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Abstract

The UK has a commitment to reduce greenhouse dgsasleast 80% from 1990 levels by
2050. This will see the proportion of energy geted in the UK from renewable resources
such as wind, solar, marine and bio-fuels is insirepand likely to dominate the future
energy market over the next few decades. Howelir uinclear what effect future physical
climate changes could have on the long term avemg®Egy output characteristics of
individual renewable energy technologies that mamidate the low carbon energy
technologies. It is also unclear how these chamgesdividual technologies will affect a

diverse portfolio of electricity generation techogikes.

This thesis explores the influence of climate cleang renewable electricity generation
portfolios and energy security in the UK, with @ien of determining if climate change will
affect renewable energy resource in such a wayntlagtleave future low carbon generation
portfolios sub-optimal. The research allows longnteenewable resource variability to be
reflected within models of the costs and risks eisged with different electricity generation
technologies and using Mean Variance Portfolio ThéMVPT), it explores the influence

of climate change on renewable energy portfoliabemergy security in the UK.

The scope of this study has a considerable rarmy@nsuy from renewable resources through
to the sensitivity of an optimal portfolio mix oégeration technologies to climate change. In
brief, the objectives were as follows: Charactetiise variability of renewable energy

resources and electricity generation output fromeveable technology in the UK, in

particular solar PV, on and offshore wind, for fetiwclimate scenarios for the 2050s and
2080s. Characterise the variability of electrigiggneration costs and explore the effect of
climate change scenarios on generation costs akdbyi examining the cost-risk balance of

current and potential future low carbon electrigjgneration technology portfolios.

The outcome saw distinctive changes in solar, wivedse and hydro resource. The changes
were largely negative, except in the case of salhich increased. Levelised costs decreased
for solar PV but increased for the technologieshwikgative resource changes. Evident

changes in optimal portfolio mixes were observed explored.
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1 Introduction

1.1 Context

The UK has a commitment to reduce greenhouse dgsasleast 80% from 1990 levels by
2050 (DECC 2008). The proportion of energy genératg¢he UK from renewable resources
such as wind, solar, marine and bio-fuels is insirepand likely to dominate the future
energy market over the next few decades if govemireapport continues. However, it is
unclear what effect future physical climate changesld have on the long term average
energy output characteristics of individual renelamergy technologies that may dominate

the low carbon energy technologies.

It is widely accepted that a diverse electricitygetion mix of technologies contributes to
security of supply (Awerbuclet al. 2003, Bazilianet al. 2008, Grubbet al. 2006, Skea
2010). There is much interest from academics, pohekers and other interested parties in
capitalising as much as possible on the benefitthefdiversity in electricity generation
technologies. Mean Variance Portfolio Theory (MVRI a financial based approach that is
receiving growing interest in identifying optimdeetricity generation mixes. To date, much
of the interest has been to investigate how renksalwhich are often more costly than
traditional fossil fuelled technologies, can loviieancial risk and lower overall costs when
part of a diversified electricity generation mixwArbuchet al. 2003, Awerbuch 2005a,
2005b). MVPT can be effectively used to investighte costs and risks of a mix of several
electricity generation technologies together asmf@io and in doing so identify optimal

electricity generation technology mixes.

However, studies of MVPT and the identificationagitimal portfolio energy mixes for the
present and future are based on the present (b&selimate. It is unclear how portfolios of
energy mixes that are designed (or selected) basetthe resource characteristics of the

present climate will be affected by the renewabidurce characteristics in a future climate.



1.2

Hypothesis, Objectives and Scope

This work aims to answer the following hypotheiatt

Physical climate change will affect renewable energy resources in such a way that
its impact may be likely to leave future optimal UK electricity generation portfolios
sub-optimal.

The scope of this study has a considerable rangengm from renewable resource in the

UK through to the sensitivity of an optimal portomix of renewable electricity generation

technologies to climate change. The objectivesanmemarised below:

Investigate renewable energy resource in the UKairticular solar and onshore and

offshore wind resource for the baseline (1961-129@)ate.

Explore the potential future mid to long term (20fd 2080s) UK technology
deployment of solar PV and on and offshore wingntaiand estimate the potential

baseline electricity generation output of the textbgies deployed.

Characterise the variability of renewable energgoueces and electricity generation
output from renewable technology in the UK, in fgatar solar PV, on and offshore

wind, for future climate scenarios for the 2050d 2680s.

Characterise the variability of electricity genérat costs given the explicit

representation of each renewable resource.

Explore the effect of climate change scenarios enegation costs and risk by
examining the cost-risk balance of current and mt@kfuture low carbon electricity
generation technology portfolios. This will alldhe impact of changes in individual
generating technologies to be seen in terms of ttmmtribution to future energy
supply diversity and security, and optimal portigliof generating technologies to be

determined under current and future climates.

Assess the extent that the increased variabilityrefewable resources due to

anthropogenic climate change will affect optima&ogticity generation portfolios.



1.3 Contribution to Knowledge

The research explores the impact that future censhinge may have on optimal electricity
generation portfolios. Technology investment decisiare driven by economic assessment
and confidence on the part of the investor. Consetly this research will highlight to
energy policy makers, researchers, investors, dhdr® engaged in climate change and
electricity generation decision making, the addiio economic and physical risk that
climate change may impose on future electricityegation mixes, specifically those with

high proportions of renewables.

While there has been growing use of Mean Varianogfdtio Theory to identify future
electricity generation mixes that have optimal asd risk characteristics (Awerbuehal.
2003, 2005, 2006, 2007; Dohertyal. 2006; Grubket al. 2006; Jansert al. 2004; Roques
et al. 2010) they have all assumed output from renewabddnologies based on the
characteristics of the current climate. This woitkows that such scenarios may be
susceptible to significant additional cost and nghich may result in the mix being sub-

optimal.

Additionally, geographical UK renewable resourcepmaave been created for solar and on
and offshore wind based on both the present (lmegetlimate and projected probabilistic
future climates indicated by the UKCPQO9 scenarMsrphy et al. 2009). The impact on
these individual technologies are highlighted aisdubsed.

Better knowledge on the sensitivity of optimal paolfos and individual technologies to
climate variability can be of benefit to renewableergy developers, their financiers, energy

policymakers, the academic community and societyahole.



1.4 Outline

The thesis is organised into 9 chapters with appesdcontaining additional information.
This chapter (Chapter 1) introduces and sets omitaiiectives, scope, contribution to

knowledge and outline of the thesis.

Chapter 2 provides a background to the differegiti§ required to answer the hypothesis.
Climate change and projections with emphasis inpttodabilistic UK Climate Projections

2009 (UKCPOQ9); renewable technologies and theioue® are briefly discussed. Energy
economics and Mean Variance Portfolio Theory ateoduced and discussed. All these

fields are required to meet the aims and objecti¥éBis thesis set out in section 1.2.

Chapter 3 assesses the UK solar resource for tlrentwclimate by converting sunlight
observations to surface solar irradiation. Thishisn converted into electricity production
from solar photovoltaic (PV) modules. The potenti@inate change impact on the resource

is then investigated using values from the UKCP@babilistic projections.

Chapter 4 assesses the onshore wind resource leveddK using gridded observed wind
speed data, appropriate wind distributions and wimdine power curves. Climate change is
investigated by analysis of wind speed output fitthe HadRM3 regional climate model

(RCM) which includes future CQemission scenario outputs.

Chapter 5 assesses the offshore wind resource invatkrs using HadRM3 baseline wind
speed data, and appropriate distributions. Clirnh#&ange is investigated in the same manner

as performed for onshore wind in Chapter 4.

Chapter 6 investigates and discusses other eléctgeneration technologies that may be
affected by climate change. Section 6.1 investgyttie potential sensitivity of wave energy
resource due to climate variability by convertingséline and future wind speed data to
wave resource using the Pierson Moskowitz spectnatinod, then converting the resource
at different time periods to wave energy usingpbever curve of a wave energy converter
(WEC). Section 6.2 discusses hydro, which is inethdn the levelised cost and MVPT
analysis using baseline and climate change resdigoees from another study (Duncan
2012). The following section discusses tidal, biemabiofuels and thermal plant and the
way they could be affected by climate change drérafly discussed; however, they are
assumed to be unaffected by climate change forsthidy. Section 6.4 reviews the monthly

resource changes for all the technologies cover¢his and previous chapters.



Chapter 7 discusses current and future levelisetis dor different electricity generation
technologies, then calculates and specifies cumadt future technology and current and

future climate levelised costs to be used for treaiMVariance Portfolio Theory analyses.

Chapter 8 presents the Mean Variance Portfolio (MVRnalysis and explores the

sensitivity of different optimal electricity gendicn mixes to climate variability.

Finally, Chapter 9, provides the thesis outcomes$ @nclusions, as well as its limitations
and future work that could further enhance the stgation of electricity generation

portfolios and the potential effect of climate chan



1.5 Thesis Flowchart

Figure 1-1 illustrates the basic flow and work pegds of the thesis. The three blocks
feeding into the ‘data select’ send current andriutclimate parameters to the technology
‘resource model’ blocks. The second tier blockstaimnthe ‘resource model’ and ‘energy
yield’ models and are discussed along with the aférparameter output in Chapters 3 to 6
for solar PV, on- and offshore wind, wave and hydrspectively. The climate parameters
are processed to create current and future resantenergy models. Energy output values
are required by the ‘cost-risk models’ in the thiet blocks. The ‘other technologies’ input
parameters are from Mott McDonald (2010). ‘Cosk-nsodels’ for each of the technologies,
discussed in Chapters 7 and 8, are generated tesihgology cost input parameters and data
from the resource models. Finally, in Chapter &jno@l portfolios for baseline and future
climates (in green) are generated and compared ugout from the ‘cost-risk models’ and
predefined ‘MVPT Input Parameters’. The ‘MVPT InpRBarameters’ introduce physical
technology constraints and are discussed in Ch&ptdihe optimal portfolio blocks are
where the future hypothesis, that climate changpaoh may be likely to leave future

planned optimal UK electricity generation portfaisub-optimal, is tested.

Baseline UKCP09 I < HadRM3
‘ N e 0 s 0

4 L L ¥
Solar PV Onshore Wind Offshore Wind Wave J'Yd“m Resource Other Technologies
Resource and Resource and Resource and Resource and ¢ (.El and Encinl Resource and
X 7 Yield Model E Yield Model
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) nergy Yi el
T T T T T T
Solar PV Onshore Wind Offshore Wind Wave Hydro Tecr?r:gleorgies
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model
< T '
1 ] ] )

MVPT Input MVPT N Baseline Climate Future Climate
Parameters Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 1-1: Basic Flowchart of Thesis Workflow




2 Thesis Background

The following sections in this chapter are intendedorovide the reader with a general
background to the main topics of interest coveredhis thesis. It covers climate change,
renewable energy resource and technologies, @iggtigeneration economics and risk,
security of supply, diversity, CQOemission reduction and mean variance portfolimtpe

(MVPT). It is not intended as an exhaustive literatsurvey of all material, rather it is a

targeted effort to equip the reader with sufficikmbwledge of essential material.

2.1 Climate Change

Climate change can be defined as any significaabgd in a normal weather pattern over an
extended period of time, typically observed ovg@eaod of decades or longer (IPCC 2007).
The changes are often expressed in average vdyialpdm the present climate and in
monthly, seasonal or annual average values. Chamgles climate are mainly due to natural
processes but recently there have been escalatizigges in the climate and increasing
evidence showing these to be due to human acsyitmest noticeably the increasing level of
CO, and other greenhouse gases (GHG) being emittedtliiet atmosphere due to human
processes (IPCC 2007). The United Nations Framew@wRkvention on Climate Change
(UNFCCC 2012) has a differing definition of climatkange. It refers to climate change as
being a change in the climate that is directlynalirectly caused by human activity, and that
climate change is an additional change to natuliedate variability (UNFCCC 2012).
‘Human-induced’ and ‘anthropogenic’ are also poptéams to describe the proportion of
change in the climate change due to human actiVitys thesis will use the term ‘climate
variability’ as a general term to describe the |tergn average climate change due to human
activity, ‘annual average climate variability’ testribe the annual average component of the
climate variability and ‘intra-annual climate vébility’ to describe the seasonal component

of the climate variability.

2.1.1 Intergovernmental Panel on Climate Change

The Intergovernmental Panel on Climate Change (P&&3 set up in 1988 by the World

Meteorological Organisation (WMO) and the Unitedtibias Environment Programme

(UNEP) to provide objective scientific assessmemg reviews of anthropogenic (human-
induced) climate change. The IPCC (2007) suppbgsvtew that recent global temperature

increases and other recent climate trends, anduttble to the increase of anthropogenic



greenhouse gases released into the atmosphereal Glabming is expected to continue

while GHG concentrations in the atmosphere escdR@C 2007).

New climate change research and information is icoally becoming available from
scientists all over the globe, many of who are eased with the IPCC. The most recent
information is evaluated and assessed by the IP@{Cnauch of it used in IPCC climate
change reports and assessments. The latest rigdedrtClimate Change 2007’ (IPCC 2007)
is the fourth in the series and discusses the wbderhanges in the climate and the effect
and causes of the changes. It also investigateprtiected future climate changes under

different greenhouse gas emission scenarios.

2.1.2 UK Climate Impacts Program

The UK Climate Impacts Programme (UKCIP) was sebyithe UK Government to provide
climate change information and help the public gmiate sectors to understand how
climate change will affect their organisations dondsupport them with adapting to these
changes. The UKCIP have commissioned several psojemded by DEFRA to create

climate change data sets for the UK that are atigm¢éh the IPCC emission scenarios.

The most recent climate change scenarios projegedaout jointly by the Hadley Centre
and the Tyndall Centre for the UKCIP was named UBZRK Climate Projections and
released in 2009 (UKCIP 2009). The UKCPQ9 projeaivigle future climate projections
over UK land and sea locations. The projectionsbased on the relative change from the
1961-1990 baseline period. In most cases the witprg given a probability of future
climate outcomes for three different future emigssoenarios. A normal distribution curve
with UKCPO9 probability levels (or confidence pantis shown in Figure 2-1. The 10%,
50% and 90% confidence levels describe the prababfi change being less than the stated

value. The confidence levels described here am fusquently throughout this thesis.
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Figure 2-1: Normal distribution with 10%, 50%, and 90% probability levels shown.

The objective of the probabilistic approach in poting future climate change is to account
for the fundamental causes of uncertainties inftiiere climate and the projections. These
are natural climate variability, incomplete undansting of all the Earth processes,
modelling uncertainty, and the uncertainty of fet@HG emissions (Murphgt al 2009).

The uncertainties are relatively small leading taisathe 2020s, but there are more

substantial changes with great divergence throbngt2050s and towards the 2100s.

The UKCPOQ9 future time periods include seven 30-y@ae periods from the “2020s”
(represented by 2010 to 2039) to the “2080s” (regmeed by 2070 to 2099). Three scenarios
of future GHG emission scenarios have been mod@ibe@d medium, high) and are aligned
with specific IPCC emission scenarios. The UKCPQfipot is only a select set of

uncertainty for future scenarios. It is not a cosbplestimate of uncertainty.

The UKCPO9 projections are much improved over mnesiUKCIP projections such as the
UKCIPO2 report (UKCIP 2002). The projections are2&tkm resolution providing greater
geographic credibility. Modelling and natural climavariability uncertainties are taken into
account by the use of probabilistic output and raupleed physics ensemble (PPE) (DEFRA
2009). This is produced by running a climate modwny times with different input

parameters with each run being a model variantsRwom other climate models are also
included so as to capture a greater range of owsoin this way the variability between
different climate models is captured in the probstié output. Future emission uncertainty

is captured by the use of the three different eomsscenarios.

The UKCPO9 grid, shown in Figure 2-2, is rotated has a resolution of 25KnThere are a

total of 434 cells that contain land data overlitse



Figure 2-2: UKCPO09 Land Projections - 25km Z resolution grid over the UK

2.1.3 Climate Modelling

Global climate models (GCMs) are complex humergcahputer models that use the general
principles of fluid dynamics and thermodynamicsmodel the Earth’'s climate and all
interactions between the atmospheric, ocean, seand land surface processes. GCMs are
used to study the impact of increasing levels ekghouse gases by externally forcing the
models with their recent historical and future saémlevels. The IPCC 2007 report contains
an extensive chapter discussing climate models tued Atmospheric-Ocean General
Circulation Models (AOGCMs) used in the report tstimate future climate change for
future emission scenarios (Randslial. 2007). The IPCC has a total of 21 different global
climate modelling groups that all contribute towsatte IPCC 2007 report. Sets of identical
experiments and GHG scenarios are performed on iedohidual model with the biased
outputs reflecting average change and uncertaimtidsture temperature trends and other
climate parameters (IPCC 2007, Wang 2005).

One of the main Regional Climate Models (RCM) ugedenerate the UKCPO09 projections
is the Hadley Centre HadRM3 (Met Office 2008), whias grid square spatial resolution of
25km. The HadRM3 model is driven by the Hadley @2atHadCM3 atmosphere-ocean
general circulation model (AOGCM) (Met Office 1999he HadCM3 model has a spatial
resolution of 2.%latitude by 3.75%longitude (roughly 400km by 270km), which is gdiod
climate change predictions on a global scale. Tdeae a higher resolution suitable for the
UK the scenario outputs from HadCM3 were dynamycdtiwnscaled by using the output to
drive the HadRM3 model.

The HadCM3 model has also been extensively useithdyPCC. It was used to study the

human-induced climate response from the year 18@detsent and then to model the forcing
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up to the year 2100 for each of the emission sg@narhe model is an updated version of its
predecessor HadCM2 with improved atmosphere andnocemponents which prevents
previous excessive climate drift. It is driven gsiemission scenarios (AlFIl, A2, B2, B1)
from the Special Report on Emission Scenarios (§REBE®oduced in the IPCC Third
Assessment Report (Johetsal. 2003).

UKCPO09 provides probabilistic projections for mamyt not all climate parameters. Wind
speed is one of the parameters not included innihel release of UKCPO9 because at the
time of release there was thought to be too muamdveipeed uncertainty between the
different climate models used in the report (Murpétyal. 2009). UKCPO9 instead
recommended parties interested in wind speed tgrggected wind speed output included
in the HadRM3 PPE 11-member RCM ensemble (refetoedfom now as HadRM3).
HadRM3 is one of the main data sets used in the RBreport, it consists of output from
eleven ensemble runs of the HadRM3 climate modeafmedium emissions (SRES1AB)
scenario and simulates the UK climate over theopetP50 to 2100 (Met Office 2008).

In November 2010 the UKCP09 added probabilisticdvapeed projections to the report
after initial integration issues of wind speed frather climate models were resolved
(Sextonet al. 2010). The projections are not contained in thenraaer interface and can't

be used in conjunction with other probabilistic aldbut are accessible separately.

Unfortunately, the release of this data was to@flatt direct inclusion in this work.

Climate driven changes in waves is also not inadude the UKCPOQ9 probabilistic
projections but was investigated and discussetléndKCP09 Marine Report (Lowet al.
2009).

2.1.4 Climate Change Impact

One of the most obvious ways of speculating futlirmate change and its impact on energy
systems is by the study of historical changes isepked climate parameters. The most
evident factor is the observed rise in averagardr ocean temperatures. Eleven of the years
between 1995 and 2006 were amongst the 12 warme@ss yn record (since 1850). The
average warming trend between 1956 and 2005 90.p8r decade) is almost twice the rate
of change of the average between 1906 and 2005C(IB@7) and this decade is seeing

global rises at the same rate as the two previeoades (Hansest al. 2010).

Potentially the most effective piece of evidencat tiecent climate variability is in part due
to human activity is the observed rise in global,d&¥els in the atmosphere. Figure 2-3

shows observations from Mauna Loa, Hawaii (Keelgtigal. 2009). The intra-annual
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variability is largely due to the annual cycle ofgetation in the northern hemisphere,
growing in summer months and dying in winter monffise rate of increase in atmospheric
CO, has steadily accelerated since the beginningefrttiustrial revolution (1700s) due to
human activities (burning of fossil fuels and de&iation) and levels are now approximately
35% higher (EPA 2012). Other less important antbgemic greenhouse gases: methane and
nitrous oxide have also increased rapidly largeig tb agriculture (IPCC 2007).

400

CO2 (ppmv)

300

1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006

Figure 2-3: Historical CO , emissions observed at Mauna Loa, Hawaii

A more profound effect on human welfare than insimeg global temperatures is the
hydrological changes that will affect soil moistiard availability of water, all of which
could have considerable negative impact on aguieiltespecially in more sensitive regions.
Medium and high latitudes are expected to have duenmers and wetter summers. Many
other areas are predicted to have drier soil cordgear all seasons due to a decrease in

precipitation and increase in evaporation (IPCC720¥ang 2005).

Both IPCC (2007) and UKCP09 (2009) include extemsilata and discussion on the
observed changes in the climate. The IPCC focusagatal change whereas the UKCP09
report focuses on the UK climate and recent obsktnands. In the UK, as well as increases
in temperature, other observed recent trends ircladre frequent wind storms, decreased

summer rainfall, increased winter rainfall, and s&aperature and sea level rise (Jenkins

al. 2009).
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2.2 Renewable Energy Resource, Technology and Vulne  rability

Renewable energy technologies harness natural eouof energy and are therefore
potentially susceptible to variations in the climatRelatively small changes in the
characteristics of a resource at a specific looatian make the difference between a plant
being economical or not. The following subsectitniefly introduce different renewable

energy technologies.

2.2.1 Solar Energy

Solar energy is the most abundant renewable ersengrce available on Earth. It presently
counts for a very small proportion of generatedrgyebut growing concerns over climate
change have helped stimulate a marked growth iteimgntation over recent years. This is

expected to dramatically increase as solar teclgredanature and costs significantly reduce.

Solar Photovoltaic (PV) has several key advantaglesn compared to other renewable
energy technologies. Its modularity makes it exeglgnilexible — schemes can be upsized or
downsized as required. PV systems that do not tteelSun have no moving parts and are
therefore extremely reliable with very little opéoas and maintenance (O&M) overheads.
It can be easily included in building products sashroof tiles and cladding. Financial risk is
minimal due to the flexibility and reliability of\lP(Awerbuch 2000).

The Solar PV contribution towards electricity geatiem in the UK is presently very small
but installed capacity has increased consideraldy cecent years - from an estimated 10.5
MW in 2005 to 26.5 MW in 2009 (DUKES 2010). As ofay12010, installed capacity was
estimated to count for approximately 0.3% of eleityr generated from renewables in the
UK with an installed capacity around 32 MW (PricéevhouseCoopers 2010).

