping gas turbines are of high value, over the 

longer 4-hour time step the range of conventional units was identified to be of more value.  Although 

such units tend to have slower ramp rates, their minimum to maximum generation range is larger 

allowing them to respond to larger changes in wind generation.  Drops in wind generation over 5-

minute time periods were identified as particularly problematic as the system will be unable to call 

upon peaking generation to assist with increasing output.  A proposed bid to build 100MW of battery 

storage, which has a virtually instantaneous response rate, was shown to eliminate these concerns. 
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8 FURTHER DISCUSSION  

“Science is a way of thinking much more than it is a body of knowledge” 

          ~ Carl Sagan 

8.1 INTRODUCTION 

Two of the most significant challenges of integrating high penetrations of wind generation in existing 

fossil fuel based electricity markets were identified in Chapter 2; the issue of minimum stable 

generation leading to the curtailment of wind generation to balance load, and concerns over the 

system’s flexibility to respond to changes in wind generation.  These issues were respectively 

examined in Chapters 6 and 7 and strategies for overcoming the challenges were identified in both 

cases, using the framework introduced in Chapter 3 and the advances in simulating the wind 

generation input in Chapters 4 and 5.   

The function of this chapter is to review the overall approach taken in this thesis towards assessing 

these challenges and to recognise the advantages and acknowledge the limitations of this approach.  A 

number of the recommended strategies in Chapters 6 and 7 cover common ground regarding system 

security, market scheduling and ancillary services.  The market and regulatory issues that require 

resolution in order to facilitate the recommended strategic changes identified are hence discussed here, 

and the wider implications for other electricity markets are highlighted.   

8.2 APPROACH LIMITATIONS 

The main approaches to renewable resource modelling were identified in Chapter 3, argued by Deane 

et al. (2012) to fall mainly into two categories; energy system models which typically look at high-

level economics of whole energy systems, beyond just electricity; and power systems models that 

represent electricity systems in more detail, often through unit-commitment dispatch models.  The 

approach in this thesis was identified to fall into the latter category, relating to similar power system 

issues and timescales and which quantify the impacts of renewable resources on electricity systems.  

However, this thesis applies a more analytical approach, similar to research by Sinden (2007), Tarroja 

et al. (2011) and Milborrow (2009) but with supporting modelling work similar to ILEX and Strbac 

(2002).    

This analytical focus allowed the development of informative input parameters, particularly with 

respect to wind simulation and power plant operational issues.  This allowed a more meaningful 

assessment of power plant operational factors and limitations that are alluded to in other studies but 

that are not given quantitative consideration (Starr 2007; Oswald et al. 2008).  For example, the 

modelling work conducted accounts for the reduced efficiency of conventional generators as they 
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approach minimum generation and hence produce a more accurate understanding of the equivalent 

carbon emissions that could be avoided. 

Although the analytical approach used in this thesis offers a number of advantages and insights, like 

all approaches it has limitations that need to be identified in order to understand the boundaries of 

what was carried out.  The remainder of this section examines the assumptions made in Chapters 4, 5, 

6 and 7 and the implications for interpreting the results of the analysis. 

8.2.1 SIMULATION OF WIND GENERATION 

The preliminary work in Chapter 4 identified that using 10m meteorological surface station data as a 

basis for simulating wind generation is well-established in the literature, used in a variety of studies 

(Sinden 2007; SKM 2008; Pöyry 2009) as a basis for analysis.  It offers a number of advantages over 

directly using historical generation, as records are more accessible, longer duration, and there are 

many recording sites relative to a historically small number of wind farms.  Surface station data does 

however suffer from a number of limitations; observation sites are often not at realistic wind farm 

locations, can suffer from gaps due to logging errors, and introduce discontinuities as recording 

instrumentation is changed.  To rectify this, a considerable amount of screening and data cleaning are 

required, as is noted in studies that rely on this data, e.g. Sinden (2007). 

One of the important steps in the simulation process is to extrapolate wind speeds at turbine hub 

height, often using a single annual average wind shear coefficient, α.  Chapter 4 showed that this is 

appropriate for representing the energy delivered over the year, but there is a root mean square error in 

representing the actual generation of any given hourly period.  Alternative approaches to representing 

this wind shear value were investigated; using, for example, monthly averages or averages based on 

the hour of the day, but it was concluded that the existing approach gave the best result.  The 

simulation was extended in Chapter 5, taking eight recording sites as a basis for simulating Northern 

Ireland’s wind generation and comparing it to actual historical metered wind generation data.  This 

was compared to an identical simulation approach using a NASA dataset based upon MERRA 

reanalysis.   

Reanalysis resolves the limitations of a surface station approach, as it provides a continuous, complete 

long term record of hourly wind speeds over a location specifiable gridded area.  Using eight 

reanalysis grids, centred on the surface station locations (cf. “recording” in Figure 2.2), the reanalysis 

approach was found to improve upon the meteorological surface station approach, with a stronger 

correlation and reduced root mean square error.  Given these improvements and the inherent 

advantages of reanalysis stated above, the decision was made to base the wind simulation in this thesis 

on this improved representation of generation.   
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A criticism of the raw reanalysis approach made in Chapter 5 was that the reanalysis grids may 

contribute to smoothing of the data, which under-represents extremes in the variability study (cf. 

Figure 7.4).  A finer resolution and increased number of grid squares could have be used to account for 

topographical variations between individual wind farm locations and to improve aggregation of wind 

generation.  These could then be weighted by the relative size of installed or planned wind farms at 

these locations.  However, this study was limited to eight equally weighted contributing grids due to 

the resolution of reanalysis data.   A raw (non-downscaled) reanalysis grid square is 0.5 degrees 

latitude and longitude (approximately 56km x 56km), which restricts the number of grids that may be 

over an area the size of Northern Ireland without significant overlap.  Although finer resolutions are 

achievable using dynamical downscaling of reanalysis grids doing so would have been significantly 

more computationally expensive.  

The simulation made no account to consider how climate change long term may affect wind 

generation output. The reason for this was that 2020 very close to the present long term climate 

impacts are not expected to affect the resource significantly. Long term analysis of 140 years of 

historic wind variability by Bett et al. (2013) also found no clear long term trend in wind speeds across 

Europe, suggesting that any climate feedbacks are unlikely to directly affect the European wind 

resource.  

An assumption was made of 100% availability of turbines in the simulation.  Wind turbines, like 

conventional electrical machines undergo planned maintenance outages and suffer from unplanned 

outages caused by equipment failure.  This reduces their overall availability, with a study by Conroy et 

al. (2011) reporting that industry availability of a fleet is 97%.  However, Conroy’s analysis suggests 

that wind turbines availabilities are especially low during high-wind periods; and that the percentage 

energy lost is actually 11%.  As a result, required curtailment during periods of high wind, or changes 

in wind generation, may be lower than predicted here.  Although this could be a contributing error 

factor, the validation against historic metered generation suggests that the simulation produced 

represents wind generation well. 

The 2020 simulation contained a 600MW offshore component, based upon the system operator’s 

capacity statement for 2020 (EirGrid & SONI 2010).  However, unlike the onshore data, there is 

limited offshore mast data available (see, for example the FINO masts in Drechsel et al. (2012)), but 

none in Northern Ireland against which to validate the suitability of reanalysis, nor even clarity as to 

the exact location of the offshore generation.  There is hence inherently a greater element of 

uncertainty in the offshore wind modelling assumptions, particularly as individual offshore wind farms 

are very large and introduce complex interactions that affect overall efficiency due to wake effects 

(Barthelmie & Jensen 2010). Environmental studies (Figure 8.1) indicate a number of feasible 

locations but discussions are still at an early planning stage for offshore wind construction (BBC 
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2012).  Due to the magnitude of the offshore component of wind generation, the hub height, turbine 

type and capacity factor yield of offshore wind would be worthy of re-evaluating as offshore wind 

plans are formalised.   

A wider resource mix of renewables has not been considered in this thesis, as Northern Ireland’s 

primary renewable resource for development to 2020 is wind generation.  However, future plans to 

expand Northern Ireland’s renewable mix include the development of tidal and wave energy projects 

(suggested locations indicated in Figure 8.1).  Each resource offers different characteristics and 

challenges in isolation, and the interactions of different types of renewable resources have been shown 

to have some synergistic benefits (Coker 2011).  The extension of modelling to include more 

renewable resources may be of value for roadmapping a pathway beyond 2020 for Northern Ireland. 