The recently introduced (2010) UK feed-in tariffITfF scheme, the aim of which is to
promote small scale (<5 MW) renewable and low cardectricity generation, has delivered
very effective increases in the take-up of solariP¥he UK. From the introduction of the
FIT scheme on *1 April 2010 through to 31 December 2010 saw a total of 19,723
installations under its scheme. 18,404 were P\ailagions (93.3% of all FIT installations),
and as individual PV installation sizes are reliivsmall in size (<4 kW) compared to other
technologies in the FIT scheme, the solar PV iletatapacity counts for 66.8% (48.3 MW)
of the total FIT installed capacity (66.8 MW) totelgd OFGEM 2010). The effect of the

introduction of the UK FIT scheme on solar PV carclearly seen in Figure 2-4.
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Figure 2-4: Solar PV Estimated UK Installed Capacity (Pr  iceWaterHouseCoopers 2010, OFGEM
2010, DUKES 2010)

The IEA Solar PV roadmap estimates that 11% ofajlekectricity demand will be provided
by solar PV by 2050 (IEA 2010). The European Pholtaic Industry Association (EPIA)
have launched a project and set an industry roadmapalise a ‘vision’ of solar PV in
Europe with aggressive targets of providing 12%elgfctricity demand in 2020 (EPIA
2010a, European Commission 2010), 20% in 202088f6in 2050 (EPIA 2010b). The UK
FIT scheme is the legislative support that willghetalise the UK’s contribution towards
Europe’s PV target for 2020 and beyond. Howevegrethave been recent developments
that are currently a source of uncertainty for Bfi€. A proposal by DECC to make large
reductions to the solar FIT was branded as unlaardl rejected on the 2December 2011
by a high court ruling on the grounds that the otidn would be inconsistent with the
purpose of a FIT scheme (Shankleman 2012). DECE lmalged grounds of appeal with the
appeal court and are currently awaiting a heariatg DECC 2012). DECC is seeking to
reduce the FIT because of a combination of acde@mV deployment, falling installation
costs, and increased electricity prices, which hagsulted in higher than expected
expenditure (DECC 2011).

2.2.2 Onshore and Offshore Wind Energy

The UK has excellent on- and offshore wind resaair€@ver recent decades onshore wind
has grown considerably and is arguably the mosumabf all renewable technologies
excluding hydropower. UK installed capacity now exds 3.5 GW with up to 737 MW
installed in 2008 alone (DUKES 2010). Offshore wiadstill an emerging technology and
not yet as mature a resource as onshore but iunge potential. The UK presently has the
world’'s largest offshore wind industry. As well having good wind speed resource UK

waters also benefit from being relatively shallowniany areas and ideal for offshore wind
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installations. There are 14 operational offshoredwvfarms with more than 1.5 GW of
installed capacity (circa 2011). There is a furtBeGGW in construction and 1.6 GW of
approved installed capacity. (Renewable UK 20114,1B). The most recent Round 3
leasing of sea bed for offshore wind by the Crowstate brings the potential leasing
installed capacity to over 40 GW (The Crown Esgfigl).

2.2.3 Wave and Tidal Stream Energy

Like offshore wind, the potential wave and tidaleain resource in UK coastal waters is
large, especially wave energy. Both technologiesrathe early stages of commercialisation
and expected to mature over the next few yearstansake a significant contribution
towards the electricity technology mix over the tiexv decades. It has been estimated that
by 2050 wave and tidal energy could contribute ashmas 20% (~100 TWh) of the UK
electricity demand (Carbon Trust 2006). The Crovetate have recently granted six leases
for wave and four for tidal stream in the Pentlafidth and Orkney vicinity. These
developments alone are expected to reach an etstedipacity total of 1.2 GW if they are
fully developed (Crown Estate 2011, DUKES 2010).

2.2.4 Hydro Energy

Electricity generation from hydro is presently theost common and oldest source of
electricity from renewable resources. Discountingnped storage, it presently generates
approximately 1% of the UK’s electricity (DUKES 20)1 There are three main types of
hydro electricity generation: The most common hydgstem uses a dam to create a
reservoir of water. The stored water can be retbdbeough turbines. In run of river
hydropower partial flow from a river is re-routeardugh turbines close to the river. This
method is more environmentally friendly, keeping tiver more intact and unspoiled by a
smaller weir but has less control due to no storfaggity in the system. Finally, pumped
storage has upper and lower reservoirs connectgupleg and pump-turbines. In periods of
low electricity demand the turbines pump waterte higher reservoir; when demand is
high, water is released from the upper reservockbrough the turbines to generate

electricity.
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2.3 Climate Change Impact on Electricity Generation

Technologies

Electricity generation technologies can be affetigalimate variability in several different
ways: Solar energy can be affected by changingdckmver characteristics (Croak al.
2011, Panet al. 2004). On and offshore wind can be affected bynghey wind
characteristics (Pereimt al. 2009, Prioret al. 2005a, 2005b, 2009). Wave energy can be
affected by the effect of wind speed on wave resmuwharacteristics (Cradden 2009,
Harrisonet al. 2005, Loweet al. 2009, Reevet al. 2011, Wanget al. 2004, Woolfet al.
2002). Hydropower can be affected by changes irigitation and evapotranspiration
(Harrisonet al. 2003; Vicunaet al. 2007). Tidal stream characteristics are not ebgueio be
affected significantly by climate change as theg amused by gravitational influences
between the moon, the sun, and the earth. Howmegasing temperatures will cause seas
to rise, and this may alter site specific tidalrelateristics of potential tidal stream locations.
This could be tested by modelling several potenittl stream farm locations and testing
the efficiency for varying water depths. Many patantidal stream locations are in
extremely harsh locations and have limited windevirere conditions are suitable for TEC
deployment and maintenance — increased storm igctivie to climate change will both
increase survivability issues and limit weather dews even further and could be the
deciding factor whether a potential site is ecomaindr not (Harrisoret al. 2005). Thermal
plant can be affected by reduced temperature gredie cooling systems and by low levels
in water sources for cooling systems such as rioersservoirs (Florket al. 2010, Greist

al. 2009). Biofuels can be affected by the impact mp g/ields; the use of biofuels is also
vulnerable to the balance of global food supply dedthand, which in turn is at risk from
climate change impact (Cassmetnal. 2007, Lobellet al. 2008). This study assumes that

tidal stream, thermal plant and biofuels are urafe by climate change.

2.4 Energy Economics and Risk

2.4.1 Levelised Cost of Electricity Generation
The cost of electricity generation is typically expsed as a unit of levelised cost (also
known as levelised unit costs or unit costs). le ttase of electricity generation all

discounted costs throughout a plant's lifetime apportioned by the total discounted
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electrical output of the plant. The resulting figus then expressed as a cost per unit of
electricity output (e.g. £/MWh or p/kWh).

Levelised cost estimations are frequently used tkemcomparisons between different
generation technologies or to compare a specifibrtelogy at different locales where
associated costs and resources have the potento guite different. They are also often
used as a source of data for policy makers andebmidentify future electricity generation
mixes of technology and indicate levels of suppbdt may be needed by individual
technologies, especially emerging technologiesdhaigenerally more expensive while they

develop into a mature technology (IEA 2010).

Levelised costs are collated and published in ngowernment and energy related reports.
(e.g. IEA 2010b, Mott McDonald 2010) The rangele¥elised costs estimations over
different reports can vary quite significantly acah lead to some controversy. Heptonstall
(2007) carried out a useful review of levelisedtdasrature, the ranges of costs for each
technology and discussed the possible reasonbdorariations. There are a large number of
factors that can be very difficult or impossible docurately estimate e.g. financial risk;
benefits through increased diversity; portfolio ual price variations; renewable resource
variations, external costs and benefits. Severashede factors are discussed in more detalil
by Grosset al. (2007) and Heptonstall (2007).

Levelised costs are used extensively in chaptdrasd 0. The method used in this study is
the annual ‘discounting’ method which is the metlymherally used in levelised costs of
electricity studies (Carbon Trust 2010, IEA 201@tMMacDonald 2010, UKERC 2010)

_ PV(Costs) _ 2., Ci/(#r) 1)
° PV(Output) 3" o /@+r)

Where LG is the discounted levelised cost of electricityM¥/h), PV(Costs) is Present
Value of total costRV(Output) is Present Value (PV) of electricity generation/{i), C, is
the total costs in the operating ye@y s the total generation in the operating year (M\vh

is the operating year of the of the plant, amslthe annual discount rate.

The discounted levelised cost of a technologysigliscounted average cost to generate one
unit of electricity to the electricity network ovére operational life time of the installation.

The discounted levelised cost generally does robuidie all system costs. The purpose of the

17



discount rate is used to value a future cash flovitsapresent day value. The value of

discount rate chosen is to suit the financial abkhe future cash flow.

2.4.2 Financial Risk

Economic appraisal of renewable electricity gerienatechnologies are often undervalued
when compared to more traditional fossil-fuel basksttricity generation technologies and
assumed to have the same risk profile. Enginegmiogects are often valued by a least-cost
method, such as a levelised cost, where lendersraedtors can be largely unaware of
additional costs relating to the financial risk énént in the project. Levelised cost
comparisons often use the same discount rate aalbgechnologies and in doing so
implicitly assume they all have the same risk peofCare should always be taken when
comparing levelised costs. Different assessmenhadstand assumptions can significantly
affect the levelised cost values. If the assumgtiand methods vary between technologies
and reports then levelised costs are not easilypaoable. Also, studies do not always
publish full details of the methods and assumptiasesd. This can make it very difficult to
attain confidence in the values or to understang iaconsistencies between different

reports.

The Capital Asset Pricing Model (CAPM) first intiomed by Sharp (1964) is extensively
used in financial economics as a tool to captigie and expected return in an investment by
deriving a discount rate applicable to the assediatsk. CAPM states that the expected
return is a function of risk: the higher the righe higher the return required to compensate
for that risk. In the context of financial marketgestern government debts are regarded as
risk free. The CAPM has been used by Harrisbal. (2003) to look at climate impact on
hydro. It has also shown fossil fuelled electriaiggneration to be significantly more risky

than traditional estimates imply (Awerbuetal. 2005).

The Capital Asset Pricing Model can be calculatgd b

R=R +4R, -R) (2-2)

where R is the expected return of the asdg}, is the risk free rate of retur? is the beta

correlation which relates the expected return ohsset and the expected return of the wider

market andR,, is the expected return of the market.
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Awerbuch (2000) suggested that photovoltaics (PWd aother renewable energy
technologies are undervalued. He explains thafittacial models used to evaluate new
renewable technologies were developed for a pekhtdogical era and they do not capture
benefits over traditional riskier fossil fuel tectogies or capture the benefit of increased
diversification and resulting benefits to securitfy supply. New renewable technologies
consequently suffer from evaluation with discouates more suitable for a riskier

investment.

Newer renewable technologies may have higher ritigital costs than other traditional

technologies, but can benefit from qualities sushnareased flexibility, modularity, lower

risk, no fuel price and lower operating costs. Avwmh (2000) argues that policy makers
should introduce new models that can fully cagtabn the unique qualities of PV and other
technologies with similar attributes. He illusesta method of using market-based
discounting rather than the more traditional appinoaf weighted average cost of capital
(WACKC) to adjust the discount rate relative to lihwger risk and to realise the real economic

value of solar PV and other emerging technologies.

Awerbuch (2000, 2003, 2003b) also argues that ab ase renewables costs being
significantly overestimated that also conventiadeahnology costs are underestimated when
adjusted to include fuel price variability. Figu&5 shows Awerbuch’s risk-adjusted
technology costs of electricity. Understandablye @ his main conclusions are that that
renewable technologies are ‘considerably more costpetitive than previously believed’
Awerbuch (2003b). In one example he demonstratatitiie risk associated with gas price
variability reverses the merit order between CC@d wind (Awerbuchet al. 2005). Rapid
fluctuations in gas prices in the UK over the [astr 4 years are a good example of such

volatility.
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Figure 2-5: Risk adjusted cost of electricity estim ates (Europe/IEA countries) based on historic
fuel price risk. (Awerbuch 2003b).
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As mentioned previously one of the failings of eelésed cost comparison is its assumption
that all technologies have the same risk profilem@arisons in this study are made using a
single discount rate. MVPT analysis determinesctirabined risks of a portfolio. Levelised
cost assumptions that need to be carefully chosethay can significantly affect the
levelised cost values include the discount ratpjtalcost, fuel and O&M costs, average

load factor (capacity factor) and operational iifet.

A further failing of valuation by a least-cost methis that it does not capture the benefits of
diversification. An installation when valued as tpaf a portfolio of installations may be
significantly more valuable when measured by itatgbution to the cost and risk of a
portfolio of technologies. A portfolio of differemlectricity generation technologies can be
combined in such a way as to reduce cost or rislg, combination of both. This is made

possible by benefiting from the diversificationween the technologies.

2.5 Mean Variance Portfolio Theory

Mean Variance Portfolio Theory (MVPT) was introddcey economist Harry Markowitz
(1952) as a tool to help investors optimise thaaricial portfolio assets. Investors
understandably like assets with high returns, bgh hisk is inherent with high return
investment. Markowitz devised a method to redueerisk in an investment by grouping a
risky asset with other diversified assets in arestment portfolio. In doing this the overall
portfolio risk can be reduced in comparison to ahyhe individual assets as it changes the
overall risk from the individual risk to the cordution of its co-variance with the other asset
risks. This can result in a significant reductiohowerall risk with little change to the

expected return of the investment.

The expected portfolio returE(Rp) of two assets is equal to the sum of the expeaetenn

of each asset weighted by its share of the pootfoli
E(R,)= X,E(R)+ X,E(R,) (2-3)

where X, and X, are the proportions of each investment, zE(de) and E(RZ) are the

expected returns of each investment. Return ingbisse means how well the investment
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generates cash flow relative to the invested dapitae portfolio risk is a measure of

standard deviation of past returns and can be ledclby:

_ 2 _2 2 2 2
g, = \/Xl o, +X,70,” +2X,X,0,,70,0, (2-4)

where g, is the expected portfolio risky, and o, are the risks of each investment, and

0,, is the correlation coefficient of the historicuet between the two assets.

Figure 2-6 demonstrates how MVPT can be used tionig® a portfolio of two investments
with different expected returns and risk. The tweeds have a historic correlation coefficient
of -0.3 (i.e. assets have a negative correlatibng. curved line shows the expected portfolio
return and risk for different weightings of the etss At extreme ends are portfolios
containing only Investment 1 or Investment 2. Thd part of the curved line shows the
efficient frontier on which any point is an effioieportfolio mix where the portfolio is
optimised for either a maximum return for a givespexted risk, or a minimum risk for a

given expected return.
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Figure 2-6: Two investment example of MVPT

As can be seen in Figure 2-6, Investment 1 haschrbatter return than Investment 2 but it
also has much higher risk. By adding in a propartd Investment 2 to Investment 1, the
overall investment risk can be significantly rediiéer a relatively small reduction in overall

return. The red line is known as tE#icient Frontier and any one point on the line shows an

optimal portfolio mix. An optimal mix is where tH@ghest possible return for the lowest
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possible risk is shown. There is no wrong or rigbint on the efficient frontier, all are
optimal and the chosen mix would be based to baitihvestor’'s risk-return preferences.
Portfolio mixes A and B are two optimal mixes oe #fficient frontier, Portfolio A shows a
low risk but low return, portfolio B is a mediunski with medium return; the choice is with

the investor. MVPT also applies to models of mbanttwo investments.

2.5.1 Diversity and MVPT

With CO, emission reduction targets, scarce fuel resouacek volatile fuel prices, it is
understandable that there is much interest in dmefits of a diverse electricity generation
mix with a high proportion of renewables. Thereaigot of academic, governmental and
market interest and research activities investigatiow to optimise energy portfolios so as
to capitalise on the available benefits gained fdiwersification. These include: security of
supply, reduced financial risk to volatile fuel q@s, and reduced overall costs to society.
There are synergies between security of supplyewables and the reduction of €O
emissions, which further enhance the importanceaodliversified mix of generation

technologies.

Skea (2010) summarises recent academic studiesersidly and electricity generation and
discusses two distinct ‘strands’ of research litee The first strand, most notably
researched by Awerbuckt al (2003, 2006, 2007) uses MVPT to investigate optima
portfolio mixes using basic statistical analysisdzh on historical pricing information with
the assumption that future volatility will be capgd from events in the past. The second
strand looks specifically at security of supply apdntifying diversity, not just from ‘risk’ -
captured in historic events but also from ‘uncetigi — potential future events that are
foreseeable but have not happened in the pasframdignorance’ — potential future events
that have not even been considered. The methodingdiess such as the Shannon-Wiener
index (Grubbet al. 2005, Stirling 1994) to try and quantify ‘dispgtit- how different the
different technologies actually are. Stirling (19%rgues that MVPT is not a suitable
application to use to investigate electricity gexien portfolios as historic fuel price
fluctuations have no pattern; Awerbuch (2003) asgheat MVPT is suitable, that it captures
‘total risk (the sum of random and systematic fiattons) measured in the standard
deviation of periodic historic returns’. Awerbuchi®int is that although certain historic

events may not happen again, the actual effe¢tesfet unique events will be repeated.
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2.5.2 Electricity Generation and MVPT
The primary objectives of identifying a future opél electricity generation mix are to:

« Reduce the extent of climate change by cutting @@issions.

« Ensure the security of energy supply by having werde energy mix; Provide

affordable energy to society.

It is widely accepted that diversification of elédty generation technologies can reduce
some of the risks to energy supply and increaserisggof supply. However, as previously
mentioned, a traditional ‘levelised cost’ methodi@thnology comparison does not capture
the risk characteristics associated with differeahnologies and undermines the financial
benefits associated with renewable technologiestaueduced financial risk within a mix

including traditional generation technologies risksuel and carbon price variability.

The application of MVPT in energy systems was firgblored by Bar-Katz and Levy (1978)
who applied MVPT to electricity generation raw fueh the U.S. to generate efficient
frontiers for different regions and compare therthwie actual observed values. Awerbuch
and Berger (2003) use the same approach to inaéstptimal EU electricity generation
mixes and the role that renewables can play in dieduoverall costs and risks by
capitalising on renewables having no fuel costsedmch has used MVPT for several other
studies (e.g. Awerbuch 2003, 2005, 2006, 2007)r&'khee a growing number of studies of
energy using MVPT - often following on from Awerlkus early work (Delaquiét al. 2005,
Dohertyet al. 2006, Grublet al. 2006, Jansed al. 2004, Roquest al. 2006a, White 2007).

Bazilian and Roques (2008) includes much of theiagnt research in this area.

Figure 2-7 gives a hypothetical example of MVPT atwdb electricity generation
technologies (Solar PV and Gas Generation). Rdliaer MVPT being used for maximising
return, here it has been modified to minimise thst ©f electricity on a p/kWh basis. The
technology generating cost is its levelised cdst;fortfolio generating cost is the weighted
levelised cost of all technologies in the portfatia. The technology risk is a measure of the
historical standard deviation of the levelised cosimponents weighted by their energy

contribution.

As can be seen the efficient frontier is now on ltveer side of the curve. It is not on the
upper side of the curve as for any point on theeupgide a lower generating cost of
electricity exists for the same level of risk. $talso feasible to use MVPT as a generator
return tool — i.e. net present value, but this negusignificant extra complexity associated

with the need to model market prices.
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Hypothetical Two Technology Portfolio - and the Efficient Frontier

Solar PV

8 A Cost8p/kWh
Correlation = - 0.6 Risk 8%

.
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Figure 2-7: Two hypothetical generation technology example with MVPT optimising for minimal
generating cost.

Previous Electricity Generation MVPT Studies

Awerbuchet al. (2003) used MVPT to evaluate electricity generatiechnologies and the
projected technology mix in the EU for 2010. By g MVPT a more efficient mix could
be identified where expected cost is minimisedaioy given level of risk or the level of risk
minimised for the expected cost of the portfoliote€thnologies. Even though renewable
technologies were nominally more expensive, thdystlhowed that the different renewable
and fossil-based generating technologies coulddnebmed to form a less costly portfolio
than a portfolio with just fossil-based technol@giRenewables are not without risk but have
both lower and different risk characteristics thfossil fuelled technologies. MVPT
optimises portfolio mixes by capitalising on thevatsity of the risk characteristics of the
different technologies. Several similar MVPT stgdte Awerbuchet al. (2003) have since

been carried out:

Awerbuch (2005a) investigated optimal energy mit@sthe UK. The outcome found that
DTI 2010 and 2020 target mixes were not optimatir®g mixes with less risk and no extra
costs were found, these having increased shareffstfore and onshore wind. Awerbuch
(2005c) looks specifically at Scotland and hasnailair outcome to Awerbuch (2005a) with

optimal mixes having increased share of wind geaimerand other renewable technologies.

Awerbuchet al. (2005b) investigated geothermal energy, portfthigory and optimal mixes
in the US western region for 2013. The presentgnemnix and the Energy Information
Administration (EIA) target mixes for 2013 were falto be sub-optimal. Optimal mixes

had increased shares of geothermal energy.
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DeLaquil et al. (2005) examined different possible optimal mixes Renewable Portfolio
Standard (RPS) legislation being considered byGbenmonwealth of Virginia. Optimal
mixes for a 2015 scenario were found to signifigareduce financial risk when compared
to EIA projections. A 15% renewable energy RPS aderwas found to reduce risk by 25%
to 30% with negligible increase in cost. A furthimefit detailed in the report was that the
reduced gas demand would result in reduced gasspaad an annual net saving to the

Virginian consumers in excess of $30 million.

White (2007) investigated future portfolios for T@inia specifically to identify efficient
mixes capable of increasing the mix of renewable83®% by 2020. The outcome of the
report suggests that optimal generation mixesdolrehe target could also reduce costs and
risks of California’s energy mix when compared tma@n-target business as usual (BAU)

scenario.

Dohertyet al. (2006) assessed generation portfolios in the dstainireland and concluded
that wind generation has a large part to play iturfa optimal generation portfolios.
McLoughlin et al. (2006) investigated Republic of Ireland projectggheration mixes for
2020 with the analysis showing the mixes to be eifficient. With increased energy
generation diversity, most notably wind generationd biomass, the study concluded that

reductions of up to 43% risk and 12% cost couldli@ined.

Janseret al. (2006) investigated projected generation mixethéNetherlands for the year
2030. Two scenarios constructed by the Netherl&uwieau for Economic Policy Analysis
(CPB) were both found to be quite inefficient. Thudy found that up to 20% risk
reduction, with no extra cost, could be gained @iglimg more offshore wind to the energy

portfolio.
Carbon Pricing, Diversity and MVPT

Carbon pricing methods are being introduced toroband reduce COemissions. It is clear
that as the carbon price increases, future effigentfolios will become costlier and riskier
due to the added cost and risk of the carbon pEficient portfolios will most probably
need to consist of smaller proportions of carbdansive fossil fuel technologies. This was
demonstrated in an analysis of the EU electricéigegating mix performed by Awerbueh
al. (2007). Carbon pricing was initially set at zelnern set a€35/t CG. A business as usual
(BAU) EU projection mix for 2020 was found to inase by 23% in cost and 40% in risk.

An optimal mix identified as having the same risktlae BAU case but with lower cost, saw
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a reduction in emissions from 1450 to 725 millionnes of C@ per year when the carbon

pricing was stepped up from zero&85/t CQ.

Grubbet al. (2006) explored characteristics of projected feitelectricity mixes up to 2050
and compared it to alternative low carbon scenafld®e outcome found that low-carbon
objectives were ‘uniformly associated with greai@ng-term diversity in UK electricity
generation’, i.e., the low-carbon scenarios wetmébto be more diverse and therefore, more
secure than the projected scenarios. The studydfthis was largely due to the share of gas

in the UK electricity generation mix.