 

FIGURE 8.1 - NORTHERN IRELAND OFFSHORE WIND AND MARINE RENEWABLES ENVIRONMENTAL REPORT (B9 

ENERGY 2011) 
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8.2.2 SIMULATION OF DEMAND 

The simulated demand series was also an important input into the 2020 analysis of wind curtailment in 

Chapter 6.  As described in Chapter 3, this was simulated by applying annual growth rates to metered 

historic demand set out in the system operator’s capacity statement (EirGrid & SONI 2010).  While 

this is based on EirGrid and SONI’s own economic forecasting and analysis which is described in 

detail in their report, it is important to note that these are re-evaluated annually based upon the current 

economic outlook, and the most recent forecast accounts for a deeper economic downturn than was 

expected in 2011, and slower growth to 2020; 1.5% per year on average rather than the 1.8% assumed 

in the earlier report and this thesis (EirGrid & SONI 2012b).  With lower demand than represented in 

the modelling work, the penetration of wind generation and curtailments to wind generation under 

these revised demand figures would also be higher, redoubling the importance of the strategic 

recommendations in Chapter 6. 

Unlike wind generation, which accounts for the difference in annual energy yield (Figure 7.5), demand 

is very predictable (Figure 3.4) and changes only slowly year on year.  It was hence more appropriate 

to base the 2020 simulation on a single recent year of demand data to arrive at a representative 2020 

time series.  The consequence of this is that any coupling effect between the wind generation and 

demand data, for example, windy conditions correlating to an increased demand due to wind chill 

effects, are not represented in this analysis as 31 of the 32 years of wind generation represent annual 

wind speeds uncoupled from demand.  Sinden (2007), who investigated this relationship in 

considerable depth, concluded that although there is a positive correlation between wind and demand, 

it is a weak one. 

Only a single scenario of demand was considered in the modelling, based on the middle level growth 

scenario predicted by EirGrid and SONI.  This was to truncate the required number of experimental 

combinations, which already considered 9 different interconnector combinations and 28 generator unit 

combinations.  Further work could expand this analysis to consider different growth scenarios and 

how this affects the relative penetration of wind and resultantly system wind curtailment. 

8.2.3 INTERCONNECTOR REPRESENTATION 

In Section 3.4.2, the case for treating the behaviour of interconnectors parametrically was made.  Both 

the commercially operated HVDC Moyle interconnector (half hourly dispatched) and the AC (real 

time) north south interconnector (also referred to as a tieline due to the common market arrangements 

for the whole of Ireland) have different complex dispatch behaviours and depend on economic market 

interactions between Northern Ireland, the Republic of Ireland and Great Britain.   

A scenario-based approach to the interconnection was used in Chapter 6 and discussed in terms of 

increasing the system capabilities in Chapter 7.  These provided a useful understanding of the 
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boundaries of the respective curtailment and flexibility issues of the system, particularly under 

different assumed levels of interconnection as there is uncertainty around the repair of the Moyle and 

the completion of a new north-south tieline.  However, such an approach provides no information on 

the feasibility of the dispatch of the interconnector based on what is happening at the other end of the 

line.  In particular one of the uncertainties highlighted is whether or not the export capacity during 

times of high wind can be utilised, given the high correlation of wind generation in Northern Ireland, 

Great Britain and the Republic of Ireland.   

In order to calculate the actual interconnection capability, dispatch modelling of the combined systems 

of Northern Ireland, Great Britain and the Republic of Ireland is required under network constraints.  

Some research of this type was investigated by Pöyry (2009), identifying that interconnection is of 

‘almost critical importance’ to Ireland, which is in agreement with the findings of this thesis.  

However, Pöyry’s model only considers a single set of security constraints and a single 

interconnection scenario.  This thesis has shown the severity of curtailment and variability issues are 

linked to the level of interconnection and system security constraints.    

8.2.4 CALCULATION OF WIND CURTAILMENT  

A deterministic, scenario based approach was used to assess the characteristics of different generators 

of NI and their relative value in Chapter 6 (cf. Figure 3.2).  Interconnection and minimum generation 

characteristics of the plant were both considered through use of scenarios, representing a range of 

different possible eventualities for 2020 and the severity of wind curtailment required was identified in 

each. 

The assumptions made in balancing Equation 6.1 are that the simulated wind generation is perfectly 

forecast, and at times of high wind generation conventional plant output can be reduced to minimum 

stable generation levels; i.e. that from a technical perspective everything possible is done to 

accommodate as much wind generation as possible.   

Significant improvements to wind forecasts have been made over recent years through numerical wind 

prediction methods, ensemble forecasting, downscaling processes and statistical processes (Foley et al. 

2012).  The introduction of intraday electricity markets to allow adjustments to the dispatch of 

conventional units up to an hour ahead of real time will also help to minimise errors.  However, 

despite these changes, wind generation is not completely predictable.  Introducing an element of 

forecast confidence to different time horizons and assessing the sensitivity of the findings to this is an 

important next step to model in future work. 

An assumption in calculating curtailment emissions in Section 6.4.2 was that additional carbon 

emissions from conventional plant below the Gmax threshold (Equation 6.6) were calculated using 

generation from the unit with the lowest carbon intensity (i.e. gas units on the system).  Although these 



129 

are commonly used for controlling supply due to their ramping characteristics, dispatch in reality 

would be on a least cost not least carbon basis (although the factor of a carbon price in the future 

would affect this).  The net emissions savings and associated costs calculated in Figure 6.9 and Figure 

6.10 may therefore be conservative.  In order to refine the analysis to address this limitation, it would 

be necessary to model unit dispatch under 2020 commodity price assumptions. 

In reality, generators may not be able to reduce their output to an absolute minimum due to inherent 

uncertainty in the exact level of wind generation; operational flexibility is maintained to account for 

this.  Furthermore, conventional plant is often called upon to provide ancillary services to the system, 

such as lagging or leading reactive power to balance demand and transmission system net inductance 

or capacitance.  This may limit what minimum generation levels are achievable, and require stronger 

curtailment than predicted.  Despite these limitations, the validation using historical data in Chapter 6 

suggested that modelled curtailment accurately represented actual curtailment levels.   

8.2.5 ASSESSMENT OF SYSTEM ROBUSTNESS TO VARIABILITY 

An assessment of wind variability in Northern Ireland has been carried out in Chapter 7 to a 

previously unprecedented level, using a 32-year data set developed in Chapter 5 and applied to 1-

hourly and 4-hourly time steps.  This has allowed the quantification of the most extreme events that 

may affect the Irish system.   

A limitation to the research approach was that reanalysis data has a maximum resolution of an hour.  

Although linear interpolation was used to obtain half-hourly values in order to carry out the 

curtailment analysis in Chapter 6, it was not reasonable to perform this action to examine wind 

variability over a 5-minute timescale.  Instead, the wind swings over this timescale were calculated 

using a statistical method described in Chapter 7, based on a year of 5-minute resolution wind 

generation data from Great Britain.  As this was calculated using a different method and represents a 

much shorter sample of time, the extremes in wind generation at a 5-minute time scale are under-

represented.  They do however give some indication of the importance of short timescale wind 

changes. 

As Chapter 7’s focus was on variability in the wind resource under normal conditions, it did not 

consider time steps of less than 5 minutes in duration.  The response of the system to large losses of 

load over very short timescales (seconds) is more commonly associated due to unit trips and not any 

kind of resource variability.  Fluctuations in wind generation over this timescale are stabilised by the 

inertia of the system, and any significant trip of conventional generation or wind generation (due to the 

failure in a single offshore cable connecting a whole wind farm to the grid for example) was an issue 

outside the scope of this chapter. 
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In order to assess system capability, the assumption was made that wind generation is perfectly 

forecast; the limitations of this have already been discussed in Section 8.2.4.  It was further assumed 

that the units forming the minimum system security constraints had their maximum ramping capability 

available to them (i.e. that their full range from minimum to maximum generation can be utilised to 

respond to a ramping event).  Although the largest changes in capacity (approaching ±70% over 4 

hours) must start at either very high or low wind capacity output, it is an idealisation to expect the 

change in wind generation to occur while plant is at its minimum or its maximum generation.  

Furthermore, if wind generation is very low, there is a requirement for more than the minimum 

number of constrained on units in Northern Ireland to provide generation capacity and hence the 

combined ramp rate of these units is likely to be higher in some instances that those assumed in this 

study.  In order to account for these factors accurately it would be necessary to extend this analysis 

into a unit-commitment model.  

In the analysis an assumption is made that OCGT availability is 100%.  It is realistic to expect that 

some of the peaking capacity on the system will not be available due to routine maintenance and hence 

the actual response to ramping during an event may be lower.  However, Figure 7.7 identified that the 

requirement for more than 55% of the available system peaking capacity being used to meet a change 

in generation is small, hence the probability of these eventualities coinciding is also small.  Further 

work could include accounting for OCGT seasonal maintenance requirements and how they may 

influence the flexibility of the system.  This would indicate what kind of capacity margin should be 

targeted in order to meet a certain level of risk. 

8.3 MARKET AND REGULATORY ISSUES 

The 2016 redesign of the single electricity market (SEM) to conform to the EU Target Model for 

electricity market integration was introduced in Section 2.2.3.  While the process of restructuring the 

market is ongoing, the regulatory bodies for the SEM acknowledge that there are a number of issues 

that need to be resolved, including how to evolve the capacity payments mechanism to reward 

flexibility and how to provide appropriate ancillary services (SEMC 2013).  This section discusses 

these issues with respect to the analysis of wind variability that has been conducted in this thesis, and 

suggests changes that may be required in order for these challenges to be mitigated. 

8.3.1 SYSTEM SECURITY CONSTRAINTS 

A lack of strong interconnection in Northern Ireland was raised in Section 2.3.1.1 as one of the reasons 

Northern Ireland has a high 3-unit rule for system security.  The contribution of three units, with their 

cumulative minimum stable generations, was identified in Chapter 6 to be an important factor in 

determining the level of wind curtailment required to balance the system.  Although improvements can 

be made with respect to the minimum generation of some units, Figure 6.14 and Figure 6.15 identified 
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that the largest reductions to curtailment and savings to carbon emissions are achieved through 

relaxing these security constraints to allow 2-unit combinations.   Two unit combinations that avoid 

the high MSG of Coolkeeragh power station (i.e. scenarios 2GU-7 to 2GU-20) would result in notably 

lower curtailment in wind events.  However, a number of these scenarios had further associated 

concerns that may dissuade the system operator from considering them for constraint running (such as 

sharing a single common grid connection point) or reduced ancillary service capability on the system.  

In order to relieve these constraint rules it is important to improve system security, which can be done 

one of three ways; improved import/export interconnection capacity, improved plant operational 

flexibility (see Section 8.3.2) and improved provision of ancillary services (which will be discussed 

separately in Section 8.3.3). 

The importance of the successful completion of the north-south tieline into the Republic of Ireland 

was emphasised in Section 6.5.2.2.  Without this interconnection capacity, not only will the Northern 

Ireland system be restricted in its ability to export wind generation to the Republic of Ireland, it will 

have to maintain higher security requirements, with increased emissions, costs and higher levels of 

wind curtailment.  The completion of the tieline will help de-isolate Northern Ireland and effectively 

allow the two networks to operate as a single system (EirGrid 2011), with the combined benefits of 

more aggregated and dispersed wind fleet (with lower variability) and a larger selection of 

conventional plant to balance this.  There are similar benefits to stronger interconnection between the 

all island Irish electricity market and Europe, although an important topic of further work is 

determining the extent to which interconnector capacity can be relied upon during times of high wind 

import and export requirement. 

A factor that was not considered in the analysis was the potential for dynamic ratings for overhead 

transmission lines, which can carry larger amounts of energy in colder weather due to counteractive 

cooling effect on overheating lines (Gentle et al. 2012; Howington & Ramon 1987).  Although there is 

potential value in dynamic line rating, this issue primarily responds to local transmission constraint 

challenges rather than the energy system at a national level, and was hence not in the scope of this 

thesis. 

The analysis of the wind generation variability in Northern Ireland in Chapter 7 identified that the 

reduced ramping capabilities of running with two units rather than three mean a higher occurrence of 

events where wind generation could not be met by the plant mix alone.  The results in Figure 7.8 and 

Figure 7.9 identify the extra import/export capacity that must be met in order to meet all wind ramping 

events.  Although the two unit scenarios have the largest additional capacity requirements to meet all 

events, an important precursor to relax the three unit security rule is the construction of the new 400kV 

tieline into the Republic of Ireland.  This tieline upgrade has the potential to allow Northern Ireland to 

meet even the largest shortfall in capacity (cf. Figure 7.13).  The alleviation of security concerns 
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therefore would resolve the otherwise paradoxical recommendations of Chapter 6 recommending two 

unit scenarios to minimise curtailment and Chapter 7 recommending three to maximise plant 

flexibility. 

8.3.2 MARKET SCHEDULING 

The findings of Chapter 6 and 7 identified that finding ways to reduce generator MSG and hence 

improve their operational range is valuable to Northern Ireland in managing the challenges of wind 

generation.  A number of modifications to Kilroot power plant were suggested (cf. Table 6.1).  Of 

these options, the Kilroot oil modification was identified in the analysis of Chapter 6 as the running 

regime that would lower MSG and increase the units’ range the most.  Although the value of this was 

identified to be substantial from a carbon emissions saving and curtailment perspective (reducing wind 

curtailment to as low as 1.57% as indicated in Figure 6.8), the economics of such a running option 

were strongly dependant on the relative commodity prices of oil and coal. 

The option of running Kilroot on oil is not feasible within the existing market scheduling rules, which 

require monotonically increasing bids due to the linear programming nature of the market scheduling 

software (dispatch models cannot normally handle a higher starting bid as explained more fully in 

Section 6.6.1).  This means the potential value of the additional flexibility on oil cannot be factored 

into the scheduling calculations without redesigning the scheduling software.  A change to allow this 

in the market scheduling may be timely in the run up to the 2016 market reform introduced in Section 

2.2.3, given that changes to the existing system may already be needed for complying with the EU 

Target Model. 

Other running regimes using reduced coal and oil-coal mixes were also considered in the analysis and 

provide reductions to wind curtailment.  There is some natural incentive for operators to offer this kind 

of flexibility for plant that is in merit (i.e. those who make a profit for generating); as such plant may 

be called upon to run more often.  However, the same is not true of units that are not in merit, and who 

instead only run when constrained on, as is the case for a number of units in Northern Ireland.  An 

increasing portion of generators displaced from in-merit operation by greater installed wind capacity 

make no profit when called on to generate; financially these kinds of generators have very little reason 

to make improvements.  In fact, there is a direct disincentive to provide improved flexibility for 

constrained running plant.  More frequent running increases maintenance costs, and also lowers 

availability, which in turn reduces capacity payment as units are only paid for during times when they 

are available.   As in Northern Ireland constrained generators are still frequently asked to run from a 

system security perspective, it is important to provide an incentive to offer flexibility.  A possible 

approach is to reward flexibility through ancillary services, which is discussed in Section 8.3.3. 
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Chapter 7 identified that generation needs to be brought online faster to reduce wind variability 

challenges.  There are significantly more wind ramping issues at a 4-hour time step than there are at 1-

hour (cf. Figure 7.7, Figure 7.8 and Figure 7.9).  Power plants have different time allowances to come 

online, depending on how long they have been off for as they are limited by differential expansion 

rates in the turbine between the stator and rotor.  From a cold (completely off) state, a generator takes 

much longer to get up to a suitable temperature than for a warm or hot start, where a certain amount of 

thermal mass is retained in the turbine.  In order to ensure generation can be brought online quickly 

when a change in wind conditions is anticipated there is value in scheduling the two-shifting (Section 

2.3.2) of generation to ensure there are units in a hot state that can be brought online quicker than the 

standard four hour “substitute reserve” threshold (see Table 2.2). 

8.3.3 ANCILLARY SERVICES 

A number of ancillary services are recognised and explicitly priced by EirGrid and SONI, including 

the provision of operating reserve, black start capability, lagging and leading reactive power and 

synchronous compensation.  The purpose of ancillary services is to ensure the stability and quality of 

power on the grid.    

The Northern Ireland Grid Code (SONI 2011) banded categories of operating reserve were introduced 

in Table 2.2.  Northern Ireland at present relies on the system inertia and free governor action of large 

synchronised conventional generation to react to a sudden loss of load (primary and secondary 

reserve).  Historically, this kind of large sudden loss of load due to a generator unit or interconnector 

trip has been of greatest concern, but as Chapter 7 has shown, the variability in supply with a much 

higher portion of wind generation will introduce new challenges over 5-minute (tertiary reserve), 

hourly (replacement reserve) or 4-hourly (substitute reserve) time steps.  This challenge is exacerbated 

by the reduction of conventional generation units on the system during times when wind generation is 

high, and only constrained on plant is available to the system. Proposed ways of improving ancillary 

service provision are given in Sections 8.3.3.1, 8.3.3.2 and 8.3.3.3. 

8.3.3.1 BATTERY STORAGE 

Battery storage is a suitable enabler to allow the three unit constraint in Northern Ireland to be relaxed 

without compromising system security, as the technology is able to provide many of the same services 

as synchronised conventional generation plant.  Lithium-ion batteries have a track record of utility-

scale applications for providing ancillary services (Fioravanti & Dickerman 2009).  They are able to 

provide an automatic generation control service, governor response, real time dispatch and balancing 

of energy.  The technology is solid state and always synchronised to the grid, so there is a much lower 

risk of failed start up than firing up OCGT peaking plant.  
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One of the main barriers to the integration of energy storage are the associated market and regulatory 

issues (European Commission 2013).  Clear rules and responsibilities regarding the technical and 

financial conditions of storage are important, as is offering some form of financial predictability to 

create favourable investment conditions.  Similarly the harmonisation of EU electricity markets and 

the prospect of intraday, rather than day ahead trading would provide an enhanced set of conditions 

within which energy storage could offer its balancing services. 