2.5.3 Policy towards a low carbon future

This study is closely aligned with a common Eurepenergy policy which was agreed and
created in 2007. The policy describes a pathwayatdss 2020 which is based on three
pillars: Sustainability, Security of Supply and QCuetitiveness (Commission of The
European Communities 2007). The pillar of ‘Susthility’ recognises that the current level
of greenhouse gas (GHG) emissions from energyeelattivities is by far the largest
contributor towards climate change and is not snelde. The new policy aims to limit the
global temperature increase to within 2°C of pistrial times for 2020 and beyond. The
pillar of ‘Security of Supply’ recognises the grawgidependencies on imports of oil and gas
and the associated economic and political risksedbas the increased risk of actual supply
failure. The new policy aims to enable internal dictable and effective markets with
competitive prices. The pillar of ‘Competitivenesstognises the growing volatility of gas
and oil and the potential total cost of imports.eThew policy aims to improve
competitiveness through new legislative framewdtiat can promote competitive prices
and energy savings which would entail increasingestment in renewables and energy

savings.

Also of close alignment is with the UKERC 2050 Ratj (UKERC 2009) exploring low-
carbon energy pathways towards 2050 that achiev80aper cent reduction in carbon
emission (from 1990 levels) while ensuring a secamne resilient energy system. The
UKERC 2050 project uses the UK MARKAL elastic demafMED) model to explore
different energy sectors including electricity gexton. There are several scenario

outcomes, each with its own specific Q@duction target and energy mix.

Low carbon renewable electricity generation camdtcally help the UK meet the policy
requirements by reducing G@missions from electricity generation, as wellgas oil and

coal imports, while also increasing the diversityd asecurity of supply. Mean Variance
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Portfolio Theory (MVPT) can offer an analysis mathtbat can identify diverse low carbon
electricity generation mixes with optimal cost-riskaracteristics. However, electricity
generation portfolios and particularly those witighh proportions of renewable electricity

generation are expected to be affected by climatialility impacting the resource.

2.5.4 Policy Implications and MVPT

Planners and policy makers wanting to aim towardfi@sen future electricity generation
mix may need to introduce new mechanisms to adeninees to steer investors towards a
target mix. There are already several mechanismeady in place to reduce carbon
emissions and support emerging and mature renesyablgch include: green certificates
feed-in tariffs, and the EU emissions trading sobe8kea (2010) highlights that there may
not be any need to introduce any further policyeimives to optimise diversity as it may be
‘overkill’. Skea also states that ‘there is no friglevel of diversity’ and is something to be

‘determined politically’.

Portfolios that feature a high proportion of lesky renewable technologies could be used
to steer the development of future UK electricitjities towards a secure and more resilient
energy mix that is less susceptible to fuel priegiability. It also acts as an aid towards
meeting new renewables and carbon emission tardetgrbuch 2006, Jansen 2004).
Energy planners would need to adopt MVPT techniguekintroduce new policies to steer
investors towards a target optimal mix. The optis@nomic investment from a utility point
of view is likely to be quite different from the tpal societal investment and new policies
would need to be effective. Solutions may includme diversity tax incentives for utility
developers (Roquedat al. 2006). There may be a similar strategy to thathef present
Renewables Obligation Certificates (ROC) systentcivinaises returns for renewable energy

investment albeit with an additional ROC price risk

2.5.5 Assumptions and Limitations of MVPT
MVPT uses historic standard deviation of the asgedi costs as a guide to future risk. This
includes previous ‘random’ events that have happevithin the historic period, but it does

not capture any potential future extreme events.

Electricity generation technologies are inhereftippy, their capacities are not infinitely
divisible in the way that stocks and shares armey ttannot be easily adjusted in size to suit
an optimal portfolio. This creates difficulty in @ging portfolio theory in real electricity

generation situations.
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Some transition costs from a present portfolio toia future portfolio mix may not be fully
captured. For example, if existing plant needebeaecommissioned earlier than planned it
may result in the plant being less economical. €hassts include decommissioning and

salvage.

MVPT does not capture real time requirements oftetgty generation, nor does it capture
any associated resource and technology limitatibhese are instead controlled by external

constraints applied on the MVPT analysis (see gedi2.2).

2.6 Climate Change and MVPT

MVPT has been used in recent studies as a methddvestigate optimal electricity
generation mixes, the financial benefits of rendev@mnergy and their contribution towards
security of supply. These studies are extremeljulider assisting electricity generation
investors, governments and policy makers to steterrd development towards a socially
optimal mix benefiting from a high degree of divigrand minimal level of financial risk.
Previous electricity generation studies using MVP&ve assumed constant energy
production from renewable and non-renewable soutdes/ever, the studies conducted to
date so far have had potential shortcomings inttet assume constant energy production
from renewable sources. The cost-risk economic isodé renewable technologies are
inherently sensitive to resource variability - gated optimal generation portfolios based on
resource characteristics of the present climate chayge significantly when the additional

resource variability due to climate change is cdergd.

With levelised costs of renewables very strongljuenced by assumptions over resource
levels, it is reasonable to expect that optimalegation portfolios would change where
resource levels change as climate changes. As dbuch,work will concentrate on

understanding current and future resource for kexpwable generation technologies with a

view to understanding the implications for futupgimal portfolios.

To this effect, the following chapters considerres in resource levels for solar PV, wind,
wave and hydropower, before bringing all the ecdoommpacts together in a MVPT

analysis in chapter 8.
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2.7 Chapter Summary

This chapter has provided the reader with a backgido the different fields required to
answer the hypothesis. Climate change and climajegiions with particular emphasis on
the UKCPOQO9 probabilistic projections are introduc&newable technologies and their
resource are briefly discussed. Energy economicgndial risk and Mean Variance
Portfolio Theory (MVPT) are discussed. It has nee intended as an exhaustive literature
survey of all material, it is a targeted effortaquip the reader with sufficient background

knowledge in the main topics covered in this thesis
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3 Solar Energy

3.1 Introduction

The main objective of this chapter is to assessbdseline solar resource of the UK and
investigate the impact climate change could havahenresource and output from solar
photovoltaic (PV) cells. It uses probabilistic regal climate change scenarios released as
part of the United Kingdom Climate Projections stdKCPQ09).

The yellow blocks in the thesis flowchart (Figurel)3signify the areas of the thesis

connected with this chapter.

Baseline Data Sekit UKCP09 HadRM3
Climate Projections RCM

Solar PV Onshore Wind Offshore Wind Wave Hydro Resouices Other Technologies
Model and Energy
Resource and Resource and Resource and Resource and Yield Model Resource and
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) Energy Yield Model
T T T T T T
Solar PV Onshore Wind Offshore Wind Wave Hydro Tecr?v:gforgies
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost.Risk Model
< ') " 2
1 ] ] )

MVPT Input MVPT N Baseline Climate Future Climate
Parameters Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 3-1: Thesis flowchart and solar energy resou  rce blocks

3.1.1 Chapter overview

Solar radiation data is measured at several weathéions but many lack historical data.
Sunshine data is far more plentiful with excellgabgraphical coverage and historical data
far in excess of 30 years. The Met Office have usedh of the UK’s observed sunshine
duration data to develop annual monthly average %kBkm gridded data sets of daily
sunshine duration over the UK. The gridded data seter in excess of 30 years and were
used as the main source of observed sunshine alurdthe sunshine data was converted to
solar radiation using a method described by Sueh{2800), then averaged over the 30 year
baseline period. Verification was achieved by comnmgawith actual observed solar radiation
data from weather stations located at severalimtathroughout the UK. The baseline solar
resource model was converted to solar resource south facing incline, which increases
available resource by facing more directly towatds Sun. The incline is a typical
characteristic of solar panel installations. The WKs split into six different solar regions,

resource characteristics were explored and prapwtof solar deployment were estimated
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for each region. The proportioned regional charesties were used to generate solar PV
output resource values for the UK. Output from th€CPQ9 probabilistic climate change

projections were used to explore how solar PV nesomay change throughout the UK. The
projected change for each of the solar regionsth@desulting change in the UK solar PV

output values were investigated.

3.2 Baseline Resource

The aim of the first part of the section was tcateean accurate geographical map of solar
energy resource over the UK to represent the prébareline) climate. There are two main
parameters measured at weather stations that aasebdeo estimate solar radiation resource.
Solar radiation is directly measured using a Pymater. An alternative method of
estimating solar radiation is by converting sunstdaration as measured using a Campbell

Stokes Recorder.

Pyranometers directly measure solar radiation usinpermal sensor. There are various
types of Pyranometer, the most common type measatbs'direct’ (directly from the Sun)
and ‘diffuse’ (indirectly from the clouds and skyjorizontal solar radiation. Less common
devices, which require mechanical adjustment obegips to either track or block the Sun,
measure just the ‘direct’ or ‘diffuse’ part. Soladiation is recorded at several observation
stations across the UK but in much fewer numbedsveith shorter historic time series than
sunshine duration observations. Pyranometer maasuats may have systematic errors of
up to 10% due to varying outdoor field conditioisA 1995).

The Campbell-Stokes Recorder produces daily suaghiration data by converging the rays
of the sun through a glass sphere onto a stripp@inccally treated paper. The equipment was
first introduced in the late seventeenth century enstill the official method of recording
sunshine duration hours. Present designs have etiamgy little; it is relatively simple in
design and easily maintained. The UK Met Officedsatlaily sunshine duration data for in
excess of 200 Campbell-Stokes Recorders situatedvaitious observation locations
throughout the UK.
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3.2.1 Sunshine Duration to Solar Radiation Conversi  on Method

Sunshine duration data was used to develop the sokrgy resource map. The UKCPO09

observed gridded data sets include monthly averageshine duration hours at a resolution
of 5km. The gridded data sets are based on westifiion sunshine hour observations. The
raw data has been subjected to regression angdtation to generate data at regularly

spaced grid points from the irregularly spaced oetvof measurement stations. The dataset
output also takes into account other attributesh sae location, altitude, terrain, coastal

influence, and land use (Pemtyal. 2005a, 2005b).

The approach taken was to generate a geographmaélnof monthly / seasonal global
radiation data of the UK by converting UKCP09 / Midfice 5km gridded sunshine duration
hours (UK Meteorological Office 2009a) to globaldiaion. The method used was
introduced by Suehrcke (2000). It is based on thielyw used Angstrom-Prescott equation
that describes a relationship between the relatimshine duration and solar radiation on the
surface of the earth. (See Martinez-Lozaha@l. (1984) for a historical appraisal of the
evolution of the Angstrom-Prescott equation). THeasmtage that the Suehrcke method has
over the Angstrom-Prescott method is that it doet rely on two empirically derived
constants that vary quite considerably dependintpoation. Instead, the Suehrcke method
requires only an estimate of the monthly averagly déear sky clearness index. Suehrcke
(2000) states the value as being ‘typically betw@&d to 0.75'.

3.2.1.1 Suehrcke Conversion Method

Monthly average values of daily sunshine duratiatadvas first converted to solar radiation
using Suehrcke’s derived equation which relatestmshine fraction to monthly average of
daily horizontal extra-terrestrial solar radiati@@uehrcke 2000). The process of relating
sunshine hours to solar radiation on a horizonkzhe requires the calculation of several
other parameters. These include: length of the siaysise or sunset hour angle, declination
of the sun and extra-terrestrial solar radiationeyl use several commonly used empirical
equations 3-2 to 3-7 which are described in maagdsrd solar resource textbooks (Getrg
al. 2000; Sukhatmet al. 1996, Twidellet al. 2006) are used to estimate the mentioned
parameters. All calculations assume that cloud rchas uniform characteristics throughout

the day, and solar radiation is isotropic.
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Suerchke’s equation is

— 2
fclear = (—K j (3-1)
K clear

wherefaear is the fraction of time which no significant claudblock the sunK is the
monthly average daily clearness index &pg,, is the monthly average clear sky clearness
index.

The variable fuer for a specific month and location is equivalenttie sunshine fraction

(9. The sunshine fraction can be calculated by dngdihe average monthly sunshine

duration data by the average monthly day lengtly. IBragth can be calculated by

N = 1—25 cos*(-tangtand) (3-2)

where N is day length in hoursg is the latitude in degrees amliis the declination of the

sun in degrees. Declination of the Suh)(can be calculated by

5= 2345sir{360%} (3-3)

wheren is the day of year starting off January.
The monthly average clear sky clearness inflgx,, is the component in Suehrcke’s

equation that removes the requirement of the twpigral constants in the Angstrom-

Prescott method. The monthly average clear skyresa index.
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K. 1eqr Can be calculated by

Keiear = i (3-4)

whereH,,,,, is the monthly average of daily horizontal surfatear sky radiation (J H)

andH, is the monthly average of daily horizontal extragstrial solar radiation (J A

The daily horizontal extra-terrestrial solar raiiatvariableH j can be calculated by

_3600*24 (3-5)

I*ﬂh$(
° T ° 18C

H singsind + cospcosdsinh,)

where | . is the solar constant and is equal to 1367 Wiy, is the sunrise / sunset hour
angle on a horizontal surface arld is the extra-terrestrial solar radiation at normal

incidence.hg can be calculated by
h, = cos™(-tangtand) (3-6)
while |, can be calculated by

I, = |$(1+ 00330053—60nj @7
365

Unfortunately H,,.o iS @ parameter that is not readily available frobvserved data.
Therefore, an alternative method of determiniig,,, has been used: Monthl{,;..,
values were identified by calibrating the valuekgf,,,- in the Suehrcke conversion equation

against actual observed solar radiation data. gitnisess essentially makes it empirical.

34



3.2.1.2 Resource Analysis

Eighteen UK meteorological stations were identifiedt record both sunshine duration and
solar radiation, they had both Pyranometers andpBathStokes recorders, and also had
sufficiently long historical data for both paramsteA daily time series of 5 years (1995 to
1999) of both sunshine duration and radiation wasndoaded for all eighteen met stations

(Met Office 2006) and used for the analysis ofkpg,, values.

The average monthly converted sunshine durationegafor all stations were adjusted to
match the average observed monthly global solaatiad by optimising the value & ;.

for each month. The eighteen locations are showfigare 3-2. The UK values fdf,;.,,
are shown in Table 3-1. The monthKy,.,, variability between the stations and g,
Root Mean Square Error (RMSE) are shown in FiguBe 3

The RMSE can be calculated by

(3-8)

whereX; is the met stationX,;,,, value,y is the average of the met statidf, ., values,

andi is the met station number.

There appears to be no correlation betweerkthg, and latitude or longitude of location.
For instance, three stations that have marginadjlgdr values (src113, src1198, src1395) are

located in North Scotland, Wales, and South Wesgtdf respectively.
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Figure 3-2: Locations of met stations measuring bot h sunshine duration and global radiation

Month Average K joqr RMSE
January 0.579 0.0259
February 0.63 0.0275
March 0.668 0.0254
April 0.682 0.0243
May 0.701 0.0169
June 0.707 0.0305
July 0.71 0.0191
August 0.679 0.0165
September 0.667 0.0160
October 0.641 0.0249
November 0.628 0.0332
December 0.616 0.0738

Table 3-1: Average K dear values for the UK
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K Clear - Values at Different Met Station Locations

K clear
B SRC09

SRC1105
091 SRC113
SRC1198
081 SRC1395
074 i 3 P ° & SRC1023
[ e SRC181
[ ] b4 [ ] [ ]
061 o SRC1450
SRC838
05 1 SRC846
04 ] SRC332
SRC433
031 SRC471
SRC535
0.2 SRC54
SRC744
0.1+
SRC825
0 ; ; ; ; ; ; ; ; ; ; ; , ®Average

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure 3-3: Intra-annual variability of K dear at different met stations

K can be calculated from equation (3-1) now thahbfitar and K aear are known. It can

also be calculated by:

(3-9)

|

I
II‘I|
o -

H o can be calculated from equation (3-5) and averadaity values to find the monthly

value. Now values for botk and H , can be substituted into equation (3-9) and, the
monthly average of daily horizontal surface radiatithe parameter that is ultimately being

sought, can be calculated.

3.2.1.3 Validation of the Suehrcke Method

Figure 3-4 shows data for the met station SRC58&téal in North Yorkshire. The close
relationship of the converted measured sunshinegshaith measured solar radiation is
typical for most of the locations shown in Figur@ Jhere is one location with larger than
typical discrepancy (SRC554 in Nottinghamshire) andiscussed further in section 3.2.2

where the validation process is continued.
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(Watts/m?) SRC535 (North Yorkshire) - Sunshine Duration Conver  sion to Irradiation
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Figure 3-4: Comparison of measured sunshine hour du ration converted to radiation and actual
measured radiation.

3.2.1.4 Conversion of UK 5km Gridded Sunshine Duration ¢éa$ Radiation
The 5km gridded data sets of monthly average daihshine duration (UK Meteorological

Office 2009a) were obtained for the years from 1862005. Irregular or missing data-
points were replaced by using values from adjaceli$ and averaging. Sunshine duration

data from each 5km cell of each month of each yezne converted using the Suehrcke

method with the UK monthly values &€ aer derived earlier. The converted monthly data
between years 1961 to 1990 was averaged to cteatdK baseline solar energy resource
map. Figure 3-5 shows the average daily annualhsomshour duration over the baseline
period and the converted solar radiation levelsisBeal solar radiation levels are shown in

Figure A-1 in Appendix A.
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Figure 3-5: Average Daily Annual Sunshine Hours and converted Solar Radiation over the
baseline time period

3.2.2 Validation of Baseline Resource

Validation of the conversion method (Suehrcke 2@0@) the baseline solar radiation model
were completed by comparing the derived and acoialr resource data from the eighteen
weather stations (Met Office 2006) shown in Fig8+2, with the derived solar radiation data

from the gridded data sets at each station locatian the same time period (1995-1999).

Figure 3-6 shows the month of June and Figure Béivs the month of January for all
locations. The close relationship is typical fdrtee other months. The higher values in the
measured solar radiation for met stations SRC 884 & Figure 3-7 were investigated and
found to be caused by erroneous spikes in the pymater readings throughout years three,
four and five (see Figure 3-8), possibly from aed#if/e sensor or positioning issues. All
pyranometer data from the other locations had nbcimaracteristics and were free from any
similar spikes. It is unclear why the convertedlded and station sunshine duration values
are slightly different at some locations. The geddiata at each station location should be
generated from the station data. It is possibly une interpolation process used to create
the gridded data, or that that not all sunshinetitum data were used in the process to create
the gridded data.
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Figure 3-6: Comparison of gridded sunshine duration converted to radiation with measured
radiation at all 18 locations for the month of June
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Figure 3-7: Comparison of gridded sunshine duration converted to radiation with measured
radiation at all 18 locations for the month of Janu ary
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Figure 3-8: Erroneous solar radiation readings atst  ation SRC554
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Table 3-2 shows error values between actual medssokar radiation and derived solar
radiation values from sunshine hours at the staimhsunshine values from the gridded data

for the same years and locations. SRC554 was alided in the overall average figures.

Station Station Grid
ID
R? RMSIZE Mean E{ror R? RMSIZE Mean E{ror

(W/m?) (W/m?) (W/m?) (W/m?)
SRC09 0.9982 3.0204 0.910 0.9989 5.2747 -4.051
SRC54 0.9995 1.6028 -0.362 0.9989 5.4284 -4.820
SRC113 0.9989 2.8188 1771 0.9984 11.0827  -10.449
SRC181 0.9973 4.8979 -1.786 0.9993 5.5166 -4.637
SRC332 0.9967 45131 1.222 0.9980 3.9889 -1.441
SRC433 0.9981 3.3606 -0.866 0.9976 4.6642 -2.362
SRC471 0.9993 3.4579 0.686 0.9989 5.4326 0.342
SRC535 0.9992 2.9384 -1.931 0.9989 45507 -3.973
SRC744 0.9991 6.0017 4.697 0.9986 7.0045 3.845
SRC825 0.9992 3.2421 -1.077 0.9984 45822 -3.411
SRC838 0.9996 25973 1.445 0.9988 3.8113 -0.528
SRC846 0.9996 2.4654 -1.838 0.9989 4.1164 -0.991
SRC1023 | 0.9989 6.2586 5.197 0.9985 3.1718 -0.772
SRC1105 | 0.9986 3.2462 1.991 0.9983 3.2062 -0.499
SRC1198 | 0.9994 5.1932 -3.958 0.9991 5.1856 -4.663
SRC1395 | 0.9986 45249 -2.989 0.9978 5.6710 -4.432
SRC1450 | 0.9999 2.9892 1.90 0.9996 3.2249 -2.916
/Svi??g'é 0.9988 3.7134 0.087 0.9986 5.0537 -2.692

Table 3-2: Error comparisons from observed solar rad iation to observed converted sunshine
hours from the same met station and to converted gr idded sunshine hours.

The estimated resource at selected locations vgascalmpared with values from PV-GIS
(2011), which is a GIS based computational modat tlerives the different solar radiation
components of the chosen location. It can calcigetend radiation at an estimated optimal
incline (Sariet al. 2004, 2005). The PVGIS database source is satelfita covering the
period 1984-2004. The accuracy of the model hasstimated cross-validation year average
RMSE value of 146 Wh/fr(4.5%) (Suriet al. 2007).
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Table 3-1 shows PV-GIS values to be slightly highdtich appears to be magnified in
higher latitude locations.

Horizontal Solar Radiation (W/M
Burnett PV-GIS Difference
(2011) (2011)

Lerwick 82.2 90.0 -7.8
Thurso 88.1 93.8 -5.7
Ullapool 89.7 96.3 -6.6
Edinburgh 98.0 100.4 -2.4
Carlisle 102.0 103.3 -1.3
Birmingham 104.9 109.6 -4.7
Southampton 1171 118.8 -1.7

Table 3-3: Comparing average annual horizontal surf  ace radiation with PV-GIS

The PV-GIS has an average offset of 4.3 W(m#.4%) with a standard deviation of 2.55
W/m?when compared with the figures estimated in thisst It is worth noting that PV-GIS
has an estimated annual average cross-validatioBIRlue of 4.5% (Sust al. 2007). It

is also worth noting that the described PV-GIS eiffs not seen when comparing the

baseline resource with actual observed values €T242)).

3.2.2.1 Uncertainties

The data and method contain a humber of uncemainiihe accuracy of the sunshine and
radiation recordings are generally within a fewgeet but poor maintenance or obstructions
between the instruments and the sun, such as mgsldor trees can introduce errors.
Systematic errors in the Campbell Stokes metersheayp to 20% at times; if there are two
short bursts of bright sunshine in a close permedldurns on the card can be wrongly read as
one continual longer burst (Met Office 2011). Thedgesolution of the gridded sunshine
data does not capture all characteristics of thraiteand shaded locations and will lead to
larger errors at some locations. The sunshine idaréd solar radiation conversion method is

an approximation and will introduce errors.
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3.3 Baseline Resource on an Inclined Surface

In the previous section it was shown that resoysogyer density on a horizontal plane, is
within about 5% of measured resource at severas.slh this section the objective is to
estimate the energy yield from a representativesitem in a fixed position with a south

facing incline.

The UK Baseline Solar Resource Model (as describestction 3.2) gives resource on the
horizontal plane. Ideally, a solar panel would krélse path of the Sun and face directly
towards it at all times to maximise harvestablasehergy at all times. However, additional
moving parts increase both capital and maintenaosés. Solar panels are generally on a
fixed south facing incline; a fixed tilt solar pafmeas no moving parts and can benefit from
increased reliability and low maintenance coststalhation on south facing, or near south

facing, roofs are ideal and common in the UK.