By relaxing Northern Ireland’s unit constraints, much lower levels of wind curtailment and the 

associated reduced costs and emissions are achievable (see Section 8.3.1).  The analysis in Chapter 7 

also identified that 100MW of battery storage in Northern Ireland would improve the ability of 

conventional generation to respond to upward or downward wind ramping across all scenarios by 90-

100% at a 5-minute time step, 60-80% over a 1-hour time step, and around 50% over a 4-hour time 

step.  A battery store would also be able to provide operating reserve in all bands of Table 2.2, but 

would be particularly valuable in replacing primary and secondary reserves which at present are 

provided by the inertia in conventional plant. 

8.3.3.2 CONVENTIONAL GENERATOR FLEXIBILITY 

Both Chapters 6 and 7 identified that an improved plant operating range (through reducing minimum 

stable generation) helps with the management of renewable resource variability and minimisation of 

wind curtailment.  However, Section 8.3.2 identified that encouraging this flexibility in constrained 

plant is difficult.  One way of incentivising the necessary plant improvements to offer this flexibility is 

to price it as an ancillary service.  For example, generators could opt into being called upon to reduce 

their minimum generation lower than their existing economic MSG value for a certain financial return.  

This would provide an incentive for generators to offer additional system flexibility when required to 

avoid curtailment or balance wind ramping.  

The value of two-shifting generation to keep units in a hot state was discussed from a scheduling 

perspective in Section 8.3.2.  The time allowance to bring a generator online from a cold, warm or hot 

state is contractually agreed in its Generator Unit Agreement (GUA) and varies from unit to unit.  In 

some cases, a unit can be brought online faster than it is contractually obligated.  Where this is the 

case, there is scope to offer a faster synchronisation time as a service to avoid having to dispatch 

expensive peaking generation. 

8.3.3.3 DEMAND SIDE RESPONSE 

The potential role of demand side response and load shifting to balancing renewables was outside the 

scope of this research.  Long term this may have an important role to play in dealing with the 

variability issues identified in this thesis, but despite smart metering trials in Northern Ireland (CER 
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2012) demand side response is not likely to offer a significant contribution to the pressing 2020 

challenges of wind variability, as discussed in Chapter 2. 

8.4 RESEARCH IMPLICATIONS FOR OTHER ELECTRICITY MARKETS 

The research approach applied in this thesis for simulating wind generation is well suited to other 

electricity markets of similar or greater geographic size.  Reanalysis has been shown to be a way of 

simulating wind generation that resolves many of the limitations of meteorological data, and in the 

future has the potential to be developed to simulate the impact of solar PV power, as well as wave and 

hydro resources on power systems.   

This thesis has identified that system security can be a barrier to wind generation development, and 

this is equally applicable to any electricity market.  The relatively high security constraints and 

presently weak interconnection of Northern Ireland would lead to significant levels of curtailment 

under business as usual conditions, with between 7-7.5% (350-375GWh) of 2020 wind generation 

being curtailed in order to balance load.  Curtailment has a cost impact to both the end user and wind 

investors and hence should be avoided.  In order to alleviate security constraints, interconnection, new 

ancillary services (such as battery storage), and power plant flexibility all have a role to play.  

The Irish single electricity market (SEM) has a capacity and pool mechanism, which is different to the 

bilateral contract model of much of Europe where generators self-dispatch and form direct agreements 

with energy suppliers.  The capacity payment system in Ireland offers the advantage to ensure a 

reliable cashflow to market participants that make themselves available to generate, regardless of 

whether or not they are required.  In a bilateral contract market a profit is only made when generators 

are called on to run, meaning that the price of electricity can be much more ‘spiky’ as all profits have 

to be recovered during the period that the generator runs (Pöyry 2009).  However, European electricity 

market reform is to produce a homogenous set of market rules across Europe which should allow 

intra-day trading up to an hour ahead of generation.  This should help the balancing of energy supply 

with demand by allowing excess wind generation to be exported to other markets and additional 

supply to be secured if there is a shortfall. 

The existing, ageing mix of conventional generation in Northern Ireland has been shown to offer the 

potential for some flexibility improvements that have value in managing renewable variability, but 

will require an incentive to provide it.  Some of this may come naturally from a competition 

perspective, but with a greater proportion of plant being displaced from profitable operation providing 

other incentives may need to be encouraged in electricity market designs.  Valuing plant flexibility and 

battery storage for their potential contributions to managing curtailment and variability were proposed 

through the ancillary services mechanism.  For example, encouraging generators to offer reduced 
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MSGs to be called upon to diminish the need for load-balancing curtailment or to offer faster start up 

times as a service to improve response to drop offs in wind generation.   

Northern Ireland is a small, weakly interconnected system that has one of the most ambitious 2020 

renewable energy targets, with 40% of energy to come from renewable resources.  The close 

geographic concentration of wind generation means that the variability of wind generation is 

particularly high in Northern Ireland, which makes the challenges of integrating wind energy 

particularly acute.  As the issues have been shown to be manageable if the right market and regulatory 

issues are addressed, it has the implication that renewable resource variability should be manageable 

in any other fossil fuel based electricity market.  Larger systems like Great Britain, Spain or Germany 

have slower renewables growth trajectories but similar long term targets, more aggregated (and hence 

less variable) resources, stronger interconnection potential and a larger mix of conventional 

generation.  Other electricity markets have more time to plan the necessary evolution of market 

structure and infrastructure projects, as well as more time for technological developments to provide 

longer term solutions to variability, such as demand side management.  Simply put, if Northern Ireland 

can manage significant renewable resource variability, then other systems should be able to do so also. 
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9 CONCLUSIONS 

“The trouble with having an open mind, of course, is that people will insist on coming 

along and trying to put things in it.”  

~ Terry Prachett  

9.1 INTRODUCTION 

The aim of this thesis was: 

“To identify strategies that facilitate high levels of renewables being integrated 

with conventional generation.” 

 

This aim has been met through addressing five supporting research questions in turn (reproduced in 

Sections 9.2, 9.3 and 9.4).  First, a range of wind variability impacts on conventional generation were 

identified, and two important challenges related to the composition of the Northern Ireland system 

were selected for further investigation; namely power plant minimum stable generation contributing to 

the curtailment of wind, and the question of sufficient plant flexibility for managing wind variability 

(Section 9.2).  In order to explore these challenges it was important to recognise existing research 

approaches and their limitations, and investigate whether the method of simulating wind generation 

could be improved upon (Section 9.3).  The issues of curtailment and plant flexibility were quantified 

and approaches to reduce or mitigate these challenges were identified (Section 9.4).  Finally, these 

approaches were developed into a number of recommended strategies for managing high levels of 

variable renewable generation, in response to the overall thesis aim.  The key conclusions of this thesis 

are given in Section 9.5. 

9.2 IMPACTS OF VARIABILITY ON CONVENTIONAL GENERATORS 

Q1: What are the impacts of the variability of wind on conventional generation and the 

opportunities for addressing these? 

 

 

Reduced economic opportunities for conventional plant will lead to a reduction in their commercial 

operating life.  If this issue is not addressed, thermal generators have a disincentive to invest in life 

extensions, and the system may lose generation capacity during a critical time in its evolution.  The 

requirement of conventional generation to run more flexibly as wind generation displaces it on the 

merit order schedule can increase running costs and downtime for maintenance as well as shorten 

plant life.  Planning for plant maintenance to minimise revenue loss is also more challenging in which 

electricity price is strongly influenced by variable renewables.  These challenges are of direct concern 

to plant operators and industry experts, but are not widely reflected in the current variability literature 

and policy discourse.   
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Opportunities to enhance the flexible generation of the existing thermal plant were identified. In some 

cases, these represent straightforward changes in operating practice, whereas others require significant 

investment in generating plant or are commercially challenging in the current market framework. 

These include modifying plant to reduce their minimum stable generation, fuel switching and auxiliary 

system management. 

Open questions were noted that would benefit from closer attention by the wider research community.  

Two identified topics led to the formulation of research questions 4 and 5 (Section 9.4): the potential 

and benefit for reducing minimum stable generation and increasing plant response rate.  The need for 

more in depth market based studies to consider the economic implications of this on plant were 

recognised. 

9.3 SIMULATING WIND GENERATION 

Q2: How much does accuracy of wind resource estimation depend on assumptions about the 

wind profile? 

  

Q3: Can an approach based on reanalysis data offer a better wind generation simulation than 

conventional meteorological station data alone? 

 

An understanding of the consequences of using a corrected value for wind shear was established.  The 

standard approach to simulating wind generation relies on surface station wind speed measurements 

and a single value wind shear coefficient to extrapolate these to a realistic turbine hub height.  The 

accuracy of this approach was assessed by applying various wind shear inputs to a 10m MIDAS 

meteorological mast data set and comparing the simulated output to that of a nearby wind farm.     

The study showed that the use of wind shear coefficient translates poorly from one site to another, 

even if the sites are in close proximity.  The most accurate simulation was produced using an adjusted 

wind shear coefficient to ensure an appropriate capacity factor for the simulated site data, which is the 

approach most commonly used in the literature.  Whilst this method produced a good estimate for 

annual energy production, and a strong correlation, the root mean square generator error was still 

sizable (±22.5%), a limitation not explicitly noted in previous work (Pöyry 2009; SKM 2008; Sinden 

2007).   