The optimal south facing inclination angle, forigetl solar panel, is largely dependent on
the latitude at the specific location. High latiéutbcations have a high solar declination
angle resulting in solar panels requiring a highelination angle for optimal efficiency. The
clear sky air quality and cloud cover also haveff@ct. A location with high levels of cloud
cover may benefit from an inclination slightly adwdo the horizontal plane to benefit higher
levels of indirect solar radiation. One final factbat needs to be considered in calculations
Is that a fixed south facing incline will block serdirect sunlight when close to sunrise and
sunset in summer months due to the sunrise andetsamgles being reduced by the

inclination.

3.3.1 Estimation of Solar Radiation Resource on an Inclined Surface

Solar radiation resource on the earth’s surfa¢gpisally measured on the horizontal plane.
However, it is often necessary to obtain the res®at an incline, especially when applied to
solar energy applications. It was felt necessargnealify the UK Baseline Solar Resource

Model data to include resource available to a s€adimg inclined solar panel.

As mentioned earlier there are several commonlyd usmpirical equations which are
described in many standard solar resource textbaoigournal articles (Garg al. 2000,
Kalogirou 2009, Liu and Jordan 1960, Sukha#ta. 1996, Twidellet al. 2006).
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There are three radiation components making upatia solar radiation absorbed on a tilted

surface: the direct, diffuse and ground reflectethigonents (Kalogirou 2009):

ﬁt = ﬁbt +H a +ﬁrt (3-10)

where H ; is the monthly average of daily radiation on titted surface (J /), Hu is the
direct radiation on the tilted surfaCEm is the diffuse radiation on the tilted surfaced an

H  is the ground reflected radiation on the tiltedate.

The ratio, or conversion factor, of monthly averaigaly solar radiation on the horizontal

plane to monthly average of daily solar radiatiam @ south facing incIineEcan be
calculated by (Gargt al. 2000):

Ft:l: 1-
Hn

where H 4 is the monthly average of daily diffuse horizorgatface radiation (J ), Io is

I|‘I|

PARLLLI (3-11)
Hn

the monthly average daily direct radiation conwarsfactor, ra is the monthly average
daily diffuse radiation conversion factar; is the monthly average daily ground reflected

conversion factor. The monthly average daily dimectiation conversion factar, can be
calculated from (Sukhatret al. 1996):

;. = hssin@ - f)sin(@) + cosg - ) cos@)sinn,) (-12)
hg sin(@)sin(d) + cosg) cosP)sin(hy)

The monthly average daily diffuse radiation conigersfactor r« can be calculated from
(Sukhatmeet al. 1996):

= 1+cosp (3-13)
2
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The monthly average daily ground reflected coneersiactor e is dependent on the
reflectivity, or albedo, of the surrounding groupyd). Assuming a typical ground albedo of

0.2 it can be calculated by (Sukhatetal. 1996):

= 1-cos .
r=p % (3-14)
2
At this stage, the only missing component from Higua(3-10) required to convert the
monthly average of daily horizontal surface radiatH n to the monthly average of daily

radiation on the tilted surfackl « , is the monthly average of daily diffuse horizdrstarface

radiation H « . The ratio ofH ¢ to H n is generally known as the diffuse fraction.

The conversion process relies heavily on knowleafgiéne diffuse fraction at the particular
location of interest, which is generally not knowrhere are a few empirically derived
methods that attempt to estimate the diffuse foactbne of which is a method described by
Liu and Jordan (1960); their method is based ooreetation between the monthly clearness

index and the diffuse fraction. The Liu and Jord&®60) equation relateBl n and H 4 to

the monthly clearness indeiz(T ):

T|

d

= 1390- 4027K 1 + 5531K 1 — 3108K 1° (3-15)

=

where

K= g (3-16)
Ho

There are four empirically derived constants in tie and Jordan method and they are

known to be influenced by location. The Liu and d2or empirical model had been
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developed for a climate different to the UK and etimad to verify its accuracy for the UK

climate was required.

The accuracy of Liu and Jordan’s empirical equa(®15) was assessed by comparing its

estimation accuracy to actual observed diffusegholdal radiation data:

ﬁh = ﬁb + ﬁd (3-17)

There are very few meteorological stations in thé tblat measure both diffuse and global
radiation and even fewer that have usable data avsuitable time period. Just eleven
stations were identified that met the criteria diserving both global and diffuse solar
radiation measurements and having a suitably lomg series of recorded data. The station

locations are shown in Figure 3-9.
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Figure 3-9: Met stations measuring both Global and Diffuse Radiation

The average monthly diffuse fractions were caleddbr each of the stations using the five
year time series of observed global and diffusars@diation data and are shown in Table
3-4. The average diffuse fractions are shown inld&h5, along with RMSE data and
latitude and longitude correlation. The diffusecfran is strongly positively correlated
towards the north and negatively correlated tow#ndseast, agreeing with the UK'’s typical

weather being cloudier in more northerly and wédglecations.
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SRC09 | SRC54| SRC433 SRC435  SRC5%4  SRCH62 SRC744 108RC| SRC1096 SRC1105| SRC145p
Latitude 60.139 58.214 52.686 52.26( 52.828 53.482 51.287 55.311 53.550 54.014 54.664
Longitude -1.183 -6.325 1.693 0.569 -1.25( -1.00f 450 -3.206 -2.915 -2.774 -6.224
January 0.88 0.87 0.79 0.77 0.71 0.8 0.79 0.82) 08] 083 0.8
February 0.8 0.79 0.74 0.75 0.67 0.77 0.74 0.77 80.7 0.8 0.76
March 0.75 0.77 0.71 0.74 0.64 0.72 0.72 0.76 0.75  0.78 0.75
April 0.7 0.71 0.63 0.67 0.64 0.7 0.64 0.71 0.67 710. 0.68
May 0.71 0.65 0.63 0.64 0.59 0.67 0.64 0.69 0.64 670. 0.66
June 0.71 0.72 0.65 0.66 0.58 0.67 0.64 0.7 0.67 7 0. 0.68
July 0.75 0.77 0.61 0.63 0.54 0.65 0.61 0.72 0.66 680 0.71
August 0.74 0.78 0.6 0.63 0.54 0.62 0.6 0.73 0.66 70 0.72
September 0.74 0.74 0.66 0.66 0.59 0.67] 0.6 0.74 .68 0 0.72 0.71
October 0.79 0.76 0.68 0.68 0.61 0.7 0.72 0.77 073 075 0.74
November 0.84 0.84 0.76 0.76 0.74 0.79 0.74 0.77, 790. 0.79 0.77
December 0.9 0.88 0.8 0.81 0.71 0.81 0.83 0.81] 084 084 0.81
Annual 0.78 0.77 0.69 0.7 0.63 0.71 0.69 0.75 0.72 0.75 0.73
Table 3-4: Average monthly diffuse fraction values at met stations
Average Correlation with Correlation with RMS RMSE
Diffuse Fraction Latitude Longitude Diffuse Fraction Diffuse Fraction
January 0.81 0.8 -0.41 0.81 0.0443
February 0.76 0.58 -0.38 0.76 0.0353
March 0.74 0.45 -0.48 0.74 0.0365
April 0.68 0.66 -0.61 0.68 0.0292
May 0.65 0.65 -0.24 0.65 0.0305
June 0.67 0.7 -0.51 0.67 0.0375
July 0.67 0.83 -0.67 0.67 0.0651
August 0.67 0.8 -0.73 0.67 0.0705
September 0.69 0.74 -0.57 0.69 0.0465
October 0.72 0.69 -0.49 0.72 0.0487
November 0.78 0.89 -0.47 0.78 0.0326
December 0.82 0.65 -0.27 0.82 0.0469
Annual 0.72 0.79 -0.52 0.72 0.0409

Table 3-5: Diffuse fraction correlation with latitu

de and longitude and error values

The actual observed average monthly clearness i(]iex) values were compared to the

Liu and Jordan calculated values for each of thecifip met station locations The

comparisons showed that the calculated diffuseifnas were significantly lower than the

actual measured values, ranging from 22% too lowimter months, to 46% too low in

summer months.
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The average Liu and Jordan diffuse fraction vahresshown in Figure 3-10; also shown are

the actual station measured values and an avefdle station values.
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Figure 3-10: Observed Average Monthly Clearness Ind  ex Values

It was decided to use the Liu and Jordan equat®h5§, and to adjust the empirical
constants for the UK climate. Five years of obsérdéfuse fraction data from the eleven
suitable weather stations were used to generateengirical constant values for the Liu and
Jordan method. Initially, one set of optimal valuesre generated to suit all months, but it
was found that the observed diffuse fraction oher WK varied quite significantly over the

year and so empirical values for each month wenermgéed to give greater accuracy.

The modified equation (3-18) could then be use@ddourately estimate diffuse to global

radiation ratios for all the 5km grid cells.

=a-bKr +cK+:’ -dK+® (3-18)

I”QII

=

where the monthly values & b, ¢ andd based on actual observed diffuse and global

radiation ratios are shown in Table 3-6.
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Coefficient Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
a 1.516 1.559 1.581 1.570 1.569 1.578 1.562 1.5595631 1.609 1.565 1.53§
b 3995 3974 3959 3955 3950 3948 3957 3.9599613 3.938 3.973 3.98¢
5408 5548 5555 5560 5564 5565 5560 55595575 5.568 5.548 5.541
d 3.106 3.103 3.099 3.096 3.094 3.094 3.096 3.097.0983 3.093 3.103 3.10f%

Table 3-6: Optimal empirical constant values forth e UK

The use of the new values in Table 3-6 with equas18) move the Liu Jordan average up

to align exactly with the met station observed agerdiffuse fraction values.

3.3.1.1 Optimal Inclination Angle

Figure 3-11 shows monthly optimal inclination arsglealculated at two locations: The
Shetland Islands, in the far north and the Soutst Emast of England. Averaged optimal
angles for the UK as a whole are also shown. Tlgédmi optimal inclination angles for
Shetland in the far north is clearly visible fornaeinter months but in December and
January, the higher cloud cover resulting highdfuse fraction results in a lower than

expected optimal inclination angle.

Solar Panel Monthly Optimal South Facing Inclinatio n Comparison

Incline Angle (degrees) UK, Shetland and South East England

70

B UK
60 7 B Shetland
O SE England
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40 -
30 +
20 +
10 +
0+ T T —
JAN FEB MAR APR MAY JUN JuL AUG SEP OCT NOV DEC

Figure 3-11: Monthly optimal south facing incline a  t extreme latitudes of the UK and for the UK
in general.

The benefit of an inclination angle can clearlysken in Figure 3-12. The angle is shown in
degrees. The gain is shown on the same scale athe and is divided by ten to get the
correct value. Summer months do not benefit gydmtt the poor resource in winter months
can be substantially increased with an optimalifiation angle. An annual gain of 9% was

estimated by using monthly optimal inclination awtather than a horizontal plane.
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Angle and

W/m? UK Monthly Average Solar Resource for Horizontal an ~ d Monthly Optimal Angle Gain (x10)
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Figure 3-12: Monthly optimal inclination angles and gain from the horizontal plane for the UK

This study assumes that the majority of solar Pataltations do not have active tracking
mechanisms and so are lower cost installations avipermanently fixed incline. The study
will also assume that all installations are souattirfg with an inclination angle of 28° which
was found to be the optimal angle for maximum daimhe UK as a whole (see Figure A-2
in the Appendix). In extreme UK latitudes the omlnfixed angle varied from 27° in the

extreme south, to 29° in the extreme north.

Figure 3-13 shows how a fixed incline of°28mpares with resource on the horizontal
plane. In winter months, when solar resource is pthe incline can significantly increase
the available resource by up to 61% in Decembewd¥er, in summer months, the benefit
of the incline reduces due to the higher Sun datbn and the south facing incline blocking
solar radiation resource in early morning and éatening.

wWim? UK Monthly Average Solar Resource for Horizontal an  d Fixed 28 ° Optimal Angle
200007 B Power Horizontal
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Figure 3-13: Comparison of Resource from Horizontal Plane and South Facing Fixed Incline of
28°
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The derived optimal angles (2o 29) appear to be on the low side when compared t@som
other figures. PV-GIS (2011) estimate optimal agdtebe in the region of 3%0 39 over

the full latitude range of the UK. However, it miag the observed relatively high proportion
of cloud cover over the UK that has resulted indaleulations in this report being relatively
lower than the PVGIS values. The diffuse compometargely the main source of error in
solar radiation models (Stai al. 2004) and it is possible that it is a large diéfesror in the
PV-GIS calculations over the UK that has causeddifierence in solar radiation resource,

optimal angle and optimal angle gain.

Returning to the earlier comparison of PV-GIS measents (Table 3-3) and shown
previously. Here in Table 3-7 are further comparssof the same locations showing the
estimated optimal inclination angle.

Optimal incline solar resource comparison with P\&G
Location Horizontal (W/r) Optimal Incline (W/m) | Optimal Incline Gain (%)
Burnett PV-GIS Burnett PV-GIS Burnett PV-GIS
(2011) (2011) (2011) (2011) (2011) (2011)
Lerwick 82.2 90.0 87.9 105.0 6.9 16.7
Thurso 88.1 93.8 95.1 110.0 7.9 17.3
Ullapool 89.7 96.3 95.8 112.1 6.8 16.4
Edinburgh 98.0 100.4 105.8 117.1 8 16.6
Carlisle 102.0 103.3 109.8 120.4 7.6 16.6
Birmingham 104.9 109.6 1115 125.4 6.3 14.4
Southampton 117.1 118.8 125.1 136.7 6.8 15.1

Table 3-7: Comparing average annual optimal incline solar resource with PV-GIS

The PV-GIS optimal angles at the locations rangewvéen 36 to 39 compared to
estimations of 27to 29 in this study. The average PV-GIS inclination anghin is 16.2%,
compared to 7.2% in this study. There is a highr@@f confidence of the figures derived
in this study. They are derived using actual ob=gtidiffuse and global radiation values from
several UK locations. The lower optimal angle amathgsalues estimated in this study are
thought to be due to the observed solar radiatata daving a larger than expected diffuse to
global solar radiation ratio (less sunny). Thisusgs the benefit (and gain) of an incline: a
solar panel is more efficient on the horizontalnplavhen there are periods of obstructed
daylight; therefore, a location with higher annpabportions of obstructed sunlight than

another location on the same latitude would be roptinal at a lesser inclination angle.

There is other evidence of differing optimal ancgéculations. For example, Ef al. (2007)
studied the optimal angle for Hong Kong at latituafe36°. Their method used radiation
observations over a year in ten minute time samples outcome was an optimal inclination

angle of 20. PVGIS explored locations in Europe with similatitudes to Hong Kong, and
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all optimal inclination angles were returned toitvehe region of 31which is considerably
higher than the calculations based on actual obhiens. Some methods of estimating
optimal inclination angles appear to use global e®avhich depending heavily on latitude

and may not take localised weather patterns intowatt, Lorenzo (2005) for example.

3.4 Solar PV Electricity Generation

3.4.1 PV System Particulars

To accurately estimate the output of a PV systeid niecessary to know its performance
characteristics. The ratio of the power generateitie solar irradiation incident is defined as
the efficiency of the system. The instantaneousggngenerated from a PV system depends
on the input solar resource and several other bMasgaincluding: system operating
temperature; air mass; solar cell, module and teveitechnology and operating

characteristics; all of which affect the overafi@éncy of the system.

There are several types of solar PV systems witkrdint solar cell, module, and inverter
technologies; all of which result in a large spre&gotential system costs and efficiencies.
This study uses the characteristics of a comméyciaailable PV module to explore the
potential PV output resource. The key parameteteeothosen PV panel are shown in Table
3-8. The efficiency of this particular solar PV pirat 14.1%, is a little higher than the mid
end of current commercially available panels, buicimlower than the most efficient but
more expensive commercially available panels thatreach efficiencies of around 20%. An

efficiency of 95% is assumed for the inverter.

SUNTECH STP180S-24-Ad
Area () 1.28
Power (W/r) 141
Efficiency 14.1
Technology Polycrystalline
Peak Output (W) 295

Table 3-8: Key characteristics of commercially avai  lable solar PV panel (Solar Access 2011)

3.4.2 Technology Deployment
It is difficult to predict location and size of fire UK PV installation deployment. However,
it can be assumed that more southerly locationih kigher solar resource - will be more

popular. Locations with higher population densiiy @lso be assumed to have more rooftop
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PV installations. Both assumptions lead to theieda larger weighting of PV technology

in more southerly locations such as the South ofdd.

3.4.2.1 UK Geographic Regions

The UK solar resource varies quite considerablyremsmutherly UK latitudes have more
available resource than more northerly locatiom® fhajority of present and future solar PV
installations will be weighted towards the southtlasy will be more economically viable

and reach grid parity sooner than more northerdgtions, but there will be installations in

higher latitude locations, especially in more papedl locations.

For this study the UK has been split into six gepgical regions with relatively similar
solar resource as shown in Figure 3-14. A weighthdghe proportion of UK solar PV
resource has been estimated for each region. Tlgy)oresource and an average UK
levelised cost of Solar PV can then be more easitynated. The effect of climate change
can be assessed incorporating regional differendé® weighted regional resource

characteristics are used to generate baselineRglautput resource values for the UK.

Scotland North

| Scotland Mid
| Scotland South and N. Ireland
|| England North
|| England Mid & Wales 7
[ | England South

. *"gﬁé{,

Figure 3-14: Solar Resource Regions
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The assumed proportions of installed solar PV ichaagion of Figure 3-14 are shown in

Table 3-9.

Regional Proportion of Solar Resource Regions angd?tions of assumed Solar PV Resource
Region Proportion of Total Area Solar PV Resourcgighting
UK and Northern Ireland (N.I. 100% Not weighted
Scotland North 15.4% 0.05
Scotland Mid 10.8% 0.12
Scotland South and N.I. 13.1% 0.08
England North 12.7% 0.15
England Mid and Wales 22.8% 0.25
England South 25.2% 0.35

Table 3-9: Solar PV Assumed Regions and Proportions

3.4.2.2 Solar Baseline Resource in UK Geographic Regions

Table 3-10 and Table 3-11 show the regional averagseline solar resource for each of the

regions for a horizontal plane and a fixedse®ith facing incline. Also shown at the bottom

of each are the weighted values for UK and Northerland. Note these values are higher

than the un-weighted UK and NI values as they asstima higher proportions of installed

solar PV in more southerly regions as discussegdtion 3.4.2.1.

Jan Feb| Mar| Apr| May Jun Ju Aug  Sep Oct Npv Dec nAn
Sl‘\:l%tr'?h”d 107 | 347| 69.9| 1258 167F 17719 156.3 1280 808884 161| 7.4 | 853
Scla}g"”d 140 | 37.3| 75.2| 1325 174F 1881 1735 1390 89.6558 212 | 105| 926
Scotland
South 175 | 407| 787| 1367 180F 1914 1750 1426 95.00.36 254 | 137| 965
&N .l
E,Qg'r?r?d 188 | 409| 80.7| 1332 1828 1972 1832 1500 100847 | 27.0| 154| 995
England
Mid 220 | 447| 86.3| 1393 189p 2034 1937 1590 109724 | 308 | 18.4| 105.1
& Wales
Egg:ﬁﬂd 251 | 49.5| 933| 1489 198P 2152 206.7 170.8 119804 | 352 | 21.7| 113.7
UK &N.I. ]
192 | 426| 827 1379 1848 1985 1833 1518 102664 | 274| 157| 1013
UK & N.I. - J
. 207 | 441| 852| 1400 1870 2025 190.9 1565 106@9.9 | 295| 17.2| 104.
Weighted

Table 3-10: UK Baseline Solar Resource for Horizonta
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Jan Feb| Mar| Apr| May Jun Ju Aug  Sep Oct Npv Dec nAn
Sﬁ%tr'ﬁ]nd 136 | 46.4| 79.8| 1338 1687 1748 1547 1318 88.8036 205| 93| 90.2
Scﬁ}f”d 193 | 489| 859| 1408 1758 1844 1719 1438 99.4944 298| 149| 987
Scotland
South 243 | 521| 89.1| 1448 181D 1876 173.0 1468 105347 | 358 | 19.5| 102.8
&N .l
Eﬁglr?r':d 259 | 51.1| 9L1| 140.0 1820 1933 181.4 1547 11280.7 | 37.5| 22.4| 106.1
England
Mid 206 | 549| 96.8| 1458 189 1988 1915 1687 12189.7 | 415| 257| 112.4
& Wales
Egg:]atﬂd 33.9 | 61.0| 1051 1562 197/ 2094 2041 175.9 1831H0.1| 47.8| 30.6| 121.
UK&N.. | 260 | 537| 934| 1453 185D 1941 1832 1564 113825 | 37.3| 22.1| 107.
UK & N.I. A
. 281 | 551 | 96.1| 147.3 188D 1979 188.7 1613 11886.9 | 402 | 243| 111
Weighted

Table 3-11: UK Baseline Solar Resource for a Fixed 2  8°South Facing Incline in W/m 2

Table 3-12 shows the regional averaged baseliree 8 output each of the regions, and
both un-weighted and weighted UK solar PV outpytacity factor values for the UK and
Northern Ireland for a fixed 28outh facing incline. It shows the intra-annualiafaility
between different regions, and the increase in aveesource when the resource has a

regional weighting.

Jan| Feb| Man Apr May Jur Jul Aug Sep Qct Nov Dec nAn
Scotland | 4 o | 55| 97| 162| 208 214 188 160 107 73 45 4 1 110
North
Scl\jﬂjand 24 | 60 | 104| 171 213 224 20B0 17/5 131 84 3618 | 120
Scotland
South 30 | 64 | 108| 17.6] 22d 228 21p 17/8 138 91 4324 | 125
&N .1
England | 5 | 65 | 111] 170] 224 238 22b 188 196 98 4527 | 129
North
England
Mid 36 | 67 | 11.8| 177 23d 242 238 199 148 109 5031 | 136
& Wales
England |\ > | 75| 128| 100| 241 254 24B 213 1d2 122  $837 | 147
South
UK & NI 31 | 65 | 11.4| 176 225 236 228 190 138 10 45 .7 2 13.1
Unweighted
UK & NI 35 | 67 | 11.7| 17.9] 228 24| 228 196 144 106 49 0 B 135
Weighted

Table 3-12: Regional Baseline Solar PV Capacity Factor (%) for Fixed 28°South Facing Incline
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3.4.2.3 Capacity Factor

The term ‘capacity factor’ is used extensively tigbout this study. The capacity factor is
the ratio of actual power output from a power plawer the output if it had been continually
operating at full capacity throughout a periodiofe (often a year). Capacity factor is often

expressed as a percentage.

Figure 3-15 shows the estimated annual baselingr M output capacity factor values for
the UK and Northern Ireland.

Annual f
C.F. (%) '

@ 159-162
@ 156-158
@ 152-155
) 148-151
14.4-147
14.1-143
13.7-14.0
13.3-136
12.9-132
12.6-12.8
12.2-125
18-121
1M.4-117
11-113
) 107-10
) 103-106
@ s9-102
@ ss-98
@ o2-95
@ s7-01

Figure 3-15: Baseline Solar PV Capacity Factor Values
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3.5 Climate Change Impact

3.5.1 UKCPO09 Probabilistic Projections

The UKCPOQ9 probabilistic climate change projectiomsre used to explore the climate
change impact on the UK’s solar resource. The bbridotal downward surface shortwave
flux’ is one of sixteen UKCPO09 probabilistic outpugiriables over land and is the measure of

horizontal solar radiation.