Although more numerous and readily available than actual generation data from wind farms, surface 

stations were noted not to be an ideal basis for simulating wind generation.  Mast data is often limited 

in availability, is labour intensive to control quality and prepare, and commonly suffers from data gaps 

and changes in recording instrumentation.  Mast sites are also rarely recording at realistic wind farm 

locations and, despite careful site-selection guidelines, each mast site is affected by its own unique 

topography such that interpolations and area-averaging of mast data is essentially dependent on an 

“ad-hoc” selection of observations, which may distort the generation profile.  Further criticisms of 
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mast records are that they are frequently of short duration (< 25 years), and are subject to potential in-

situ changes (such as building construction, tree growth).  They are therefore inadequate for estimating 

the characteristics of extreme meteorological events and are inappropriate for estimating long term 

mean wind output and its variability. 

As a data set, reanalysis offers a number of significant advantages over surface station observations: a 

complete, long-term time series, without discontinuity; something very few masts are able to provide.  

It is also able to specify the location over which the time series is generated, avoiding the common 

problem of the unrealistic siting of masts for wind generation simulation.  A coarse-resolution 

(~50km+) global reanalysis cannot, however, directly capture all the effects of local topography.  In 

applications where that detail is required, dynamical downscaling approaches may prove invaluable.  

Such strategies are however extremely computationally expensive, making this difficult in many 

situations.  There was therefore a case to argue that it was advantageous to understand how far the 

“raw” coarse global reanalysis could be used without resorting to further dynamical downscaling. 

Following a commonly used wind power generation simulation methodology, MERRA reanalysis was 

shown to produce similar overall results to direct use of equivalent mast-data.  Several improvements 

were noted in the resulting wind power generation time-series in Northern Ireland: in particular a 

stronger correlation with measured power system data and a smaller root mean square error.  

The direct use of reanalysis data could be useful in many wind-power applications and this issue is 

worthy of further research.  Understanding the characteristics of boundary layer wind shear is an 

important concern to address.  An invariant wind-shear coefficient is a major simplification of the 

complex reality of the boundary layer profile, which in reality exhibits considerable diurnal variability 

and which this thesis has shown strongly affects the accuracy of wind generation simulations.  Some 

concerns were also raised regarding reanalysis’ ability to capture variability extremes, due to the 

smoothing effect of reanalysis grids. 

The research approach applied in this thesis for simulating wind generation is highly transferrable to 

other electricity markets of similar or greater geographic size.  Reanalysis has been shown to be a 

straightforward way of simulating wind generation that resolves many of the limitations of 

meteorological data, and in the future has the potential to de developed to allow the forecasting of 

solar PV power, as well as wave and hydro resources.   
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9.4 MANAGING VARIABILITY 

9.4.1 MINIMUM STABLE GENERATION 

Q4: What is the need for curtailment of wind generation on the Northern Ireland electricity 

system, and what is the benefit of reducing it? 

  

Historically, wind curtailment has not been a significant problem in Northern Ireland, but the 

frequency, volume and cost of curtailment are all growing in line with the installed capacity of wind.  

By 2020, under the existing constraint rules, the requirement for wind curtailment in Northern Ireland 

is expected to grow to 340-360GWh (7-7.5% of total wind generation), up from levels of around 25-32 

GWh (2.5-3.2%) in 2011.   

Curtailing wind generation is undesirable from a whole system perspective and has particular 

implications for the system operator.  Wind is a zero cost, virtually zero carbon fuel, and when it is 

curtailed not only is the cheap electricity it generates not utilised, the system operator also has to pay 

conventional generation to remain on and reimburse the wind generators for their curtailment.  These 

aspects undesirably raise the wholesale price of electricity as well as the net carbon emissions of the 

system.  Reducing wind curtailment maximises the utilisation of low cost wind energy, lowers system 

emissions and constraint payments, and reduces dependency on foreign imported fuels. 

A review of the operating capabilities of Northern Ireland’s conventional generation has highlighted 

where there are opportunities for reduction in wind curtailment without the construction of new plant.   

Quantitative modelling work has shown that different modifications to Kilroot power station’s running 

regime have differing impacts on system costs and emissions.  Firing Kilroot on oil had the potential 

to reduce historical wind curtailment and emissions the most in 2011, and looking to 2020 oil firing 

would allow a substantial amount of wind curtailment to be eliminated without investment in new 

generation, down to 1.6% of total wind generation if system capabilities otherwise remain similar to 

the present day.  However, adopting such measures would require a rethink of the market rules to 

allow non-monotonically increasing bids, and unless the price of fuel oil falls significantly, this 

solution would increase overall system operator costs.  Alternatively, modifying Kilroot to operate on 

reduced levels of coal would provide the best financial saving overall and reduce curtailment, but 

would not reduce emissions as part of the existing three-unit security constraints.  Such a solution 

would also be the most technically challenging to facilitate without a loss of plant reliability.  Finally, 

an intermediate outcome is achievable without any modification to the market or physical plant 

equipment by running Kilroot on coal with continual oil firing.  Such an operation would have 

provided intermediate levels of curtailment reduction, emissions savings and system operator savings. 

Twenty-eight unit combination scenarios were investigated and the reduction of curtailment and 

emissions savings quantified for 2020.  The analysis found that the biggest curtailment savings were 
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accrued with two unit combinations, especially those not including Coolkeeragh Power Station, whose 

high MSG is an obstacle to reducing curtailment.  Curtailment levels could be reduced by up to 79% 

in comparison to the best present day business as usual configuration, or net emissions could be 

reduced by up to 202 ktCO2eq, equating to a £6.06m annual saving even with the most conservative 

carbon floor price. 

System security considerations were discussed, and unit combinations of potential were identified.  

The role of interconnection was investigated and export capacity was identified as an important 

parameter in reducing wind curtailment, both directly in terms of exporting excess wind but also 

tacitly by reducing pressure on system security constraints.  Additional ancillary service provision 

from battery storage was suggested as an additional step that would facilitate some of the scenarios 

that offer the largest reductions to curtailment. 

9.4.2 FLEXIBLE POWER PLANT OPERATION 

Q5: What are the extremes of changes in aggregate wind generation output and what can be 

done to ensure conventional generation in Northern Ireland is sufficiently flexible to respond to 

these changes? 
 

As previous research into wind variability has been restricted to short data sets, low frequency events 

have not been fully identified in the existing literature.  The size and frequency of swings in wind 

generation in Northern Ireland were hence quantified using a 32-year long reanalysis data set for 1-

hour and 4-hour time steps, and the variability of wind generation in Northern Ireland over 5-minute 

time steps was approximated through a statistical comparison with National Grid data for Great 

Britain.  The extremes to swings in wind generation were identified to be ±15% of installed capacity at 

5-minute steps, ±40% of installed capacity at 1-hour steps and ±70% of installed capacity at 4-hour 

steps.   

The adequacy of the ramp rate and range of the generators in Northern Ireland to meet swings in wind 

generation was assessed, and strategies for minimising events of insufficient generator ramping 

capacity identified.  Upward wind ramping events occur more frequently than downward ramping 

events due to the peaking capacity that can respond to a fall in wind output.  However, these events are 

manageable by setting a limit to the ramp rate of wind generation, whereas downward events are 

outside of the existing system’s capability to manage.  The shortfall of additional capacity required to 

meet all these events was identified, which could be met by some combination of utilising the real 

time AC tieline into the Republic of Ireland and Great Britain, additional peaking generation or the 

addition of battery storage.  Of these options, the construction of the new north south 400kV tieline 

and the contribution of the Moyle interconnector were shown to be of greatest importance. 



142 

It is important to re-examine how quickly generators can be brought online, as any reduction to the 

existing four hour substitute reserve planning margin will improve the system’s ability to respond in 

changes in wind.  Variability of wind generation over one hour was found to be much more 

manageable compared to variability over four hours.  This is because all generator scenarios 

considered were able to achieve their full ramping range over one hour and hence their capabilities are 

not improved at timescales beyond this, whereas the size and frequency in changes in wind generation 

continue to increase. 

Over a 5-minute time step, unit scenarios consisting of rapid ramping gas turbines are of high value 

and such units are often cited as those to respond to wind variability.  Over the longer 4-hour time step 

a unit’s range was identified to be of more value; steam turbine based generators are particularly 

valuable in this respect, despite having lower ramping rates.  Drops in wind generation over 5-minutes 

were identified as particularly problematic as the system is unable to call upon peaking generation to 

assist with increasing output.  Battery storage, which has a virtually instantaneous response rate, was 

shown to eliminate these concerns. 