Two thirty year future time periods were explor@@50s (2040 to 2069), 2080s (2070 to
2099). Low, medium and high scenarios and protsiigildata at 50%, 10%, and 90% were

extracted from the UKCPOQ9 projections. The settiogextraction were as follows:

Climate Change Type: Future Climate Change Only

Output Variable: Change in downward surface shoreafux (Wmni%)
Emissions Scenario: 2040-69 (2050s), 2070-99 (2080s

Temporal Average: Monthly

Probability Levels: 50% (10%, 90%)

UKCIP09 ‘Change in total downward surface shortwélugz (Wm?)’ projection data was
downloaded via the UKCPOQ9 user interface for medamd high emissions scenarios for
50%, 10% and 90% probability levels.

Figure 3-16 shows projections for surface radiafiothe 2050s medium scenario with a
probability of 50% for summer months (June, JulygAst). The data shows relative change
from baseline with units in Wi It indicates significant solar radiation incremse the
south-west, the increases become less signifiganelting further north with much of
Scotland showing little change from baseline ex@ephe far north and westerly regions in

the Highlands of Scotland, where there are sliglctebses in radiation.
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Wm?

@ 1417-1515
@ 1319-14.16
@ 1220-13.18
8 1.22-1219
@ 10.23-1.21
) 925-1022
826-9.24
7.28-8.25
629-7.27
530-6.28
432-529
333-4.31
235-3.32
1.36-2.34
038-1.35
-061-037
-1.59 - -0.62
-258 --1.60
-3.57--259
-4.56--358

Figure 3-16: Data from UKCPO09 projections showing ch  ange in downward short wave surface
radiation for 2050s summer months, medium scenario 50% probability

The projected average percentage change of hoaizentface solar irradiation can be

calculated for the 2050s and 2080s by projectireg WlKKCPO9 climate change anomalies

onto the baseline solar radiation model. Figur& 3tiows the baseline resource for summer
months (left); the UKCP09 2050s medium scenariatiegd change from baseline with 50%

probability (middle); and the resulting percentagnge from baseline (right). It shows

similar characteristics as previously discussedFigure 3-16 but in percentage terms the
impact climate change has on the resource is maderg.

Baseline - Summer Months 2050s Medium Emission Scenario (50% Probability) 2050s Medium Emission Scenario (50% Probability)
Summer Months‘ Summer Months i-

wm? Change Wm? Change (%)
@ 228-2169 @ 17-1515 @ 730793
@ 285-2127 & @ 1319-1416 @ 6s5-738 ]
B 2043-2084 @ 1220-1318 @ s31-684
@B 2000-2042 @ n122-1219 @ s77-63 ‘ 'f

195.8- 1999 @ 0vn-n2 523-576 “

1915-1957 . 925-1022 469-522 ‘

187.3- 1914 826-924 414-488 A

183.0- 1872 A 7.28-825 360-4.13

178.8- 1829 629-727 308-350

1745-1787 o 530-628 b 252-305

170.3- 174.4 308 432-520 198-251

166.0- 1702 W 333-431 144197

161.8- 1659 235-332 089-143

157.5- 1617 B 136-234 035-088
B 1533-1574 @ o3s-135 B o019-034 r
@ 1490-1532 ; @ os1-037 @ o73--02 -
@ 1448-1489 P 4 @ 159--062 @ 127-074
@ 1051447 Rl % - @ 25150 @ 1e2-128
@ 1353- 1404 T @ 357-2% 8 23183
@ 1o-1362 '44'“ @ <ss-3s8 @ 201-237

Figure 3-17: Summer solar resource: baseline; 2050s  change in wm 2 and percentage change
from baseline
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Figure 3-18 shows the 10%, 90% and 50% probalsilibe 2050s summer months medium
scenario. The 50% probability distribution shows gentral estimate, the 10% is very likely
to be exceeded and the 90% is very unlikely toXoeeded. The 50% figure is the same data
as shown in Figure 3-17 on the right but is shower @ wider range to incorporate the 10%
and 90% distributions and, therefore has lessu@eal Further seasonal and annual results
for the 2050s and 2080s medium emissions projestoa shown in Figures A-3 and A-4, in
the Appendix. They show increases in solar resoumcespring, summer and autumn
especially in more southerly locations and reductim winter months UK wide.

Change (%) Summer

@ 6s-185

B 9-167 ~
B 31-148 g if Ej
11.2-130
94-11.1

75-93

57-74

38-58

20-37

01-18

-18-00

36--189
55--37
73--58

92--74

110--83
128111
1474130
-166--14.8

-185--16.7  10% of Probability Distribution 50% of Probability Distribution

90% of Probability Distribution

Figure 3-18: Summer solar percentage change from bas  eline for 2050s medium scenario 50%
(10%, 90%) probabilities

3.5.1.1 Solar Regional Weighted Projections

The next stage is to apply the projection scenarioshe weighted UK solar regions

discussed in 3.4.2.1, explore how each regionféestd by the climate projection scenarios,
and finally, look at the effect of climate change the UK Baseline Solar PV output. The
impacts on levelised costs and the financial rigkexplained in chapter 7.
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The following charts show how the UK Baseline SdPaf resource each region will be

affected by climate change. The chart in Figur@©3fiows the average regional change in
percentage from baseline and is applicable to thatlsolar resource and the solar PV output
capacity factor. The figures are good for seeirgattual extent of change relative to each

individual month.

Figure 3-19 clearly shows the reduction of sol@ougce over winter months in all regions,
this is most apparent in more northerly regionsarNeall regions show solar resource
increases in summer months, especially in morehsatl south westerly regions. Summer
months in north Scotland show a relatively flatp@sse, just slightly above the zero mark

for much of the months between Spring and Autumn.

Figure A-6 in Appendix A shows the same as FigwE3Jut the change is shown in
absolute values (WR). This is good for seeing the change in real tetmsvever, the detail
in winter months is reduced due to the much smalgeseline resource relative to summer

months.
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Percentage Change in Baseline Solar Resource Change (%) Percentage Change in Baseline Solar Resource

Change (%) Scotland North - 2050s 50% Probability Scotland North - 2080s 50% Probability
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Figure 3-19: Regional Average Percentage Change from  Baseline for the 2050s and 2080s
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Table 3-13 shows the weighted projected percenthgage from baseline of the UK solar
resource with a 50% probability level. The percgatahange values are applicable for both
input solar resource and the solar PV output capéactor, and therefore is the percentage

change a solar PV system will experience for theréuprojection scenarios.

The 2080s high emissions scenario shows the musinex changes, with an annual increase
of 4.8% (-1.1%, 11.1%), a huge increase of 11.72@8%, 25.1) in August, and the largest
decrease of -3.9% (-14.1, 5.3) in January. Therabenarios show the same characteristics
as the 2080s high emissions scenarios but to @rlesdent; the 2050s high emissions
scenario shows roughly the same characteristicsdolutced by around 18% and the 2050s

medium emissions also showing the same charaaterisit reduced by around 33%.

Probabilistic UK Weighted Percentage Change from Besef Solar Resource (%)

Scenario Prob Jan Feb Mal Apr| May Jur Ju| Aug Sep Qct Nov ¢ De Ann

2050 10% | -10.9| -94 -4.8 -3.9 -3.1 -3. -5.0 -1)2 -314 2.2-| -4.6 -6.3 -0.7
Medium 50% -3.0 -2.5 1.0 1.2 2.0 2.9 34 7.1 39 2|7 0516- 3.2
90% 4.5 4.0 6.7 6.4 7.9 9.1 127 15|18 11.8 §.1 5.73.0 7.4

2050 10% | -9.6 -9.0 -4.3 -3.1 -3.9 -3.7 -4.2 -20 -216 .8-1 -3.6 -6.0 -0.5
Low 50% -1.9 -2.6 2.0 1.6 1.8 3.0 4. 6.9 4.06 216 1.2-1.0 3.6
90% 54 3.6 8.3 6.4 7.6 9.5 129 162 11.2 1.4 $.23.9 8.0

2050 10% | -10.5] -9.3 -4.6 -3.7] -3.7 -4. -5.6 -0/6 -25 24-| 4.2 -5.5 -0.4
High 50% | -2.8 -2.5 13 1.3 25 3.1 3.4 8.8 50 24 1.014- 3.9
9 90% 4.4 4.1 7.3 6.3 8.9 105 142 180 13.3 1.7 $.42.8 8.6

2080 10% | -12.9| -13.7| -5.3 -4.4 -4.3 -4.4 -5.6 -0]8 -2.5-2.3 -5.1 -7.1 -0.5
Medium 50% | -3.3 -4.8 1.1 1.2 2.1 3.5 4.4 9.8 5]1 2/9 q425- 42
90% 54 3.6 7.2 6.8 8.9 11.5 154 19.9 13.7 9.0 6.02.2 9.1

2080 10% | -11.1) -11.1] -3.8 -3.6 -3.9 -3.5 -5.8 -1{5 -214-2.0 -4.2 -7.4 -0.6
Low 50% | -2.7 -3.3 2.1 14 2.3 3.0 34 7.6 52 2(8 1120- 3.9
90% 5.2 4.0 7.9 6.4 8.7 9.8 132 17|14 13.2 §.1 6.53.4 8.7

2080 10% | -14.1] -14.0 -49 -5.0 -5.7 -4.9 -6.[L -1{3 -3.5-2.7 -5.4 -7.8 -1.1
High 50% -3.9 -4.8 0.9 0.9 1.7 3.3 6.1 11{7 64 313 Q.1-2.9 4.8
9 90% 5.3 4.0 6.8 6.7 9.8 120 196 251 174 104 8 5. 21 11.1

Table 3-13: UK Weighted Solar Resource Projected Perce  ntage Change from Baseline
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3.6 Solar Energy Summary

Accurate estimations of mean monthly solar radmtiesource have been generated from
mean monthly sunshine duration measurement datg asmethod described by Suehrcke
(2000). A baseline model of present climate UK sodiation has been developed and
validated. A baseline model of solar PV output be horizontal plane and at an optimal

south facing inclination has also been developed.

UKCPO09 climate change projections have been usstdw relative climate change impact
for a baseline at a national and regional scalerakiges have been examined and one is
presented here. By the 2050s, under a ‘medium @nissscenario, summer months show
solar radiation increases of up to 7.9% (withimage of -0.2% to 18.1%) in the south west,
these reduce further north with decreases of uf.8% (within a range of -10.8% to 1.8%)
in the north of Scotland. Winter months show a otidlm throughout the UK with extremes
of -7.6% (within a range of -25.2% to 10.1%) in Andst Scotland. This shows that most
parts of southern UK will get sunnier and benefitnf increased solar energy resource in
summer, while the relatively poor resources inrtbeh will decrease slightly. All regions in
winter will have increased cloud cover and slighttgduced solar energy resource. The UK
will see an overall annual increase of 2.6% (withimange of -1.1% to 6.5%), which is
positive news for the viability of solar technolegj particularly in southern regions and
would correlate well with increased use of air awplsystems due to the increased
temperatures. However, the resource will be moasa®lly variable and regional resource
differences will be further reinforced. See Burreettl. (2010) for additional information on

climate change and solar resource.

Table 3-14 shows the solar PV capacity factor vakstimated in this chapter. These figures

are used in chapters 7 and 8 when calculatingigmdetost values for solar PV.

Technology Climate Scenario
Baseline 2050 2050 2050 2080 2080 2080
10% 50% 90% 10% 50% 90%
Solar PV 13.5 13.4 13.9 14.5 13.4 14.2 15.Q

Table 3-14: Solar PV capacity factor values

The mean error of the gridded horizontal solaratioin model is in the region of -2.7 Wim
(roughly -2.7%) with a RMSE error of 5.1 Wirfroughly 5.1%), when compared to solar
radiation observations from several measuremetiosta The accuracy of the observations
used for the validations are generally within a fparcent. A further comparison with
PVGIS data showed the data to have an averagé offs&3 W/nf (-4.4%).
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The optimal south facing inclination model showgéadifferences in optimal angle when
compared with PVGIS estimations (this study?; Z8/GIS: 37) and gain values (this study:
7.2%; PVGIS: 16.2%). There is a high degree of idemfce in the estimations in this study
due to the inclusion of actual observed data. leunttork to explore the optimal inclination
angle for the UK is recommended and included itige®.5 ‘Recommendations for Further
Work'.
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4 Onshore Wind Power

4.1 Introduction

The main objective of this chapter is to assesdéseline onshore wind resource of the UK
and investigate the impact climate change coulde hawv the resource. It uses observed
monthly average wind speeds to explore the pre@zadeline) wind speed and energy
characteristics, and wind output from the Hadleyt@eRCM HadRM3 (Met Office 2008)

model to assess the potential future change freealing.

The yellow blocks in the thesis flowchart (Figurel¥ signify the areas of the thesis

connected with this chapter.

Baseline Data St UKCP09 HadRM3
Climate Projections RCM

Solar PV Onshore Wind Offshore Wind Wave Hydro ReSoUTES Other Technologies
Model and Energy
Resource and Resource and Resource and Resource and Yield Model Resource and
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) Energy Yield Model
R 2 R 2 R 2 R 3 R R 2
. . Other
Solar PV Onshore Wind Offshore Wind Wave Hydro Technologies
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model
< ') " 2
1 ] ] )

MVPT Input MVPT N Baseline Climate Future Climate
Parameters Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 4-1: Thesis flowchart and onshore wind resou rce blocks

4.1.1 Chapter Overview

Wind speed data is measured at many onshore wesigttiems over the UK and many have
several decades of recorded data. The Met Offiee sed much of the UK’s observed
wind data to develop annual monthly average 5krkm §ridded data sets of onshore wind
speed data over the UK. The gridded data sets dowercess of 30 years and were used as
the main source of observed wind data over theo@etbB61 to 1990. The wind speed data
was converted in two different ways — to generateaaeline wind speed model and to

generate a baseline wind energy resource model.

To generate the baseline wind speed model theagtiddnd speed data was converted from
its observed height of 10m to the hub height ofpécal wind turbine hub height (80m), each
month was then averaged over the baseline periodjeherate the baseline wind energy

output model the wind data was converted to 80rghtgfitted to a Rayleigh distribution,
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fitted to a wind turbine power output curve typiaHl a 3 MW wind turbine, and then

averaged over the baseline period.

Actual positions and sizes of all known operatingl gotential future (in-construction,

consented & in planning) wind farm locations werejg@cted onto the baseline wind energy
output model, output for each of the locations wewkected and accumulated to create a
UK onshore wind energy model that closely reflectheé actual present and future

distribution of wind farms over the UK.

Output from the Met Office Hadley Centre RCM HadRMB-ensemble runs were used to
generate wind climate change projections for th@08CGand 2080s periods. Output from the
11 runs for the future periods were fitted to adsti t-distribution. Wind speeds for the
10%, 50%, and 90% points on the distribution of 2080s and 2080s were compared with
Had RM3 wind speeds for the baseline period andgmage of change from baseline values
were generated. The percentage of change values apptied to the baseline wind speed
model generated from the Met Office observed gudddad speeds and future wind energy
output over the UK were generated for the 2050s2818Ds (10%, 50%, 90%) distribution
points. The projected wind energy values at eacthefwind farm locations were again

accumulated and the changes in wind energy frorbakeline model were investigated.

4.2 Baseline Resource

The aim of the first part of the chapter was tcat#ean accurate geographical map of both
wind speed and wind energy resource over the UKefwesent the present (baseline)
climate. Wind speed in the UK is measured by anmammeeter, and recorded at many
weather station locations throughout the UK andtiNen Ireland. The Met Office 5km

observed gridded data sets (Met Office 2009b) ohelnonthly average wind speeds and are

used as the main date source to generate the paadl @nd energy baseline models.

4.2.1 Creation of UK onshore baseline wind model

Wind speed data from Met Office 5km gridded windesp data sets (Met Office 2009b) was
used to develop the baseline wind speed model.dFideled wind speed data sets were
subjected to regression and interpolation to geeesgular values from the irregular station
network, the dataset output also takes into accothar attributes such as location, altitude,
terrain, coastal influence, and land use (Perey. 2005a, 2005b). All individual cells of the

30 years of gridded wind speed data were checkeanissing data. Linear interpolation
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from adjacent cells using a least square methodused to replace any missing values. All
wind data was converted from the standard metostainemometer height of 10m to a
height of 80m to represent the wind speed at a&parge scale wind turbine hub height as
wind speeds increase the further they are fromgitmeind as there is reduced friction

between the atmosphere and the Earth’s surface.

Wind speed can be estimated from a reference h&ganhother height by use of the log
power law (Manwelkt al. 2002)

M:In Z 1/ o (4-1)
v(z,) z, z,

wherev(z) is the wind speed at height, v(z) is the wind speed at the reference height, and
Z, is the surface roughness length (Manvetlal. 2002). A rough terrain such as a forest
would have more of an effect on decreasing the wjpeked than smooth terrain such as a
calm sea. A surface roughness length relating‘tallaw field’ was assumed for the entire
grid area. This is reasonable as the aim is toidenthe impact of climate change on the UK

as a whole rather than a specific site.

The 80m gridded wind speed data was then averagadlite baseline period. The resulting
data was processed using Matlab and converted toGIs’ format to complete the UK

onshore wind speed baseline model. Figure 4-2 shivevbaseline onshore wind resource at
a hub height of 80m for winter summer and annugbgs. Spring and autumn are shown in

Figure B-1 in Appendix B.

Onshore wind speeds are extremely geographicalliahla due to land terrain. This is

especially true in mountainous regions such akdrScottish highlands which have many of
the windiest locations. Lowlands such as southdeagtand experience wind speeds that are
both lower and much more uniform. There are highied speeds seen in many coastal and
island locations. The west coast has higher wingedp then the east due to prevailing
Atlantic Ocean winds. Winter months have higherrage wind speeds than other seasons,

summer months are less windy.
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Figure 4-2: UK baseline onshore average wind speed  resource at 80m height

4.2.2 Creation of UK onshore baseline wind energy m  odel

The UK onshore wind energy baseline model was deeel from the same source of

gridded wind speed data as used in section 4.2d wind speeds were converted to a hub
height of 80m, as before. The power generated faowind turbine cannot be accurately

estimated using just the average monthly wind speechuse of the cube relationship
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between wind speed and wind power, as shown intequé4-2). The powerP (W)

available from wind is given by

P= %pAU 3 4-2)

where 0 is the air density (~1.2 kgfn A is the swept area @nandU is the wind speed
(m/s).

4.2.2.1 Modelling the wind speed variability using a RagleDistribution

The probability of occurrence of a given mean wspked is generally characterised by
either a Rayleigh or Weibull probability distribomi curve (Manwellet al. 2002). The
Weibull distribution has the advantage of beingeatbl be tuned to a specific site using its
two parameters controlling the ‘shape factds) énd ‘scale factor’ d). The Rayleigh
distribution when used with a shape factor ofk2=(2) is a special case of a Weibull
distribution and is typical of many locations arften applied over large areas. There have
been many wind resource studies that have relied itp(Breslowet al. 2002; Harrisoret

al. 2005; Harrisoret al. 2008). The European Wind Energy Atlas (Tretrl. 1989) has
extensive wind characteristic data, including shi@geors, for locations throughout the UK.
They vary quite considerably depending on the lonaand terrain but it is evident that the

Rayleigh distribution is a good typical representabpf a generic UK wind speed profile.

A Rayleigh distribution was used to model the Jaifity of all the gridded wind speed data
over the baseline period. The Rayleigh probabilgpsity function is given by

(U )l (YUY (4-3)
" Z(UZJGX{ 5) }

and the cumulative distribution is given by

F(U) =1—exp{—g(%j } (@)
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whereU is the average wind speed (m/s).

A Monte Carlo approach was used to generate a iRaytistribution from each monthly
mean wind speed over the thirty year period forheaicthe model grid cells. An output
sample size of 100,000 datapoints, the samplebsizey set as high as possible without the
Matlab program taking too long to process all théad The wind speed distribution output
for each cell was applied to a generic power cliaged on the Vestas V90 3.0 MW power

curve (Figure 4-3). The average monthly energy wutyas then calculated.

Power (kW) Power Curve Vestas V90 3.0 MW Wind Turbine
3250
Cut Out (25 m/s)
3000
Rated (15 m/s)

2750
2500 1
2250
2000
1750 1
1500 -
1250 1
1000 1
7501 . Below Rating . At Rating
500 D =
2501 BelowCut Generating Above Cut Out

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Cut In (3 m/s) Wind Speed (m/s)

Figure 4-3: Vestas V90 3MW Power Curve (Vestas 2011)

At this stage all grid cells for each month of egelar are estimations of possible energy
output for a generic 3 MW wind turbine. The paraenetutputs are finally averaged together
over the 30 year baseline period to create theageegridded onshore baseline wind energy
model. The described method is similar to the aggies by Boehmet al. (2007) and
Harrisonet al. (2008).

Figure 4-4 shows the winter, summer and annual dieline capacity factors for winter
months. Spring and autumn are shown in Figure B-&@pendix B. The geographical and
intra-annual variability of capacity factor closébllows that of wind speed, however, there
is what could be described as a smoothing effetidations with rough terrains with high
wind speeds where the wind speeds occurring abdweut-out speed limits the capacity
factor values. The values can vary significantlynir winter values approaching 60% in
unsheltered rough terrain locations, down to apgrog 6% in summer months in more
sheltered rough terrain locations. The south-eagldad which is largely flat lowland, can
see typical values of around 16% in summer momtkis2a% in winter. Obviously, onshore

wind farms are generally situated at locations wkourable wind speeds. Different
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specification of wind turbines would be chosen tit $he wind resource at the specific

location.
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Figure 4-4: Seasonal onshore baseline capacity facto  rs
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4.2.2.2 Other modelled wind turbine parameters

Shown on the wind turbine power curve (Figure 4&8§ some other wind turbine

parameters: ‘Cut In’ is the wind speed at whichlied turbine starts to generate. ‘Cut Out’
is the wind speed at which the wind turbine shwwmdto avoid damage from excessive
wind conditions. ‘Rating’ is the minimum wind speadwhich the wind turbine generates its

maximum rated value.

There are other useful wind turbine baseline patarsethat have been extracted while
performing the analysis to generate the UK onskonel energy baseline model and these

parameters are shown in Table 4-1 and also in Eigt8.

Vestas V90 3.0 MW Wind Turbine Parameters and T
Cut In 3 m/s
Ratec 15 m/s
Cut Ou 25 m/s
Below Cut Ir < 3ml/s
Below Ratint 3-14.9 m/:
At Ratinc 15- 25 m/s
Generatin 3-25m/s
Above Cut OL > 25 m/:

Table 4-1: Wind Turbine parameters and wind speed v alues for Vestas V90 3.0 MW Turbine

Knowing the proportion of time a wind turbine speril different states can give very useful
information to wind farm and turbine developerseTlK onshore wind energy baseline
model includes the average proportion of time sprewkifferent states. The values, like the
capacity factor, are dependent on the charactwisif the turbine as well as the wind
characteristics and there are many different operalt wind turbines with varying
characteristics. It is assumed here that the Ve3kéid/ turbine gives relatively typical

characteristics for a large wind turbine.