9.5 KEY CONCLUSIONS 

Use of meteorological reanalysis data to simulate wind energy generation was seen to resolve many of 

the limitations inherent in using surface station data.  A thirty-two year MERRA reanalysis data set 

was applied to produce a long term, continuous and location specifiable wind time series.  This 

produced similar overall results to the direct use of surface station data, with small improvements in 

correlation to historic system generation and reduction in root mean square error, whilst resolving site-

specific terrain and instrumentation limitations.  The approach is highly transferrable to other 

electricity markets of similar or greater geographic size.  Some concerns were raised regarding 

whether reanalysis under represents extremes of variability and this warrants further investigation.  

Changes to the existing generation mix in Northern Ireland can reduce wind curtailment and increase 

resilience to variability, as well as reducing associated CO2 emissions and costs.  Importantly, this can 

be achieved without capital spending on new plant.  Twenty-eight unit combinations were ranked by 

modelling the projected level of wind curtailment and the associated emissions in each case.  This 

identified that curtailment could be reduced from business as usual levels by 285GWh and greenhouse 

gas emissions by 202 ktCO2eq.  The existing three-unit security constraint needs to be relaxed for the 

largest savings to be achieved.  The high minimum generation of certain Northern Ireland units was 

identified as a barrier to avoiding wind curtailment; Coolkeeragh power station was particularly 

significant in this regard.  A weak (0.45) positive correlation between lower wind curtailment and 

greater emissions savings was established, inferring that individual power plant efficiency 

characteristics are an important factor in determining the carbon benefit of reducing wind curtailment.    
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Immediate modifications that could be made to reduce Kilroot power plant’s minimum generation 

level were assessed, identifying the overall benefits of the running regimes to the system’s operation: 

 The lowest cost to the system operator can be achieved by running Kilroot on reduced levels 

of coal.  Even with present day constraints in place, this would save SONI £1.7m per annum 

but potentially increase overall carbon emissions due to the lower efficiency of combustion.  

 The greatest carbon saving option is to optimise Kilroot to run on oil, saving 20 ktCO2eq per 

annum.  This would also improve ramping capability to respond to changes in wind generation 

output but come at a net increased cost to the system operator due to the high price of fuel oil.   

 The easiest option to implement, requiring no physical or market modification, is a running 

regime of coal firing with continual oil support during times of high wind generation.  This 

would offer intermediate reductions to wind curtailment, system operating costs and carbon 

emissions. 

Through modelling different power plant unit combinations against simulated wind generation, certain 

scenarios where wind curtailment was reduced were found to diminish the system’s capability to 

respond to wind ramping events.  This was identified to be particularly problematic for scenarios 

where Ballylumford B’s 100MW unit is used.  Plant minimum to maximum output range was 

identified to be more important than fast ramping in responding to larger changes in wind generation 

output, favouring coal plant typified by larger operating ranges.  More cycling (and hence more warm 

and hot starts) of generators will improve conventional generator capability to respond to wind 

generation drop offs.  However, the research approach used in this thesis assumed perfect prediction of 

the wind generation; further work is needed to account for the uncertainty in forecasting. 

In Northern Ireland, where conventional units are required to run to maintain system security, 

appropriate market incentives are needed to encourage operational improvements.  Under existing 

constrained running rules, such units have an actual disincentive to provide flexibility.  Potential 

modification options for Northern Ireland that would significantly reduce wind curtailment, such as 

running Kilroot power station flexibly on minimum oil generation, are restricted by market rules at 

present.  The redesign of the Irish SEM to comply with the European Target Model for integrated 

electricity markets presents an opportunity to address these factors.   

Extending the analysis to test the inclusion of battery storage identified that a 100MW unit would 

significantly improve ramping capabilities, particularly for two unit combinations with lower plant 

flexibility.  Storage would also avoid the costly running of open cycle peaking generation, saving an 

average of £2.3m per annum in the lowest emission scenario.   

This research supports the plans to construct a new tieline to the Republic of Ireland, which should aid 

in minimising wind curtailment and improving ramping capabilities.  Nine interconnector scenarios 
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were investigated to cover a broad spectrum of possible conditions in 2020: from worst-case isolation 

to maximum export capability.  If the full additional export capacity can be relied upon during periods 

of high wind, curtailment could be reduced to 0.7% without reliance on the Moyle interconnector.  

Further work is required to identify the extent to which interconnector capacity can be relied upon 

however, as this study did not consider interconnectors using a market based approach. 

This thesis has demonstrated strategies that can be deployed to make variability more manageable.  

The renewable resource variability in Northern Ireland is as challenging as is technologically likely on 

any fossil fuel based electricity system.  It has an imminent high renewables target to be met almost 

exclusively from a single, variable resource.  Because Northern Ireland is small, this concentrated 

generation has a higher variability compared to other electricity markets.  Similarly, as a constrained 

system with a limited mix of aging generation it has limited flexibility.  This should be a message of 

considerable encouragement to other fossil fuel based electricity markets, which may have longer to 

arrive at similar decarbonisation levels, larger pools of conventional generation to call upon, and 

potentially more technologically diverse and spatially aggregated renewable resources.     
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Appendix A 

Appendix A-1 - Results of wind variability analysis mapped against event criteria at t = 5min, t = 1hr 

and t = 4hr time steps.   

Appendix A-2 - Results of wind variability analysis mapped against event criteria at t = 5min and t = 

1hr time steps with 100MW of battery storage.    

Appendix A-3 - Full table of results for system cumulative ramping curtailment requirements with and 

without battery storage (left) and maximum ramp curtailment ramp rates required to meet all events 

(right).  Results are for a 5-minute time step (i.e. out of 105,120 periods). 

Appendix B 

Appendix B-1 - Assumed turbine characteristics, locations and capacity factors used in to simulate 

2020 wind generation in Northern Ireland using the approach outlined in Chapter 5. 



I 

APPENDIX A-1 

Results of wind variability analysis mapped against event criteria at t = 5min, t = 1hr and t = 4hr time steps.    

 

 

 

 

 

t = 5min 3GU-B1 3GU-B2 3GU-1 3GU-2 3GU-3 3GU-4 3GU-5 3GU-6 2GU-1 2GU-2 2GU-3 2GU-4 2GU-5 2GU-6 2GU-7 2GU-8 2GU-9 2GU-10 2GU-11 2GU-12 2GU-13 2GU-14 2GU-15 2GU-16 2GU-17 2GU-18 2GU-19 2GU-20

OK 105082 105094 105116 105111 105103 105104 105082 105094 105058 105097 105058 105086 105075 105045 102804 97505 99338 104984 104811 105070 102804 97505 99338 104611 103684 104801 100362 103472

ULIM 20 18 1 6 8 11 20 18 37 11 37 17 33 55 2212 6187 2864 111 222 20 2212 6187 2864 460 1104 162 4684 1625

DLIM 17 7 2 2 8 4 17 7 24 11 24 16 11 19 103 1427 2917 24 86 29 103 1427 2917 48 331 156 73 22

UEVENT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

DEVENT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum: 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119

Scenario

t = 1hr 3GU-B1 3GU-B2 3GU-1 3GU-2 3GU-3 3GU-4 3GU-5 3GU-6 2GU-1 2GU-2 2GU-3 2GU-4 2GU-5 2GU-6 2GU-7 2GU-8 2GU-9 2GU-10 2GU-11 2GU-12 2GU-13 2GU-14 2GU-15 2GU-16 2GU-17 2GU-18 2GU-19 2GU-20

OK 280409 280396 280454 280437 280441 280425 280413 280401 279714 280286 279787 280113 279520 274935 279542 275036 279727 280256 279226 280420 279644 275494 279860 280039 277898 280291 273765 279337

55%GT 3 6 0 3 3 4 5 5 190 34 167 76 255 2245 250 2203 187 41 367 4 215 1988 149 97 899 32 2804 319

ALL GT 3 3 0 0 0 0 0 3 4 3 2 3 7 86 7 85 4 3 9 0 5 74 2 2 34 3 104 9

ULIM 0 0 0 0 0 0 0 0 3 0 3 0 3 5 3 5 3 0 3 0 3 5 3 2 3 0 8 3

DLIM 46 56 7 21 17 32 43 52 550 138 502 269 676 3190 659 3132 540 161 856 37 594 2900 447 321 1627 135 3780 793

UEVENT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

DEVENT 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Sum: 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463

Scenario

t = 4hr 3GU-B1 3GU-B2 3GU-1 3GU-2 3GU-3 3GU-4 3GU-5 3GU-6 2GU-1 2GU-2 2GU-3 2GU-4 2GU-5 2GU-6 2GU-7 2GU-8 2GU-9 2GU-10 2GU-11 2GU-12 2GU-13 2GU-14 2GU-15 2GU-16 2GU-17 2GU-18 2GU-19 2GU-20

OK 66572 66328 68911 67877 68028 67208 66815 66452 60998 64710 61265 63068 60339 51995 60408 52110 61053 64328 59375 66948 60700 52685 61587 62600 56251 64763 50790 59708

55%GT 1052 1124 362 669 643 878 971 1090 2770 1608 2686 2089 2998 5642 2965 5606 2756 1725 3303 939 2879 5400 2593 2260 4278 1592 5980 3202

ALL GT 377 413 102 216 189 295 351 396 949 572 914 738 1002 1917 999 1892 937 604 1103 336 974 1860 868 774 1457 567 2071 1064

ULIM 200 222 30 104 91 157 183 207 717 370 688 533 788 1554 781 1550 712 411 880 170 748 1484 663 572 1175 367 1675 851

DLIM 1673 1787 469 1008 923 1336 1554 1729 4440 2614 4321 3446 4747 8766 4721 8716 4416 2806 5213 1481 4573 8445 4163 3668 6713 2585 9358 5049

UEVENT 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

DEVENT 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235 235

Sum: 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114

Scenario



II 

APPENDIX A-2 

Results of wind variability analysis mapped against event criteria at t = 5min and t = 1hr time steps with 100MW of battery storage.    

 

 

 

t = 5min 3GU-B1 3GU-B2 3GU-1 3GU-2 3GU-3 3GU-4 3GU-5 3GU-6 2GU-1 2GU-2 2GU-3 2GU-4 2GU-5 2GU-6 2GU-7 2GU-8 2GU-9 2GU-10 2GU-11 2GU-12 2GU-13 2GU-14 2GU-15 2GU-16 2GU-17 2GU-18 2GU-19 2GU-20

OK 105082 105094 105116 105111 105103 105104 105082 105094 105058 105097 105058 105086 105075 105045 102804 97505 99338 104984 104811 105070 102804 97505 99338 104611 103684 104801 100362 103472

BAT EX 19 17 1 5 7 10 19 17 36 10 36 16 32 54 2203 6176 2853 109 218 19 2203 6176 2853 454 1096 159 4673 1617

BAT IM 16 6 2 2 7 4 16 6 23 10 23 15 10 18 98 1413 2901 23 81 28 98 1413 2901 45 322 149 68 21

ULIM 1 1 0 1 1 1 1 1 1 1 1 1 1 1 9 11 11 2 4 1 9 11 11 6 8 3 11 8

DLIM 1 1 0 0 1 0 1 1 1 1 1 1 1 1 5 14 16 1 5 1 5 14 16 3 9 7 5 1

UEVENT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

DEVENT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum: 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119 105119

Scenario

t = 1hr 3GU-B1 3GU-B2 3GU-1 3GU-2 3GU-3 3GU-4 3GU-5 3GU-6 2GU-1 2GU-2 2GU-3 2GU-4 2GU-5 2GU-6 2GU-7 2GU-8 2GU-9 2GU-10 2GU-11 2GU-12 2GU-13 2GU-14 2GU-15 2GU-16 2GU-17 2GU-18 2GU-19 2GU-20

OK 280409 280396 280454 280437 280441 280425 280413 280401 279714 280286 279787 280113 279520 274935 279542 275036 279727 280256 279226 280420 279644 275494 279860 280039 277898 280291 273765 279337

55%GT 3 3 0 0 0 3 3 3 19 3 15 5 26 227 26 223 19 4 38 3 22 194 9 7 91 3 290 34

ALL GT 0 0 0 0 0 0 0 0 3 0 3 3 3 5 3 5 3 0 3 0 3 5 3 3 2 0 8 3

BAT EX 3 6 0 3 3 1 2 5 175 34 154 71 236 2101 231 2062 172 40 338 1 198 1865 142 91 842 32 2615 294

BAT IM 35 44 6 14 12 24 33 40 447 108 408 219 558 2582 542 2531 439 126 709 29 484 2342 363 261 1325 105 3028 655

ULIM 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 3 0 0 0 0 0 3 0 0 1 0 3 0

DLIM 12 13 2 8 6 9 11 13 104 31 95 51 119 609 118 602 102 36 148 9 111 559 85 61 303 31 753 139

UEVENT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

DEVENT 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Sum: 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463 280463

Scenario

t = 4hr 3GU-B1 3GU-B2 3GU-1 3GU-2 3GU-3 3GU-4 3GU-5 3GU-6 2GU-1 2GU-2 2GU-3 2GU-4 2GU-5 2GU-6 2GU-7 2GU-8 2GU-9 2GU-10 2GU-11 2GU-12 2GU-13 2GU-14 2GU-15 2GU-16 2GU-17 2GU-18 2GU-19 2GU-20

OK 66572 66328 68911 67877 68028 67208 66815 66452 60998 64710 61265 63068 60339 51995 60408 52110 61053 64328 59375 66948 60700 52685 61587 62600 56251 64763 50790 59708

55%GT 571 617 158 333 309 467 534 594 1395 861 1346 1085 1493 2923 1483 2903 1378 898 1694 500 1438 2789 1301 1151 2192 856 3125 1629

ALL GT 164 171 32 93 87 126 147 164 510 282 495 393 544 983 537 977 512 305 583 142 527 956 479 417 758 279 1028 568

BAT EX 824 888 299 534 505 686 764 855 2221 1263 2154 1675 2406 4443 2381 4412 2212 1377 2618 745 2311 4276 2072 1805 3406 1248 4747 2544

BAT IM 902 935 370 575 551 702 840 914 2158 1326 2115 1729 2282 4135 2271 4113 2151 1425 2485 795 2219 3971 2043 1829 3131 1308 4416 2419

ULIM 74 87 9 33 26 55 64 84 314 148 297 211 349 768 348 760 307 164 395 62 329 727 276 237 558 147 830 380

DLIM 908 989 236 570 509 771 851 952 2419 1425 2343 1854 2602 4768 2587 4740 2402 1518 2865 823 2491 4611 2257 1976 3719 1414 5079 2767

UEVENT 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

DEVENT 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98 98

Sum: 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114 70114

Scenario



III 

APPENDIX A-3 

Full table of results for system cumulative ramping curtailment requirements with and without battery storage (left) and maximum ramp curtailment ramp rates 

required to meet all events (right).  Results are for a 5-minute time step (i.e. out of 105,120  periods). 

       

Scenario No battery (MWh) 100MW battery (MWh) Reduction

3GU-B1 60 4 93.5%

3GU-B2 18 1 97.2%

3GU-1 6 0 100.0%

3GU-2 6 0 100.0%

3GU-3 22 1 95.3%

3GU-4 10 0 100.0%

3GU-5 60 4 93.5%

3GU-6 18 1 97.2%

2GU-1 81 5 93.8%

2GU-2 30 2 93.9%

2GU-3 81 5 93.8%

2GU-4 53 4 93.4%

2GU-5 27 2 94.2%

2GU-6 68 4 93.6%

2GU-7 246 14 94.2%

2GU-8 1573 41 97.4%

2GU-9 2868 50 98.3%

2GU-10 84 5 93.9%

2GU-11 216 13 94.1%

2GU-12 91 5 94.1%

2GU-13 246 14 94.2%

2GU-14 1573 41 97.4%

2GU-15 2868 50 98.3%

2GU-16 141 8 94.1%

2GU-17 504 23 95.3%

2GU-18 308 17 94.5%

2GU-19 193 11 94.2%

2GU-20 77 5 93.8%

Scenario No battery (MW) With battery (MW)

3GU-B1 147 47

3GU-B2 106 6

3GU-1 72 0

3GU-2 69 0

3GU-3 112 12

3GU-4 89 0

3GU-5 147 47

3GU-6 106 6

2GU-1 160 60

2GU-2 122 22

2GU-3 160 60

2GU-4 142 42

2GU-5 119 19

2GU-6 152 52

2GU-7 199 99

2GU-8 232 132

2GU-9 240 140

2GU-10 161 61

2GU-11 195 95

2GU-12 165 65

2GU-13 199 99

2GU-14 232 132

2GU-15 240 140

2GU-16 181 81

2GU-17 215 115

2GU-18 205 105

2GU-19 191 91

2GU-20 158 58



IV 

Full table of results for system cumulative ramping curtailment requirements for an average year with and without battery storage (left) and maximum ramp 

curtailment ramp rates required to meet all events (right).  Results are for an hourly time step (i.e. 8766 periods in an average 365.25 day year). 