To better understand the different wind speedsveind turbine availability parameters and
how their values vary depending on a particulaations wind characteristics 11 different
UK locations are shown in Figure 4-5 and annuahipeters for the locations shown in
Table 4-2. It is clear that more northerly and wdgtlocations are exposed to a larger wind
resource and higher capacity factors and will spaode time at full rating. However, they
are also more likely to experience times of shwmalue to excessive wind speeds. More
southerly and eastern locations generally havevi&ss resource and lower capacity factors

with less time at full rating and a larger propamtiof time with no generation due to low
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wind speeds. See Appendix B-3 to B-8 for wind toebiparameter states and figures
showing proportional time in these states oveliKe

Annual
Wind Speed (ms™) n\_‘iiking
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Figure 4-5: Different Wind Farm Site Locations

Average
Location Wind C.F. > Cut Out Rating Generating < Ratin < Cut|In
Speed
(m/s) % Time (%)
Viking 9.4 48.0 4.7 22.6 85.3 62.7 10.0
Spurness 10.0 50.5 6.2 25.5 85.1 59.6 8.7
Farr 8.9 44.4 4.3 19.6 84.1 64.5 11.7
Black Law 7.1 35.5 11 11.6 82.1 70.5 16.8
Grise 7.0 34.7 1.1 10.9 81.9 71.0 17.1
Slieve 12.2 51.4 14.0 29.7 79.6 49.9 6.5
Lissett 6.3 29.6 0.4 7.3 79.8 72.5 19.8
Mynydd 9.5 48.1 5.1 22.8 85.1 62.3 9.9
Ness Point 7.4 37.7 1.0 12.4 83.9 71.5 15.2
Westmill 5.5 22.2 0.1 3.6 4.7 71.1 25.2
Bears Down 8.9 46.7 3.3 20.6 86.0 65.4 10.7

Table 4-2: Wind turbine parameters values at eleven  locations with different wind
characteristics
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4.2.2.3 Uncertainties

The data and method contain a number of uncerainfihe accuracy of the met stations
readings are generally within a few percent, buirlpomaintained sites and irregularities in
the surrounding location such as buildings andstiegn introduce larger errors. The grid
resolution does not capture all characteristicghefterrain and will lead to less wind flow
detail. The roughness length relating to a ‘falliosid’ was used over all locations and this
will add an error in locations, especially in woddend built up areas. A standard Rayleigh
wind distribution was assumed for all locationss tis an acceptable method when working
with such a large area; however it may add largeedainties in locations with different
wind distributions. There has been a generic pamuere assumed for the power conversion
which will add additional error. The wind to powasnversion process does not capture any

turbulence issues.

4.3 Data Analysis and Validation

The aim of this section is to compare the onsh@selne wind speed model and wind

energy model with other available sources includiisgorical observation values.

4.3.1 Wind Resource
Wind speed values from the baseline wind speed hatamshore wind farm locations were
compared with two other sources of long term avensind speeds and results are shown in

Figure 4-6.
The two other wind speed database sources are:

e The DECC wind speed database (DECC), previouslywknas the NOABL
(Numerical Objective Analysis of Boundary Layerndispeed database. The wind
speed data was converted from a reference heigh@mfto 80 m. The resolution

was also changed from 1km to 5km to match the meseiodel.
e Edinburgh Wind Model (EWM) (Hawkins 2012) 3km ragidn at 80m height.

As can be seen from Figure 4-6 there is good agraeiretween the baseline, DECC and
EWM annual wind speed values. The aggregate aveaageal wind speeds and RMSE
values are shown in Table 4-3. The baseline mod®# wpeeds appear to be an average of

approximately 0.5 m/s higher than the two othersesi across the UK. The agreement is
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reasonable given the different time periods oveiciwvkthe three models are operating (Table
4-3).

Comparing Baseline Wind Speed with DECC and EWM Win  d Speeds
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Figure 4-6: Scatter plot comparing baseline annualw  ind speeds at onshore wind farm locations
with DECC and EWM (Hawkins 2012) wind speeds

Source Time Period Aggregate Wind Speed RMSE from Baseline
Baseline 1961-1990 7.58 -

DECC Mid 1970s — mid 19805 7.06 1.29
EWM 2000 — 2010 7.14 1.19

Table 4-3: Comparison of Aggregate average annual w  ind speeds and RMSE values from the
baseline wind speeds

4.3.2 Observations at Operational Onshore Wind Farm s

There is limited publicly available historical data statistical performance of onshore wind
farms. The Renewable Energy Foundation databaserswables obligation generators
(REF 2011) contains reported monthly average capé#aitor values of operational wind
farms but does not include other parameters suabbasrved wind speeds and technical

availability of the wind turbines.

Figure 4-7 shows a scatter plot comparing the nbedennual baseline capacity factors and
the rolling annual averages of actual capacityolac(REF 2011) from 75 operating onshore
wind farms. The wind farms used met a criteria a¥ihg an accreditation date of before

2007 and also a wind farm installation size in esoaf 3 MW.
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The aggregate modelled capacity factor is 40% hadaggregate observed rolling capacity

factor is 26.7%. This implies that the modelled amty factors are an average of 13.3%

higher than actual observed values and have a RM3$&.4%.

60.0
N

40.0 4

ROCs e > o
*>

* *
Reported 30.077fffffffffffffffffff:f;‘f(:’f;fff‘; 77777
C.F. (%) S . * T ae o 3 .
"‘ * ."'. ’o
* 3 . \‘o L 3
20.0 1 * . 0’ * o‘ *

I
I
I
I
10.0 |
I
I
I
I

0.0

0 10 20 30 40 50 60
Baseline Modelled C.F. (%)

Figure 4-7: Scatter plot of Baseline Modelled and RO  C reported capacity factors

There are several potential reasons why the matlbiseline wind speed characteristics are

higher and vary from the observed values:

The modelled data is averaged over a 30 year panddcaptures a wider spectrum
of the natural variability of the wind climate, bilie observed values are averaged
over a shorter period as they are restricted bydoeeditation date of the wind farm

(averaged over a period of 3 to 7 years dependirgcoreditation date).

The modelled data used a standard Rayleigh disiibbdior all locations, but each
wind farm location would have its own very specifignd distribution and

turbulence characteristics, largely dependent endtation and surrounding terrain.

The modelled data does not account for closelawtliobstacles such as houses and

trees that would change the wind characteristics.

The modelled data does not account for ‘array waks’ which is made up of
several functions including downwind and crosswisiglacing, and turbulence
intensity within a wind farm array. The lower cajpadactor displacement of the
real data is very likely to be at least partiallyedto the ‘array wake loss’

experienced within a wind farm array.
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 The modelled data assumes 100% technical avaflaloifi all wind turbines. The
observed data will include shut down periods foanped and unplanned

maintenance.

* The modelled wind speed data is referenced to ahleidht of 80m, whereas the
actual hub height of onshore wind farms vary qeit@siderably and the majority

being much less than 80m.

« The modelled data assumes new efficient wind terld@chnology, whereas many

operating wind turbines use older, less efficiesthihology.

4.3.3 Wind Energy Losses

Technical availability is the percentage of time thind farm is available for generating
electricity. Renewable UK state that technical &lity of modern turbines is typically
98% or better (Renewable UK 2011c), For this staahypverall technical availability value
of 96% will be assumed, the slightly lower figusdnitended to account for older operational
turbines. An array wake loss value of 10% will Issianed. Many Onshore wind farms are
situated in very remote locations where there isro& weak distribution grid connection to

the transmission grid network. A 3% electrical lask be assumed.

4.3.4 Capacity Factor Comparison with Assumed Wind Energy Losses

Figure 4-8 shows the same scatter plot as showlierear Figure 4-7 which compares
observed average capacity factors of 75 wind fawith modelled data from the same
location. However, now the modelled data has tiserasd wind energy losses discussed in
4.3.3 incorporated in the modelled annual baselapacity factors. The aggregate modelled
capacity factor with assumed losses is now 33.5% raow gives a difference of 9.5%

between the modelled and observed values and a impcbved RMSE value of 6.8%.

77



60.0

50.0 4

T
I
I
I
I
I
I
I
I
I
4004 . -
I
I
ROCs |
[
I
I

Reported 300 f ———— — ————— — - — - i —:—‘? Y A -
C.F. (%) & R " * e 0“:‘? 0‘

e LS

e *e 3

2001 -~ D L L S
I
I
I
I
I
I
I
I
I

I
I
I
I
10.0 |
I
I
I
I

0.0

Baseline Modelled C.F. (%)

Figure 4-8: Scatter plot of Baseline Modelled and RO  C reported capacity factors including
assumed losses

4.4 UK Potential Onshore Wind Energy Resource

Onshore wind power is now an established and maemewable technology. In the UK

there are presently over 270 operational onshone ¥arms with the total installed capacity
exceeding 3.8 GW and these numbers are set to gubgtantially: there are a further 34
wind farms (1.4 GW) in construction, 196 wind far(8s%6 GW) consented, and a further 256
wind farm projects (6.8 GW) in planning (Renewabl¢ 2011).

4.4.1 Deployment method

For this study, the method used to evaluate theepiteUK baseline onshore wind resource
characteristics was to identify as many of the onslwind farm locations that are known
operational, in construction, consented and inmplanand to model them using data from
the UK onshore baseline wind energy model (seati@?), the size of the wind farm and
the assumed losses (section 4.3.3). A total ofld@&ions with a total installed capacity of

12.48 GW were included in the analysis. The locetiare shown in Figure 4-9.
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Figure 4-9: Wind farm locations used for analysis of the baseline UK onshore wind energy
resource characteristics

To calculate the overall UK onshore baseline capdactor values, as shown in Table 4-4
the monthly capacity factors for each location weseighted by the location’s installed
capacity value and all locations aggregated togefitee overall installed capacity comes to
a total of 12.44 GW. The total baseline annual gyneutput without loss assumptions is
45.85 TWh with an average annual capacity factat109%. Monthly, annual, no losses and

with losses figures are shown in Table 4-4.

Overall Baseline Capacity Factors (%) and Energy Otput (TWh)

ANN ‘ JAN ‘ FEB ‘ MAR ‘APR |MAY ‘JUN ‘JUL |AUG |SEP ‘OCT ‘NOV ‘DEC

No Losses
C.F. (%) 41.9| 49.8] 483 48.71 42 379 364 31.6 30.80.8| 433 46.4 47.9
Energy (TWh)| 45.85 4.6 4.05 452 377 352 327932 2.87| 3.66| 4.02] 4.1 4.4b
With Losses

C.F. (%) 351 417 404 40.9 352 318 305 2p4 92534.1| 36.3| 38.8| 40.1

Energy (TWh)| 38.42 387 339 379 316 295 2]74462. 241 | 3.07| 337 3.49 3.72

Table 4-4: Baseline Capacity Factors - Aggregate To tal

Figure 4-10 shows the UK overall baseline capdeityors and energy output including the
loss assumptions (discussed in section 4.3.3). tote baseline annual energy output
including losses is 38.4 TWh, with an average ahcapacity factor of 35.1%.
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Figure 4-10: Monthly onshore capacity factors and e nergy output — Aggregate total including
assumed losses

The UK annual baseline capacity factor has beematstd at 35.1% (Table 4-4). This does
include assumed losses but is 8% higher than astinsaof UK onshore wind historical
average capacity factors values (DUKES 2010) as/shio Table 4-5. This figure is in line
with the 9% difference in capacity factor discusseadier in section 4.3.4. This difference is

assumed to be largely due to two factors:

UK Average Onshore Wind Historical Capacity Factors

2005

2006

2007

2008

2009

Average

26.4

27.2

27.5

27.0

27.4

27.1

Table 4-5: Historical Average UK Onshore Wind Capac ity Factors (DUKES 2010)

Firstly, many of the existing onshore wind turbiraes at lower hub height than 80m and are
potentially performing less efficiently than modelldue to the lower height and resulting
lower wind resource. Secondly, the power curvedusdor a Vestas V90 turbine and most
probably attributable to ideal wind conditions. Maof the onshore wind turbines are not
3MW Vestas wind turbines and in many cases havedggrformance curves — partly due
to having different wind-power characteristics guagtly from the location having less than

ideal wind conditions.

There is an option of either adding another “losgd the wind energy losses discussed in
section 4.3.3 to compensate for the difference detwthe modelled and observed overall
capacity factor for onshore wind in the UK. Howevear the purpose of this study, the
modelled data will be kept as it is. Many of thesloore wind sites used here are planned
sites not yet operational and many of these, whagrational, will benefit from larger
turbines with higher hub heights that are situsaednore optimal geographic locations.
These factors all lead to better overall perforneaniconshore wind than the historic record

indicates.
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4.5 Climate Change Impact

The aim of this section is to investigate the imipgEaclimate change on the baseline energy
output of potential deployments of onshore windrgpelt does not capture diurnal changes
or increases in storminess. The method describegasifically investigating the climate
change impact on long term averages of intra-anandl annual average variability. As
previously mentioned, probabilistic projections safrface wind speeds were not initially
included in the UKCPQ9 report due to too much wsmked uncertainty between the
different climate models used in the report. Hosrewaily wind speed projection data is
available from the Met Office, HadRM3 model 11-enb& runs. This is the key regional
climate model used to generate the UKCPQ9 futuneaté projections.

4.5.1 HadRM3 Wind Speed Projections
The following describes how wind speed data fromiadRM3 model were processed into
a format similar to that of the UKCPO09 probabitigtrojections:

The HadRM3 data is available from the BADC in NefCform and not via a user friendly
interface like the UKCPOQ9 official data. There ameprobabilistic distributions and only the

medium emissions scenario output data is available.
The 11-ensemble runs were downloaded for the yi€#%-2099. For each of these:

1. The daily average wind speed data was extractedhfee 30 year periods: the
baseline (1961-1990), the 2050s (2040-2069) an2@B8s (2070-2099)

2. The monthly average wind speeds were averaged ea@hn of the 30 year time

periods.

3. The monthly averages for each time period wereamet over the 11 ensemble

runs.

Figure 4-11 shows the UK annual average monthlydvgipeeds for the baseline, 2050s and
2080s time periods at a height of 10m. They aravehon the HadRM3 rotated grid with
25km resolution grid cells. Offshore grid cells ah®wn, but are only used in the following

chapter on offshore wind.
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Figure 4-11: Averaged annual 10m height onshore win  d speeds in the baseline, 2050s and

2080s periods - calculated from HadRM3 11-ensemble.
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4.5.2 Probabilistic wind speed projections from the HadRM3 model data

The outcome of this section does not replicatepttoess UKCPQ9 used to generate its
probabilistic projections for other variables. Tihéention is to estimate the distribution of

the average monthly wind speeds over the 11 rurtkeoHadRM3 output and to generate
average monthly wind speed output data for the 208@ 2080s at 10%, 50% and 90%
confidence points (probability levels) of the prbltity distribution by using the student t-

distribution method.

4.5.2.1 The student t-distribution

The student t-distribution is often used when thier@ small sample size, the distribution is
symmetrical and the variance of the underlying paian is unknown. Both are true in the
case of the HadRM3 11-ensemble runs. The studdistribution population return for a

specific confidence level can be calculated by

X+t SE- (4-5)

X

where X is the sample meart, is the t-value of the student t-distributidsE; is the

standard error of the mean, which can be calculayed
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=3 (4-6)

X \/ﬁ
where s is the sample standard deviation amds the number of samples. The t-valijeis

a function of the probability and the degrees dafeffom, where the probability is

(1-confidence level) and degrees of freedom = (n—-1)

An example student t-distribution is shown in Fgudr-12. The shape is dependent on the
degrees of freedom. A higher degree of freedomlteesu the student t-distribution more
closely fitting to a normal distribution. Fewer degs of freedom result in heavier tails with
more samples falling further from the mean.

Student t-distribution

Normal Distribution

“/

Student t-distribution
with 5 degrees of freedom

Figure 4-12: Example of a student t-distribution.

4.5.2.2 Applying the student t-distribution to the HadRM®jected Wind Speed Data

The student t-distribution method was used to eg#m0% and 90% confidence intervals of
the average wind speed distribution over the 1Etmbte runs for the 2050s and the 2080s
time periods. The 50% confidence level is equahtosample mean. Figure 4-13 shows the
50%, 10% and 90% probability level 80m height HadRMnd speed output for the month

of January in the 2050s period for a medium emnssgzenario.
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Figure 4-13: Projected average January wind speeds f  or 2050s medium scenario

4.5.3 UK Onshore Wind Speed Projections

The UK onshore baseline wind model (described &) & more realistic than the onshore
baseline wind speeds generated from the HadRM3 Imtideas better resolution and has
been derived from actual observed data whereaslditfkM3 is dynamically downscaling
output from a GCM. The HadRM3 wind speed data &B® biases over land resulting in
lower than expected wind speeds over mountainoaatitms and slightly higher than
expected wind speeds over low land locations (Brewah. 2009).

For the above reasons the HadRM3 has not beentasdidectly estimate actual onshore
wind speed values for the baseline period (or ¥&02 or 2080s). Instead, it has been used
to calculate the relative percentage change betwsdpaseline and the 2050s and 2080s
10%, 50%, and 90% confidence intervals for all rhent

The wind speed percentage change values for baheftime periods and confidence levels
were used to adjust the baseline wind speed and wirergy statistics. The processes
described in sections 4.2.1 and 4.2.2 were repastid) the projected percentage change
wind speed data to generate average monthly wieddspnd wind energy data for the future

periods.

Figure 4-14 shows annual projections for the 20&@3$ 2080s. Most locations show very
slight negative changes with these negative charmgsg stronger in many coastal
locations. There are some locations in the Scottigfhlands showing slight positive
changes. The 2080s show stronger negative chamgegyhout the UK.
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Figure 4-14: Annual projections for 2050s (left) an  d 2080s (right) for a medium emissions
scenario with 50% probability level.

Summer projections are shown in Figure 4-15 antbola similar pattern to the annual
projections. The 2050s have generally negative gésrwhich are stronger in locations
closer to the coast; there are some positive clkamgéhe Scottish Highlands. The 2080s

show similar patterns to the 2050s but with allatimns being skewed towards more
negative changes.
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Percentage change from Baseline Wind Resource

Percentage change from Baseline Wind Resource
Summer Months Summer Months

Wind Speed Change (%) Wind Speed Change (%)
@@ o1-100 [ K28

100

@ si1-90 @ s1-90

@ 7i-80 @ 71-80

M s1-70 61-7.0
51-60 51-60 E
41-50 R 41-50 » A
31-40 ¥ 31-40 r - -3

; w0

21-30 ;o 21-30 /oo
11-20 'If"‘ 11-20 -Iﬁ
01-10 i

P 01-10 e 'f
-09-00 1 -0.9-00 ’-‘ F

-1.9--10

1 48--10 g
-29--20 29--20
{_-\r 4 (_-o

-39--30 } t 39--30 Ft t
@ 49--40 F B 4s--40 N X
) 59--50 @ s9--50 v
@ s9--50 . @ s9--60
@ 7s--70 @ 79--70
@ so--80 1 @ so--80 i
@B -100--90 i @ -100--90 -t

1

Figure 4-15: Summer projections for 2050s (left) and 2080s (right) for a medium emissions
scenario with 50% probability level.
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In winter months (Figure 4-16) there are both pesitand negative changes with the

negative changes generally in the north and chgngiore positive further south. The 2080s
show all locations skewed towards more negativegés

2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability
Percentage change from Baseline Wind Resource Percentage change from Baseline Wind Resource

Winter Months Winter Months

4
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Figure 4-16: Winter projections for 2050s and 2080s  for a medium emissions scenario with 50%
probability level.

Figure 4-17 shows the UK onshore annual wind speecentage changes from the observed
baseline for the 2050s medium scenario at 10, 8®afo probability levels.

Table 4-6 shows the annual wind speed change fected UK locations from the baseline
to the 2050s and 2080s. It can be seen that aBpeéxane location (Black Law) show
negative changes for the 2050s with the changessaldoubling by the 2080s. Black Law
which shows a positive change in the 2050s turgatnes by the 2080s. Uncertainties vary

by location but are generally in the region of £4.60 +6.0% for the 2050s and +4.5% to
+7.0% for the 2080s.
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Wind Speed - Projected Change from Baseline
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Figure 4-17: Projected annual wind speed percentage

2050s, Medium Scenario

10% of Probability Distribution

Annual
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WWestmill
*

50% of Probability Distribution

change for the 2050s medium scenario

90% of Probability Distribution

Location 2050s 2080s

Probability Level (%) Probability Level (%)

10 50 90 10 50 90

Viking -4.9 -0.7 3.6 -5.4 -1.0 3.5
Spurness -7.3 -2.7 1.8 -9.5 -4.5 0.6
Farr Wind farm -6.6 -0.7 5.1 -7.5 -1.6 4.3
Black Law -5.7 0.2 6.1 -6.2 -0.6 5.1
Grise -5.9 -0.7 4.5 -6.8 -1.6 3.6
Slieve Rushen -5.9 -0.7 4.5 -7.0 -1.6 3.7
Lissett -7.4 -1.7 4.1 -9.0 -3.0 2.9
Mynydd Clogau -6.4 -0.9 4.6 -8.0 -2.0 4.0
Ness Point -6.8 -0.9 5.0 -8.2 -1.9 4.4
Westmill -6.5 -0.5 5.5 -8.2 -1.3 5.5
Bears Down -6.9 -1.3 4.3 -8.5 -2.2 4.0

Table 4-6: Projected annual wind speed change for se

lected onshore wind farm locations

4.5.4 UK Onshore Wind Energy Projections

Wind energy projections have been created for theegted 10%, 50% and 90% probability
future wind speed projections. Figure 4-18, Figds&9 and Figure 4-20 show 2050s and
2080s projected capacity factor changes for a medgenario at 50% probability for

annual, winter and summer periods. The trends engsimilar as the changes seen for wind
speed, some locations with high wind resource appeee flattened and this it probably due

to the wind turbine power curve causing a compngssifect on higher wind speeds due to

the maximum capacity and cut-out.
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Figure 4-18: Projected annual capacity factor change
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Figure 4-19: Projected Summer months capacity factor
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Figure 4-20: Projected Winter months capacity factor change for the 2050s and 2080s. 50%
probability - medium scenario

The projected range of changes in wind energy dptactor is shown for the 2050s and
2080s in Figure 4-21 and Figure 4-22.

This is the actual percentage point change in ¢gp@ctor and not the percentage change in
capacity factor. The levels are typically -0.5% +2%d -0.8% +2% for the 2050s and 2080s
medium emissions scenarios respectively.
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Figure 4-21: Projected annual capacity factor change for the 2050s medium scenario
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Based on Vestas V90 3MW Turbine
Capacity Factor Change 2080s, Medium Scenario
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Figure 4-22: Projected annual capacity factor change for the 2080s medium scenario

Table 4-7 shows the relative capacity factor chatugethe selected UK locations in the
2050s and 2080s.