        

Scenario No battery (MWh) 100MW battery (MWh) Reduction

3GU-B1 138 47 65.6%

3GU-B2 156 52 66.6%

3GU-1 28 11 59.4%

3GU-2 64 26 60.1%

3GU-3 57 23 59.6%

3GU-4 101 37 62.8%

3GU-5 124 44 64.8%

3GU-6 148 50 66.2%

2GU-1 1052 241 77.1%

2GU-2 316 94 70.1%

2GU-3 970 226 76.7%

2GU-4 562 146 74.0%

2GU-5 1260 280 77.8%

2GU-6 6106 1179 80.7%

2GU-7 1239 276 77.7%

2GU-8 6007 1160 80.7%

2GU-9 1035 238 77.0%

2GU-10 362 105 71.0%

2GU-11 1620 343 78.8%

2GU-12 116 42 64.1%

2GU-13 1142 258 77.4%

2GU-14 5536 940 83.0%

2GU-15 881 208 76.4%

2GU-16 655 164 75.0%

2GU-17 3116 616 80.2%

2GU-18 312 93 70.0%

2GU-19 7195 1394 80.6%

2GU-20 1491 320 78.5%

Scenario No battery (MW) With battery (MW)

3GU-B1 535 435

3GU-B2 546 446

3GU-1 375 275

3GU-2 466 366

3GU-3 455 355

3GU-4 506 406

3GU-5 525 425

3GU-6 541 441

2GU-1 680 580

2GU-2 600 500

2GU-3 675 575

2GU-4 640 540

2GU-5 691 591

2GU-6 787 687

2GU-7 690 590

2GU-8 786 686

2GU-9 679 579

2GU-10 610 510

2GU-11 706 606

2GU-12 519 419

2GU-13 685 585

2GU-14 781 681

2GU-15 669 569

2GU-16 650 550

2GU-17 746 646

2GU-18 599 499

2GU-19 797 697

2GU-20 701 601



V 

Full table of results for system cumulative ramping curtailment requirements for an average year with and without battery storage (left) and maximum ramp 

curtailment ramp rates required to meet all events (right).  Results are for a 4-hourly time step (i.e. 2192.5 periods in a 365.25 day year). 

      

 

Scenario No battery (MWh) 100MW battery (MWh) Reduction

3GU-B1 34832 17141 50.8%

3GU-B2 37529 18577 50.5%

3GU-1 10739 4480 58.3%

3GU-2 21494 9966 53.6%

3GU-3 19843 9093 54.2%

3GU-4 28538 13770 51.7%

3GU-5 32524 15919 51.1%

3GU-6 36284 17910 50.6%

2GU-1 90919 47163 48.1%

2GU-2 53858 27376 49.2%

2GU-3 88034 45615 48.2%

2GU-4 70097 36039 48.6%

2GU-5 97554 50741 48.0%

2GU-6 178880 95091 46.8%

2GU-7 96933 50405 48.0%

2GU-8 177758 94485 46.8%

2GU-9 90336 46849 48.1%

2GU-10 57540 29335 49.0%

2GU-11 107331 56040 47.8%

2GU-12 31212 15220 51.2%

2GU-13 93882 48757 48.1%

2GU-14 172250 91506 46.9%

2GU-15 84682 43815 48.3%

2GU-16 74838 38553 48.5%

2GU-17 138166 72906 47.2%

2GU-18 53504 27187 49.2%

2GU-19 190503 101363 46.8%

2GU-20 103978 54215 47.9%

Scenario No battery (MW) With battery (MW)

3GU-B1 705 605

3GU-B2 716 616

3GU-1 545 445

3GU-2 636 536

3GU-3 625 525

3GU-4 676 576

3GU-5 695 595

3GU-6 711 611

2GU-1 850 750

2GU-2 770 670

2GU-3 845 745

2GU-4 810 710

2GU-5 861 761

2GU-6 957 857

2GU-7 860 760

2GU-8 956 856

2GU-9 849 749

2GU-10 780 680

2GU-11 876 776

2GU-12 689 589

2GU-13 855 755

2GU-14 951 851

2GU-15 839 739

2GU-16 820 720

2GU-17 916 816

2GU-18 769 669

2GU-19 967 867

2GU-20 871 771



VI 

Full table of results for the average annual number of ULIM events and OCGT savings with and without battery storage for an hourly time step on the left (i.e. 8766 

periods in an average 365.25 day year), and a 4-hourly time step (i.e. 2192.5 periods in a 365.25 day year). 

    

 

Scenario OCGT saving (£) ULIM (No battery) ULIM (100MW battery)

3GU-B1 £196.17 0 0

3GU-B2 £891.24 0 0

3GU-1 £0.00 0 0

3GU-2 £695.07 0 0

3GU-3 £695.07 0 0

3GU-4 £231.69 0 0

3GU-5 £463.38 0 0

3GU-6 £659.55 0 0

2GU-1 £39,684.19 3 0

2GU-2 £7,378.53 0 0

2GU-3 £35,151.32 3 0

2GU-4 £16,449.91 0 0

2GU-5 £53,318.32 3 0

2GU-6 £472,844.84 5 3

2GU-7 £52,159.87 3 0

2GU-8 £463,975.27 5 3

2GU-9 £38,989.12 3 0

2GU-10 £8,768.66 0 0

2GU-11 £76,617.99 3 0

2GU-12 £231.69 0 0

2GU-13 £44,846.74 3 0

2GU-14 £420,161.83 5 3

2GU-15 £32,371.05 3 0

2GU-16 £20,786.61 2 0

2GU-17 £189,297.13 3 1

2GU-18 £6,915.15 0 0

2GU-19 £588,743.39 8 3

2GU-20 £66,423.68 3 0

Scenario OCGT saving (£) ULIM (No battery) ULIM (100MW battery)

3GU-B1 £402,685.73 200 74

3GU-B2 £428,084.25 222 87

3GU-1 £166,561.94 30 9

3GU-2 £275,937.72 104 33

3GU-3 £270,085.86 91 26

3GU-4 £341,382.45 157 55

3GU-5 £368,027.09 183 64

3GU-6 £417,810.01 207 84

2GU-1 £1,115,845.13 717 314

2GU-2 £616,904.80 370 148

2GU-3 £1,085,608.86 688 297

2GU-4 £819,847.82 533 211

2GU-5 £1,216,669.11 788 349

2GU-6 £2,220,219.08 1554 768

2GU-7 £1,200,359.92 781 348

2GU-8 £2,204,349.58 1550 760

2GU-9 £1,115,173.15 712 307

2GU-10 £678,391.17 411 164

2GU-11 £1,307,048.07 880 395

2GU-12 £367,440.65 170 62

2GU-13 £1,166,690.80 748 329

2GU-14 £2,133,505.26 1484 727

2GU-15 £1,043,607.93 663 276

2GU-16 £900,587.62 572 237

2GU-17 £1,699,691.57 1175 558

2GU-18 £608,292.06 367 147

2GU-19 £2,344,206.22 1675 830

2GU-20 £1,275,235.84 851 380
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Table (above) of assumed turbine characteristics, locations and capacity factors used in to simulate 2020 

wind generation in Northern Ireland using the approach outlined in Chapter 5. 

Src_id and Name = surface station at the centre of reanalysis grid, as defined in Table 5.1 

Wt. = individual generation weighting of a particular site 

CF = capacity factor assumed, 

z = assumed turbine hub height, turbine type (see right hand table for onshore blend of turbine power curves) 

Capacity = average individual turbine capacity, 

αavg = wind shear coefficient selected to achieve required capacity factor. 

src_id Name Type Wt CF z (m) Turbine Type Capacity (MW) αavg

1450 ALDERGROVE ONSHORE 14.3% 0.300 60 Blend 2.04 0.147

1448 PORTGLENONE ONSHORE 14.3% 0.300 60 Blend 2.04 0.147

1534 GLENANNE NO 2 ONSHORE 14.3% 0.300 60 Blend 2.04 0.148

1568 ST ANGELO ONSHORE 14.3% 0.300 60 Blend 2.04 0.160

1429 BALLYKELLY ONSHORE 14.3% 0.300 60 Blend 2.04 0.109

1435 LOUGH FEA ONSHORE 14.3% 0.300 60 Blend 2.04 0.151

1543 CASTLEDERG ONSHORE 14.3% 0.300 60 Blend 2.04 0.149

1467 BALLYPATRICK FOREST OFFSHORE 100.0% 0.369 80 Vestas V90 3.00 0.125
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Table (left) showing assumed blend of onshore wind turbines that will make up the Northern Ireland wind fleet in 2020, based on historic 

data, future planning applications and SONI and EirGrid projected targets for installed system capacity in 2020.  Resultant power curve 

depicted on the right. 

Type = turbine type 

Capacity = av. MW capacity of  turbine 

No. = number of turbines 

Type Capacity No.

Enercon E48 0.80 2

GE 1.5 1.50 31

Nordex N80 2.50 107

Nordex N90 2.30 80

RES 52/1000 1.00 1

Siemens 1.3 1.30 48

Vestas V39 0.50 50

Vestas V47 0.66 21

Vestas V52 0.85 6

Vestas V80 2.00 54

Vestas V90 3.00 105

Blend 2.04 MW

System capacity: 1030.0 505
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Type Capacity No.

Vestas V90 3.00 200

System capacity: 600.0 MW
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Table (left) showing assumed blend of offshore wind turbines that will make up the Northern Ireland wind fleet in 2020, based on future 

planning applications and SONI and EirGrid projected targets for installed system capacity in 2020.  Manufacturer’s power curve depicted 

on the right. 

Type = turbine type 

Capacity = av. MW capacity of  turbine 

No. = number of turbines 