Location 2050s 2080s
Probability Level (%) Probability Level (%)
10 50 90 10 50 90
Viking -1.50 0.03 1.47 -1.80 -0.05 1.37
Spurness -2.49 -0.73 0.64 -3.61 -1.45 0.61
Farr Wind farm -1.94 -0.34 1.13 -2.14 -0.64 1.06
Black Law -2.68 -0.22 2.46 -2.97 -0.38 2.24
Grise -2.45 -0.27 2.02 -3.04 -0.67 1.75
Slieve Rushen -0.50 -0.17 -0.32 -0.47 -0.32 -0.36
Lissett -5.06 -1.33 2.49 -5.89 -2.07 1.60
Mynydd Clogau -1.71 -0.45 0.73 -1.99 -0.66 0.60
Ness Point -4.11 -0.98 2.56 -4.96 -1.37 2.28
Westmill -3.38 -0.03 3.19 -4.37 -0.73 3.24
Bears Down -2.99 -0.81 1.20 -3.36 -0.87 1.23

Table 4-7: Projected annual capacity factor percenta  ge point change for selected onshore wind
farm locations

To be able to better compare wind speed and cgdaciior uncertainty Table 4-8 shows the
percentage change of capacity factor for the sdeldK locations in the 2050s and 2080s. It
can be seen that percentage change uncertaintiesafacity factor have a much larger
spread than for wind speed. The 2050s see undgripneads of up to —17.2% and +14.4%
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and for the 2080s -19.9% and +14.6%. Coastal lmestand the south east of England

appear to have the largest capacity factor redugtio

Locations that have lower annual average wind spdele the higher uncertainty of
capacity factor and this is due to those locattmgng a higher proportion of time when the
turbine is generating below the rated value. Theacay factor is therefore more sensitive to

wind speed change.

Location 2050s 2080s

Probability Level (%) Probability Level (%)

10 50 90 10 50 90

Viking -3.13 0.06 3.06 -3.75 -0.1 2.85
Spurness -4.93 -1.45 1.27 -7.15 -2.87 1.21
Farr Wind farm -4.37 -0.77 2.55 -4.82 -1.44 2.39
Black Law -7.55 -0.62 6.93 -8.37 -1.07 6.31
Grise -7.06 -0.78 5.82 -8.76 -1.93 5.04
Slieve Rushen -0.97 -0.33 -0.62 -0.91 -0.62 -0.7
Lissett -17.09 -4.49 8.41 -19.9 -6.99 541
Mynydd Clogau -3.56 -0.94 1.52 -4.14 -1.37 1.25
Ness Point -10.9 -2.6 6.79 -13.16 -3.63 6.05
Westmill -15.23 -0.14 14.37 -19.68 -3.29 14.59
Bears Down -6.4 -1.73 2.57 -7.19 -1.86 2.63

Table 4-8: Projected annual capacity factor change f  or selected onshore wind farm locations

4.5.4.1 Projected Change of other Onshore Wind Turbine=Stat

Obviously other wind turbine states are affectedabshanging wind climate and it can be
beneficial to planners and developers to know veloat of characteristics a wind turbine or
wind farm will have at a particular location. Knaslge of how the characteristics may
change as a result of wind speed variability duditoate change may also be valuable input

to planning and development decisions. See Appdddixo B-12 for further information.

4.6 The Effect of Climate Change on Potential Onsho re Resource

The aim of this section is to explore the changes projected wind speeds will have on the
UK potential baseline onshore wind energy resouiides is achieved by applying the

projected change values to the baseline capaaitprfat each of the wind farm locations
discussed in section 4.4.1, weighting the enerdguilby the installed capacity at each wind

farm and adjusting for assumed losses discusssection 4.3.3.

The impact of the projections on the baseline ctile energy output (Figure 4-10) of the

wind farm locations (Figure 4-9) are shown in Tadl® which contains the values of
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weighted average capacity factor change valuesalfamcluded onshore wind farm locations
for the 2050s and 2080s. They include the lossssudsed in section 4.3.3, and have a
scaling factor of 0.8379 relative to values that rdu include the losses (Table B-1 in

Appendix B).

Scenario Projected Aggregate Capacity Factor Changérom Baseline (%) — Assuming Losses

ANN | JAN | FEB | MAR | APR | MAY [JUN [JUL |AUG |SEP |OCT |NOV |DEC

Baseline (%) 346 | 417/ 404 4048 35p 318 305 426.259 | 341 36.3] 388 401

0
2050s 10% 32.6 | 39.8| 385 39.1 33. 20% 282 238 219 314.03 37.8| 393

Probability

0,
2050S50% | 5,5 | 494| 396 406 348 318 30,8 266 245 933633 39.4| 406
Probability
2050s90% | 55 | 40g| 408 418 358 332 332 293 271 350753 408| 418
Probability

2080s 10%

Probability 322 | 39.7| 384 39.00 331 290 278 230 208 30.75.23 382 | 387

2080s 50% 4 4 4
Probability 341 | 41.0| 39.8) 40.0f 344 311 305 2%8 239 32.8.63 394 | 403

2080s 90% . 4 4
Probability 358 | 42.2| 41.0f 40.8] 35. 332 331 285 270 348793 406 | 416

Table 4-9: Projected Aggregate Capacity Factor Chang e from Baseline — assuming losses

Table 4-10 summarises the monthly and annual pesjezhange from baseline for the 2050s
and 2080s medium emissions scenario with 50% pililyalAs can be seen the 2050s
shows a 0.55% reduction in generated electriciynfivind energy, and the 2080s shows a

1.42% reduction from baseline.

Scenario Overall Baseline Energy Output — includindosses (GWh)

ANN JAN | FEB | MAR | APR | MAY |JUN |JUL |AUG |SEP |OCT |NOV |DEC

Baseline 38415| 3874 3390 3789 31p2 2949 2[f40 2458052 3068| 3370 3489 372

Projected Aggregate Change From Baseline Energy Optit — including losses (GWh)

2050s 50% -211 -29 -65 -22 -33 -44 31 13 -126 -76 -3 58 48

2080s 50% -545 -69 -54 =17 -69 -57 4 -60)| -184 -121 S(P 48 18

Percentage Change (%)

2050s 50% | -0.55 -0.76| -1.92| -0.58 -1.04 -1.9 112 054 -5)252.47 | -0.08 151 13

2080s 50% | -1.42 -1.79| -1.58] -2.03 -2.1 -1.95 015 -246 47/6-3.93| 0.88 1.37 0.48

Table 4-10: Projected Change from Aggregate Baseline Energy Output
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Table 4-11 shows just the annual wind energy ptaeahanges for a medium emissions
scenario in 2050s and 2080s and includes the 1@0@¥ distribution points as well as the

50% distribution midpoint.

Offshore Wind - Future Climate Energy Output — including losses

Scenario Generated (GWh) Change (GWh) Change (%)

Baseline 38,415
2050s 10% Probability 36,282 -2,133 -5.55%
2050s 50% Probability 38,204 -211 -0.55%
2050s 90% Probability 40,006 1,592 4.14%
2080s 10% Probability 35,852 -2,562 -6.67%
2080s 50% Probability 37,870 -545 -1.42%
2080s 90% Probability 39,763 1,348 3.51%

Table 4-11: Annual Climate Change Values from Baseli ne Wind Energy Output

In Figure 4-23 the baseline and the 2050s prolstibilbonshore wind monthly energy output
is shown. As can be seen the 10% and 90% linedaevehe baseline. The 50% probability
line shows a clear reduction over much of the yespecially in August and September,
where the lower seasonal resource looks to reduee further. November and December

show a clear increase in resource.

UK Potential Onshore Wind Farm Output - Baseline and 2050s - including Losses
Medium Emissions with 50%, 10% & 90% Probabilities

Energy Output (GWh)
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Figure 4-23: 2050s Impact on baseline energy resour  ce scenario

Figure 4-24 shows the baseline and the 2080s piligbonshore wind monthly energy
output. The characteristics are very similar tosthof the 2050s though there is a definite

further reduction, especially in August. Both th@5@s and 2080s show a reduction in
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energy yield throughout the year, the 2050s showammual change of -4.0% (-10.2%,
+1.6%) and the 2080s a change of -5.1% (-11.698%).

UK Potential Onshore Wind Farm Output - Baseline and 2080s - including Losses
Energy Output (GWh) Medium Emissions with 50%, 10% & 90% Probabilities
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Figure 4-24: 2080s Impact on baseline energy resour  ce scenario

In both the 2050s and 2080s the months with trgekiruncertainty are May to August, they
are also the lowest yield months. These largerrtmogies are due to a higher proportion of
time that turbines are generating but below or jeathing the rated capacity. This is where
the turbine energy output is most sensitive to veipeed variability.
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4.7 Onshore Wind Summary

Accurate estimates of mean monthly onshore windgpaesource has been generated from
monthly wind speed data using a Rayleigh distriutand a generic wind turbine power
curve. Baseline models of wind speed and wind gneygtput have been created.
Estimations of total UK wind energy output have rbeeeated based on the locations and

size of all operational and planned wind turbinessi

The baseline wind speed model is in close agreemvéht two other UK wind models
(EWM & DECC). It appears to be roughly 0.5 m/s l@gkhan both the other models with a
RMSE of 1.29 m/s.

The baseline wind energy model with an average dgptactor of 35.1% is 8 percentage
points higher than the observed UK average (27 (WKES 2010). The discrepancies are

discussed in section 4.4.1.

HadRM3 wind climate data has been used to showapitigtic climate change impact in per
cent change relative from baseline values for taseline wind speed and wind energy

models. Climate change models for wind speed and emergy have been created.

The 2050s and 2080s appear to indicate slight ivegelhanges in wind speed ranging in the
extreme to approximately -5.0% (-10.5% to 0.4%hie 2050s and -6.9% (-12.8% to -1.0%)
in the 2080s.

The overall annual wind energy output from all windbine sites in operation and planned
Is estimated to be in the region of 38.415 TWhtfer baseline climate. It is estimated that
climate change could change this by -0.55% (-5.6%.1%) for the 2050s and -1.4 (-6.7%
to 3.5%) for the 2080s. The future onshore windgneesource is more seasonally variable.
There are slight increases in winter months, wiesource is at its best; and slight resource

decreases in some summer months.

Table 4-12 shows the onshore wind capacity fackbunes estimated in this chapter. These

figures are used in chapters 7 and 8 when calogl#ivelised cost values for onshore wind.

Technology Climate Scenario
Baseline 2050 2050 2050 2080 2080 2080
10% 50% 90% 10% 50% 90%
Onshore Wind 35.1 33.2 35.0 36.6 32.8 34.4 36.4

Table 4-12: Onshore wind capacity factor values
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5 Offshore Wind Power

5.1 Introduction

The main objective of this chapter is to assesd#seline UK offshore wind resource and
investigate the impact climate change could havéherresource. It uses the Hadley Centre
RCM HadRM3 (Met Office 2008) model to assess theelae resource and the projected

change from the baseline wind speeds.

The yellow blocks in the thesis flowchart (Figurel)ssignify the areas of the thesis

connected with this chapter.

Baseline Data Select UKCP09 HadRM3
Climate Projections RCM

Solar PV Onshore Wind Offshore Wind Wave Hydro Resoucs Other Technologies
Model and Energy
Resource and Resource and Resource and Resource and Yield Model Resource and
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) Energy Yield Model
R 2 R 2 R 2 R 3 R R 2
. . Other
Solar PV Onshore Wind Offshore Wind Wave Hydro Technologies
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model
< ') " 2
1 ] ] )

MVPT Input MVPT N Baseline Climate Future Climate
Parameters Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 5-1: Thesis flowchart and offshore wind reso urce blocks

5.1.1 Chapter Overview

A UK baseline offshore wind speed model was creagédg averaged monthly wind speed
data from the HadRM3 data set. Ideally, the basatiodel would use actual measured data
from a large network of locations over a 30 yeauetperiod, as with the wind speed baseline
model for onshore wind (Chapter 4); but wind spdath at offshore locations is much less

common than onshore and can be inconsistent.

The baseline offshore wind energy model was geeeray converting the 30 year averaged
monthly HadRM3 wind speed data from its 10m hetghan 80m hub height. The data was
then fitted to a Rayleigh distribution and fittexthe power output curve of a typical 3 MW

wind turbine in the same manner as described feham® wind. Using the HadRM3 daily
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data to provide the distribution was consideredgctvin retrospect may have given a better

distribution, however, it was decided to follow ®mme method as for onshore wind.

To validate the wind and energy baseline model these compared with data from other
sources. Baseline wind speeds compared favouraltiywind speeds from the UK Marine
Renewable Energy Resource Atlas and recorded wiedds at 4 operating wind farms.

Baseline wind energy values were compared withuidtpm 4 operating wind farms.

A UK offshore wind farm baseline resource model weesated to closely reflect the actual
present and future distribution of wind farms arathbindividual and collective energy
resource and generation characteristics. The aptstions and sizes of all operating and
potential future (in-construction, consented anglenning) offshore wind farm locations
were projected onto the baseline wind energy outpadlel. Monthly averaged output for
each location were collected and accumulated topteim the UK offshore wind farm

resource model.

The generation of 2050s and 2080s probabilisticdwspeed projections for a medium
emissions scenario using the HadRM3 data usesathe method as used for onshore wind
and is described in Chapter 4. Projected wind speeddenergy models for the 2050s and
2080s were created in the same way as describethdobaseline models. The projected
climate variability of wind speed wind energy ar tUK offshore wind farm resource

model was explored by comparing the baseline détatie projected future data.

5.2 Baseline Resource

5.2.1 Creation of UK offshore baseline wind model

The HadRM3 data set was used as the source of leddeind speed data to generate the
UK offshore wind speed baseline model as it waspossible to generate an accurate UK
baseline offshore wind speed model from actual esk offshore wind speed data.

Locations in UK waters with observed wind speedsr@/long period of time are sparse and
the data can be inconsistent. Anemometers cantéeé sn structures such as oil and gas
platforms, buoys and various other ocean vesshiyetcan be inconsistencies in the
anemometer installation height and surrounding renment which in turn can cause

measurement inaccuracies.

The Met Office observed gridded data sets, uséthiapter 4 to create the onshore baseline

wind speed model, could not be used to create fishave wind model as the data set only
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covers onshore locations, therefore, offshore dailyd speeds were extracted from the
HadRM3 data set over the baseline time period (419%D) and processed in the same way
as described for the UK onshore baseline wind made$ection 4.2.1. The HadRM3
onshore wind biasing issues for wind speeds oveuntainous and flat land regions,
mentioned in Chapter 4 do not exist for offshoatmns (Sextoet al. 2010b).

Figure 5-2 shows the baseline offshore wind speed laub height of 80m. The average
baseline seasonal wind speeds vary quite dramgtiadl it can be seen that winter wind
speeds can be up to 50% higher in winter months senmer. The offshore wind speeds
are also less variable and generally higher tharotishore baseline wind speeds. Another
generally accepted advantage of offshore wind evied at onshore locations is there is

much less turbulence due to the sea being gendiatlly

98



Winter Spring

Wind Speed (ms’) Wind Speed (ms’)
@ 27-130 @ 27130
@ n24-126 @ n22-126
@ n21-123 @ ns-121
@ ns-120 @ n3-n7
@, ns-n7 @ w9-12
M n2-14 o 104-108
10.8- 1.1 10.0- 103
105-10.7 95.99
10.0- 104 91-.94
96-99 86-90
91-95 82-85
86-90 77-81
@ s0-85 @ 73-76
| BASL @ 6s-72
@ 7378 @ 64-67
@ o.72 @ 59-63
@ 6769 @ 55-58
@ sa-66 @ s0-54
@ co0-52 @ 5-49
@ 40-59 @ 40-45
Summer Autumn
Wind Speed (ms’) Wind Speed (ms’')
- 27130 @ 27130
@ 2216 - 2216
@ ns-121 @ ns-121
@ n3-n7 @ n3-n7
@ w0s-n2 @ w0s-n2
M 104-108 M 104-108
10.0-103 10.0-103
95.99 95.99
91-94 91-94
86-90 86-90
82-85 82-85
77-81 77-81
o 73.78 @ 7376
@ 6s-72 @ 6s-72
@ s4-67 @ s4-67
5963 59.63
@ s55-58 @ 55-58
50.54 50.54
@ :5-40 @ 5-49
@ 045 @ <0-45

Annual

Wind Speed (ms’)
- 27130
- 22126
18-121
-, n3-n7
@ w09-12
M 104-108
100-103
95.99
91-94
86-90
82-85
77-81
8 73.78
@ ss-72
@ s4-67
@ 5962
@ 55-58
@ 5054
@ 5-49
@ 045

-

Figure 5-2: UK baseline offshore average wind speed at 80m height
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5.2.2 Creation of UK offshore baseline wind energy model

The offshore baseline wind energy model was deeeldpom the average wind speed data
(which used the data to generate the UK offshorewiaseline model). Each cell of the 30
years of gridded average monthly wind speed datafittad to a Rayleigh distribution and
the distribution output then fitted to the Vesta®@0\V3 MW wind turbine in the same way as

described for onshore wind.

Figure 5-3 shows the seasonal and annual offshoré @nergy baseline capacity factors.
The figures assume 100% availability of the wintbiwe. In winter there is enough wind
speed to provide capacity factors in excess of B0%he majority of locations. In other
months there appears to be higher resource in naskerly regions, which gradually reduce
towards the south east or coastal locations. Thedb capacity factors are seen close to

coastlines.

One interesting observation when looking at wimbenths on a different scale (see Figure
5-4) is that locations further from shore in therthowest, which have the highest wind
speed, clearly have a lower capacity factor th&werotar from shore locations. This is due to
a larger proportion of time in which the generiodiurbine profile (Vestas V90 3MW) is in

the above cut out state due to the higher winddspekghis is confirmed in Figure 5-5 where
locations in the North-West spend up to 15% of timewinter months and up to 7.2%

annually in the above cut out state, under thelin@saind speed conditions. The larger
proportion of cut-out time in winter months demoasts the need to match the
characteristics of wind turbine characteristicdie location’s resource. For example, any
future plans to locate a wind farm in the high tese areas of the north-west would benefit
from a wind turbine design tuned to the particuésource at that location and benefit from
an increased cut-out speed and probably a largercitg than the model used in this study.

However, the increased energy yield would needitaveigh the additional turbine costs.
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Winter Spring
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Figure 5-3: Seasonal baseline capacity factors
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Winter
Capacity Factor (%)
@ 5559
- s
@ s55-56
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Figure 5-4: Winter baseline capacity factors — diff ~ erent scale to highlight lower capacity factor
in north-west

Winter Annual
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@ 23-30 @ 23-30
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Figure 5-5: Percentage of time in above cut out stat e for winter months and annually

Other wind energy baseline parameters of intenesshown in Figure 5-6, the annual time
spent cut in is below 10% of the time for most loffie locations with very high proportions
of time in the ‘generating’ and at ‘full rating’ate. The North-west offshore locations spend
less time generating than other offshore locatiomsstly due to having a high proportion of
above cut out time; however, a large proportiotheftime generating is at ‘full rating’ and
so ends up being the location with the highestalleapacity factor.
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Figure 5-6: Other Baseline Resource Parameters: (a)  annual percent time below cut in, (b)
annual percent time between cut in and cut out, (c) annual percent time at full rating.

5.2.2.1 Uncertainties

The data and method to generator baseline offsivimd and energy models contain a
number of uncertainties. The wind speed data s fneodelled HadRM3 output which will

contain errors compared to observed values. Thezeuacertainties due to the 25km
resolution of the HadRM3 gridded data which wilt eapture all the wind flow detail. The
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roughness length relating to a ‘calm sea’ was aeduamd this will add additional error in
periods of rougher seas. A standard Rayleigh wiiglrilbution was assumed for all
locations, this is an acceptable method when wgridith such a large area; however it may
add large uncertainties in locations with differemind distributions. There has been a
generic power curve assumed for the power conwesstach will add additional error. The

wind to power conversion process does not captwydlabulence issues.

5.3 Data Analysis and Validation

The aim of this section is to compare the modeliénd speed and capacity factor values

with actual observed values.

5.3.1 Wind Resource

The HadRM3 generated baseline monthly average weed data has been compared to
wind data used in the UK Marine Renewable Energyoeece Atlas (BERR 2008a) which is
derived from met office weather forecast modelsnd\&peed output from the two data sets

compare very favourably with each other.

Figure 5-7 shows wind data from both data sets. Wiey farm locations have been shown
for reference as red dots. The BERR Atlas wind @peeere transformed from 100m to 80m
height to match the HadRM3 baseline height. Wineksis are largely very closely matched
between the two models. One difference worth noiénthat the BERR Atlas shows wind
speeds in the far north-west to be up to around hi@g#ter than HadRMS3 values. The BERR
Atlas technical report examines these higher thaeaed wind speeds and comments on
two possible explanations: they may be real andpae of a storm track caused by
topographic features and winds naturally travelliegween Iceland and UK; or they may be

caused by a model artefact.

A further point worth mentioning is the HadRM3 wirsdeed values are averaged over a 30
year period (1961-1990) which should capture morg lterm wind climate characteristics
than the BERR Atlas data, which is averaged ovéryaar period (June 2000- May 2007)

and therefore more susceptible to inter-annualrgas
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Figure 5-7: Comparing BERR average wind speeds (left ) with the HadRM3 generated baseline
wind speeds (right); locals of existing and planned wind farms shown as dots

Annual average wind speeds for both BERR Atlas HadRM3 at offshore wind farm

locations are shown in Figure 5-8. The values mateh: the RMSE is 0.56 m/s and on
average the HadRM3 wind speeds are only 0.08 mfarlthan the BERR Atlas value.
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Figure 5-8: Comparing BERR Atlas and HadRM3 baseline  annual values at wind farm locations
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5.3.2 Observations at Operational Offshore Wind Far ms

There is limited historical data on the performanteperational offshore wind farms. One
of the best sources of information is the DECC $bffre Wind Capital Grants Scheme’
reports which contains in-depth information for #sBore Wind Farms over 4 year periods,

as shown in Table 5-1.

Barrow July 2006- June 2008
Kentish flats January 2006 — December 2008
North Hoyle July 2004 — June 2007
Scroby Sands January 2005-December 2007

Table 5-1: Wind Farms with Offshore Capital Grants ~ Scheme Reports (DECC 2004-2009)

5.3.2.1 Wind Speed Comparison

Figure 5-9 and Figure 5-10, show actual observeull wpeeds for North Hoyle and Kentish
Flats offshore wind farm locations and time perisdewn in Table 5-1. Also shown are the
HadRM3 baseline and BERR Atlas wind speeds forldcation. Figures C-1 and C-2 in

Appendix C show Barrow and Scroby Sands. The viygecmatch between the HadRM3
baseline and BERR Atlas wind speeds are very evigerll locations. The actual observed
wind speeds are only averaged over each monthatitese is more variability as they do
not capture the long term intra-annual and annuetage wind speed variability, like the
HadRM3 baseline wind speeds which are averaged &veyears. However, for all four

locations it is clear that the observed values lednagacteristics similar to the modelled wind
speeds though there would need to be a larger pienend of observed wind speeds to
comment any further on the match. Wind speed diffees between wind farm observed

values and the modelled baseline wind speed valgeshown in Table 5-2.

Wind Speed (m/s) Wind Speeds at North Hoyle Offshore Wind Farm Locat  ion (80m height)

16

B HadRM3

14 4 EBERR

M @ Actual 2004
OActual 2005
@ Actual 2006
B Actual 2007

12 A

10 A

- _ i 1
61
41
2
0+ : . ! ; ; L i L L 13
M

Jan Feb Mar Apr

ay Jun Jul Aug Sep Oct Nov Dec Ann

Figure 5-9: Wind Speed Comparison of North Hoyle Off  shore Wind Farm Location
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Wind Speed (m/s) Wind Speeds at Kentish Flats Offshore Wind Farm Loc  ation (80m height)
12

l B HadRM3
EBERR
@ Actual 2006
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™ Actual 2008

1 . i {

10 4

04
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Figure 5-10: Wind Speed Comparison of Kentish Flats Offshore Wind Farm Location

Wind Farm Typical difference from HadRM3  Averagesetffrom HadRM3
Barrow Banks +/-17.0 % +1.2 m/s
Scroby Sands +/- 13.3 % -0.7 m/s
North Hoyle +/-9.6 % +0.1 m/s
Kentish Flats +/-10.7 % +0.1 m/s

Table 5-2: Wind Speed Comparison — Modelled Baseline  to Observed Wind Farm Values

5.3.2.2 Capacity Factor Comparison

The aim of this section is to investigate averagelvepeed to capacity factor characteristics
for both the modelled baseline and actual repostied speed and capacity factor values for
the 4 wind farms. Figure 5-11 shows a scatter atghpmial plot of the modelled baseline
(HadRM3) average monthly wind speed and the regulihodelled capacity factor. All
offshore HadRM3 grid cells have been used to crieplot and this allows extrapolation

of the relationship between modelled average wpaied and capacity factor over the UK.

Average Wind Speed to Capacity Factor - Modelled Baseline (HadRM3)
60

y=0.0139x" - 0.5127x* + 5.9968x” - 18.894x + 17.463

R?=0.9999

IS
o

20

Capacity Factor (%)
w
o

4 5 6 7 8 9
Average Wind Speed at 80m Height (m/s)

Figure 5-11: Wind Speed to Capacity Factor Plot of Mo  delled Data
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Figure 5-12 shows the modelled baseline plot aSigure 5-11 and also all the reported
values for Barrow, Scroby Sands, North Hoyle andtiséé Flats Offshore Wind Farms. The
reported capacity factor values have been factanedusing the reported wind farm
availability values (DECC 2004-2009) so they arenparable with the modelled values
which assume wind farms have 100% availability. rEh@ere some availability issues with
some of the wind farms. A few extreme outlying dadénts were assumed to be mis-reads

and removed from the analysis.

Capacity Factor (%) Average Wind Speed to Capacity Factor - Scatter Plot
80

Observed data polynomial:
y =0.0162x* - 0.6036x> + 7.7773x2 - 33.717x + 51.073

701 R2 =0.869
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50 4

40

30 4

HadRM3
+ Observed data

——HadRM3 Poly

——Observed data polynomial

20 4

10 A

0 T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15
Average Wind Speed at 80m Height (m/s)

Figure 5-12: Comparing Trend lines of HadRM3 to all  available observed wind farm data

As can be seen, the observed data polynomial doesam off like the modelled data at

average wind speeds above approximately 10m/s.r&aledata also has capacity factor
values approximately 6-8% lower than the modellathdor much of the wind speed range.
There are several potential explanations why thdathed characteristics are different to the

observed characteristics:

e The observed data is monthly averaged over a mawiofuonly 3 years for only 4
locations and of too small a sample to capture argrage wind speed to capacity
factor relationship. This is particularly true inet region of higher average wind
speeds where there are only a handful of points b¥em/s, and this lack of data
points is likely to be the reason for the lackaif 6ff being captured in the observed

polynomial.

* The modelled data used a standard Rayleigh distibdor all locations whereas
each specific wind farm location would have its ogpecific wind distribution
characteristics. The data does indicate that th@deRy distribution may have a

wider distribution than the real distribution, asd more frequent higher wind
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speeds than actually seen, leading to more timgeatiee cut out and causing the

flattening off above 10m/s.

The modelled data does not account for ‘array ladiin a wind farm array.

The modelled wind speed data has been referencadhtid height of 80m, whereas

the observed data at the four locations have atiualheights of 75m, 70m, 70m

and 65m, and would have slightly lower wind reseuttae to surface roughness (see

section 4.2)

5.3.3 Wind Energy Losses

This section explores wind energy losses such asdseof unavailability for planned and

unplanned maintenance, array losses, cable lostesdn the wind farm and shore, and

assumes typical values to apply to the modelleélivesenergy values so they more closely

reflect observed data.

5.3.3.1 Wind Turbine Availability

There are three different types of availabilitycdissed in the DECC 2004-2009 reports.

Technical availability is the percentage of time thind farm is available for generating

electricity. Figure 5-13 shows the technical avality of the 4 wind farms featured in the
DECC 2004-2009 reports. Much of the typical valagavailability lie in the region of 85-

90% but there are periods of much lower values:

Barrow had periods of very low availability betwdate 2006 and late 2007 due to several

non-planned maintenance issues, such as the rematef all gearboxes. North Hoyle and

Scroby Sands also

similar issues.
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The average availability of the four wind farms ottee reported period (DECC 2004-2009)
is shown in Table 5-3. These values are lower Hratitipated by the wind farm operators
and are largely due to issues that go hand in hdtid an emerging technology such as

unproven designs and availability of specialistipopent.

Wind Farm Barrow Scroby Sands  North Hoyle  Kentitdtd=| Total

Average Availability (%) 72.8 81.0 87.7 83.3 81.2

Table 5-3: Average Offshore Wind Farm Availability =~ (DECC 2004-2009)

For the analysis in this thesis an overall windrfavailability assumption of 95% will be

used. This takes into account the information atene basing it on the availability once the
emerging technology has matured. Also taken intmact is the assumption that planned
maintenance down-time would be performed in tinfdsw wind speeds. It compares with a

value of 97% commonly quoted by developers.

5.3.3.2 Wind Farm Array Wake and Electrical Losses

Taking into account the comparisons of modelled abserved capacity factor in Section
5.3.2.2 and other sources discussing wake losffshave wind farm arrays (Barthelmat
al. 2007, 2009, 2010; Phillipst al. 2010), which vary considerably from roughly 3% to

20%, it would be fair to assume array wake logsdise region of 10%.

Reported offshore wind farm transformer and caldetdcal losses in the Capital Grants
Scheme reports range from 0.5% to 2.6% (DECC 2QD82 A 2.0% loss will be assumed.

5.4 Technology Deployment

In the UK there are presently over 13 operatiorfidhore wind farms with their total
installed capacity exceeding 1.3 GW and these ntsrdre set to grow substantially: There
are a further 7 wind farms (2.2 GW) in constructibrwind farms (1.8 GW) consented, and
a further 4 wind farm projects (2.0 GW) in plannifi®enewable UK 2011).

The majority of operational offshore wind farms direm the Crown Estate’s ‘Round 1’

leasing of the UK sea bed (December 2000), whittiedluced approximately 1 GW of near-
shore installed capacity. A second round of lea@ir@und 2) was announced in 2003 which
allowed 15 projects and a total installed capasftaround 7 GW to apply for leases (The
Crown Estate 2011a). Round 3 is much more ambitibas the previous two rounds. In

deeper water, further from shore and with an aindeébver 25% of the UK’s electricity
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demand by 2020, it was announced in 2008. The ssfidebidders, with a total installed
capacity of 32.2 GW were announced in 2010 (Thev@r&state 2011b). In addition to the
Round 3 allocations there was a further allocatibfScottish Exclusivity” sites with a total

installed capacity of over 6 GW at 9 different ltbioas (The Crown Estate 2011c).

5.4.1 Deployment Method

For this study, the method used to evaluate theepteUK offshore wind energy resource
characteristics was to identify all locations that operational, in construction, consented,
and in planning and to include any not so far ideldi from the Crown Estate (Round 1, 2
and 3) and Scottish Exclusivity leased locations.

A total of 54 offshore wind farm locations and gatanstalled capacity in the region of 47.8
GW were used to explore the baseline offshore veindrgy resource characteristics. The

locations of each round of leasing are shown imfed-14.

Round One
Round Two
Round Three
Scottish Round

® ® @ 0

Figure 5-14: Locations of Wind Farms for Different Leasing Rounds

All the wind farms locations shown in Figure 5-14r& used to calculate the potential UK
energy output. The capacity factor values for dachtion were identified from the baseline

wind energy model and the baseline energy outpet® walculated based on the capacity
factor and installed capacity at each of the |oceti
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5.4.2 Acloser look at some offshore wind farm loca  tions

This section explores several operating offshomdviarms and some locations of potential
future wind farms. The reported capacity factoueal of operational wind farms used in this
section are from the Renewable Energy Foundatidabdae of renewables obligation
generators (REF 2011). The database includes tberwdd capacity factor values of each
wind farm since becoming operational. Unfortunatatiyer useful monthly parameters such
as observed wind speed and availability of the viamch is not included in the database and

so there is limited scope for analysis of companmglelled against observed values.

North Hoyle wind farm is discussed in the followisgb-section. It has been chosen for
discussion as it is one of the longest operatianiadl farms in the UK and has a reasonably
long time series of reported monthly capacity faetlues. It is also one of the wind farms
with Offshore Wind Capital Grants Scheme ReportERB 2004-2009) which have
extensive additional operating information. Barr&egroby Sands, and Kentish Flats are also

discussed in Appendix C.1to C.3.

5.4.2.1 North Hoyle Offshore Wind Farm

North Hoyle has been in production since late 2808 consists of 30 Vestas V80 2 MW
wind turbines at a hub height of 65m. Figure 5-idves the location of North Hoyle Wind
Farm within the baseline gridded energy model shgwiapacity factor. Each cell is 25km
The cell which contains North Hoyle (X) and 3 otlaeljacent cells are highlighted. Figure
5-16 shows the capacity factor actual average (Reg) and model average for the North
Hoyle site. The actual average is averaged oveethperational years and the spread over
those years (2008-2010) is indicated by bars. Thdeinaverage is the value at location X
average (Model Avg). There are too few samples efisared data for the average to show
any long term characteristics but the modelled Ibesealues are indicative of the actual

values; the 3 years characteristics approach thye&0modelled baseline characteristics.
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Figure 5-15: Location of North Hoyle Offshore Farm on 25km baseline gridded capacity factor
model
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Figure 5-16: Actual capacity factor data and modell  ed baseline capacity factor

5.4.2.2 Round 3 Zones

The recently announced third round allocations offShore zones are shown in Figure 5-17
and Figure 5-18 with corresponding modelled basetionthly capacity factor values shown
in Figure 5-19. In Figure 5-20 the modelled anraggdacity factors are shown. The capacity
factor values are an average value of all cellsatimel farms are located in. They assume no
losses. One interesting observation is that ththduroffshore locations, such as Dogger
Bank, have higher capacity factor values than zaiteser to shore; however, it should also
be noted that increased costs associated with dathdistance from shore will counter at

least some of the higher resource.
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Figure 5-17: Location of Round 3 Zones 1 & 2
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Figure 5-18: Location of Round 3 Zones 3, 4,5,6, 7,8&9
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Figure 5-19: Round 3 Zones - modelled baseline capa  city factor

114



Capacity Factor (%) Annual Capacity Factors of Offshore Wind Round 3 Zo  nes
50

49

48

47 1
46 -
45 1
24 1
43 1
42 1
411
40 A ; ; ‘ ‘ ‘ ‘ ‘ ‘

Moray Firth  Firth of Forth Dogger Bank Hornsea (4) East Anglia Southern  West Isle of Atlantic Array Irish Sea (9)
(€} ) (©)] (O] Array (6) Wight (7) (®)

Figure 5-20: Round 3 Zones - Annual modelled baseli  ne capacity factor

5.4.2.3 Scottish Exclusivity Award Zones

The Scottish exclusivity zones are shown in Figbh2l, the modelled baseline monthly

capacity factor values in Figure 5-22 and modedledual values in Figure 5-23.

Capacity Factor (%) Annual

527-530

Figure 5-21: Location of Scottish Exclusivity Zones
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Capacity Factor (%) Scottish Wind Farm Exclusivity Award Zones - Capacit  y Factors
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Figure 5-22: Scottish Exclusivity Zones - modelled b~ aseline capacity factor

Annual Capacity factors of Scottish Wind Farm Exclu sivity Award Zones
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Figure 5-23: Scottish Exclusivity Zones - Annual mod elled baseline capacity factor

5.5 UK Potential Offshore Resource

The potential UK offshore wind farm resource watinested by using all the potential wind
farms sites and sizes to calculate the potentialddirgy output as modelled by HadRM3.
The monthly average capacity factors at each lmsatshown in Tables C-1 to C-4 in
Appendix C) were extracted from the baseline windrgy model as described in section
5.2.2. The overall capacity factor values are shawiable 5-4 weighted by the installed
capacity at each location. Also shown are valuek less assumptions included, which are

also shown in Figure 5-24.

The overall installed capacity comes to a tota}af78 GW. The total baseline annual energy
output is 196 TWh without losses and 164 TWh witbsks.
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Overall Baseline Capacity Factors (%) and Energy Otput (TWh)

‘ ANN ‘ JAN ‘ FEB |MAR ‘APR ‘MAY |JUN ‘JUL ‘AUG |SEP ‘OCT |NOV |DEC

Assuming No Losses

C.F. 46.8 56.2 55.9 53.1] 47.3 40.p 34{7 311 3

4494 522 54.9

55.9

Energy | 196.00f 19.99 17.96 18.89 16.29 14,53 11.941.041| 12.60

15.43 185 18.89

19.89

With Assumed Losses

C.F. 39.2 47.1 46.8 44.5 39.6 34.8 29/1 26.1 2

9.7 763 43.7 46.0

Energy | 164.24| 16.7§ 15.05 15.83 13.65 12j17 1(Q.00.26 9 10.56

12,93 15,56 15.88

Table 5-4: Baseline Capacity Factors - Aggregate To

tal

Overall Baseline Energy Output - Including assumed Losses

-
N
o

Energy Output (TWh)
s
5
°

6.0
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Figure 5-24: UK overall monthly baseline energy out  put — including assumed losses

The overall modelled capacity factor value of 39.Z#cluding assumed losses) is
significantly higher than historical average estioas reported in DUKES (2010) which
average 27.6% (Table 5-5). However, the DUKES \alde appear to be on the low side.

This is a reflection of the technology’s currenthganaturity and the challenges associated

with the early stages of any new technology. Howetee modelled value is almost

identical to the value attained by Mott MacDona2®10) for assessing projected costs of

Offshore Wind.
UK Average Offshore Wind Historical Capacity Factors
2005 2006 2007 2008 2009 Average
27.2 28.7 25.6 30.4 26.0 27.58

Table 5-5: Historical Average UK Offshore Wind Capa  city Factors (DUKES 2010)

5.6 Climate Change Impact

This section investigates the projected wind spa@rd-annual and annual average climate

variability and its impact on the baseline offshaied speed model (section 5.2.1) and on
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the UK potential offshore wind resource (sectidh®). As previously discussed, wind speed
projections were not included in the UKCPQ9 probistié projections and the same
approach to offshore wind has been used for onshimr@ (Chapter 4). It uses wind speeds
from HadRMS3 to create wind climate change projeddiin a format similar to that of the

UKCPO09 probabilistic projections.

The main difference between the method used fdnameswind and offshore wind is that the
climate projections are applied to a baseline wspded model created directly from the

same HadRM3 dataset for “current climate”.

5.6.1 UK Offshore Wind Speed Projections

Figure 5-25 shows the 2050s and 2080s wind speegmeage change from baseline for a
medium emissions scenario at a 50% probabilitylléMee projections show reductions in
average annual wind speeds over most offshorei¢éosator both future time periods. Much
of the North Sea has a reduction of around 1%Her2050s and 2% for the 2080s. Extreme

south east locations show slight wind speed ineeas

There appears to be a band of reduced wind spéedshang from off the west coast of

Shetland, through the west of Scotland, and extenthrough the east and west coastal
waters of Ireland and continuing south west from slbuth west of Ireland. There are also
large reductions in the extreme north east of &ndil which is part of the same band,
stretching from the south-east of Orkney down tbast to Moray Firth. The largest wind

speed reductions are seen in the Irish Sea, whimlssreductions of up to 5% for the 2050s
and 7% for the 2080s. Extreme south west locasbiasy an annual increase of wind speeds
up to 1.5%. The 2080s projections have very sintlaracteristics to the 2050s but show

additional wind speed reductions of up to 1%.
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2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability

Percentage change from Baseline Wind Resource Percentage change from Baseline Wind Resource
Annual Annual
Wind Speed Change (%) ¢ i Wind Speed Change (%)
@ s4-70 ) @ s4-70
@ s7-63 M s7-63
@ s0-58 B s0-58
B 43-49 B 43-49
0 36-42 | B 3s-42
29-35 | 29-35
22-28 22-28
15-21 15-21
08-14 08-14
01-07 01-07
-0.6-00 -0.6-00
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B 27-21 B 27-21
B 34-28 B 34-28
M 41-35 M 41-35
M 4s-42 M 4s-42
@ 55-49 @ 55-49
B s2-56 B s2-56
@ 70-s3 @ 70-63

Figure 5-25: Projected annual wind speed change for ~ the 2050s and 2080s medium scenario

Summer and winter months for the 2050s and 2089sfaown in Figure 5-26 and Figure
5-27. Summer months show greater reductions of spekds than winter months. Most
offshore locations around the UK show reductionsiafund 3% for the 2050s and around
5% for the 2080s. The most extreme reductionsratbe Irish Sea with around 7% for the
2050s and reaching 11% for the 2080s. There agbtslicreases east of Orkney of around
2-3% but these increases reduce in the 2080s.

2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability
Percentage change from Baseline Wind Resource Percentage change from Baseline Wind Resource
Summer Months

Summer Months

Wind Speed Change (%) ¢ Wind Speed Change (%) ¢
@ 1o0-110 . @@ 1o-110
@ ss-99 @ ss-99 Y
B 78-88 B 78-88
B s7-77 M e7-77
0 56-66 0 56-66
45-55 45-55
34-44 34-44
23-33 23-33
12-22 12-22
01-1.1 01-11
1.0-0.0 1.0-0.0
24--14 24--14
32--22 32--22
0 43-.33 0 43-.33
B 54-44 B 54-44
B 65-55 B 65-55
B 75-66 B 75-66
| s7-77 | s7-77
B os-ss8 B os-s8s8
@ 110--99 @ 110--99

Figure 5-26: Projected Summer months wind speed chan  ge for the 2050s and 2080s medium
scenario

In winter months, the 2050s show wind speed rednstiof up to 4% in more northerly
locations such as around and to the west of Orkméely the 2080s showing up to 7.2%
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reductions. Travelling south the change reduces balf way down the UK on the east
coast and just south of Ireland where slight ineesabegin. The wind speed increases are up
to 2% in south easterly locations for the 2050s &% for the 2080s. The 2080s show
similar wind speed change characteristics to th8020but the reductions are more

pronounced, especially in the north around Orkney @own the west coast into the Irish
Sea.

2050s Medium Scenario 50% Probability
Percentage change from Baseline Wind Resource
Winter Months

Wind Speed Change (%) # Wind Speed Change (%)
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37-43 ";) 37-43
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15-22 : )

2080s Medium Scenario 50% Probability
Percentage change from Baseline Wind Resource

Winter Months
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Figure 5-27: Projected Winter months wind speed chan  ge for the 2050s and 2080s medium
scenario

Figure 5-28 and Figure 5-29 show the 10%, 50% &X%d Brobability distributions for the
2050s and 2080s annual wind speed percentage ch@aggive examples of probability
levels at different locations there are 7 offshwned farm locations labelled on the 50% of
probability maps with the wind speed changes fos¢hlocations shown in Table 5-6. The

spread between the 50% distribution level and 0% and 90% levels are typically +4.9%
for the 2050s and +5.3% for the 2080s.
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Figure 5-28: Projected annual wind speed change for
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5-29: Projected annual wind speed change for the 2080s medium scenario with 10%,
50%, 90% probabilities

Location Time Period
2050s 2080s
Probability Level (%) Probability Level (%)
10 50 90 10 50 90
Beatrice -8.0 -3.3 1.4 -10.7 -5.3 0.0
Argyll -7.4 -3.2 11 -9.2 -4.5 0.2
Forth Array -6.5 -1.2 4.1 -7.7 -2.6 2.6
Irish Sea -9.3 -4.0 1.4 -11.6 -5.7 0.1
Hornsea -6.9 -1.6 3.7 -8.8 -3.2 2.4
Atlantic Array -5.9 -1.4 3.1 -7.4 -2.2 3.0
Southern Array -5.5 -0.7 4.2 -6.8 -1.5 3.9

Table 5-6: Projected annual wind speed change for se  lected wind farm locations
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5.6.2 UK Offshore Wind Energy Projections
The projected wind speed values for the 2050s @8)< medium emissions scenarios at
10%, 50% and 90% values were processed in the saammer as for onshore wind to

generate wind energy parameters for each of tluesfutme periods.

5.6.2.1 Projected Capacity Factor Change

Figure 5-30 shows the 2050s and 2080s capacitgrfactnual change from baseline for a
medium emissions scenario and a 50% probabilityikdigion. The projections follow much
the same characteristics as the wind projectiongvisiy slight reductions in capacity factor
values except for the extreme south west which sh@wery slight increase. The greatest
reductions are in the Irish Sea where they areou2.7% for the 2050s and -3.7% for the

2080s. The majority of locations show reductiorsir-0.5% to -2.2% for the 2050s and
from -1.0% and -2.5% for the 2080s.

2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability
Change from Baseline Capacity Factor Change from Baseline Capacity Factor
Annual Annual
Capacity Factor Change A Capacity Factor Change A
@ s4-70 ‘Q @ s4-70 Q
@ 5763 - @ s57-63
& 0
B s0-58 5 B s0-58 5
43-49 7 ol 43-49
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22-28

15-21 1 \ 15-21
08-1.4 2k S 08-1.4 X 9 -
01-07 ’;“" A g f 01-07 '} . )
-0.6-0.0 L \ 4 - -0.6-0.0 L .
13-07 V. P 13-07 k. ;
-20--14 <2 aad ] -20--14
27--21 5= By ,‘,j: 2.7--21 5 - s
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Figure 5-30: Projected 2050s and 2080s Annual Capaci ty Factor Change - Medium Scenario 50%
Distribution

Figure 5-31 and Figure 5-32 show capacity fact@nge for summer and winter months. It
is evident that capacity factor in winter monthe lss affected by the relative change in
wind speeds when compared to summer months.

The lower baseline wind speeds in summer monthgltres a larger proportion of wind
turbine time spent below rated capacity. In thiseca slight reduction in wind speed can
result in a larger reduction in capacity factordese of the cube power law. There will also

be a higher proportion of time where the wind tnebis in its cut in state. In other seasons
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the turbine output would spend a larger proportibtime in the ‘at rating’ state and in this
state a slight reduction in wind speed does no¢ssarily result in the wind turbine having a
lower output as it could still be at its rated auitpfter a wind speed reduction.

The greatest reductions in summer months are iiridleSea where they are up to -5.0% for
the 2050s and -6.8% for the 2080s. The majoritpcditions show reductions from -0.8% to
-3.0% for the 2050s and from -1.5% to -4.7% for 2080s.

2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability
Change from Baseline Capacity Factor Change from Baseline Capacity Factor
Summer Summer
Capacity Factor Change Capacity Factor Change ;
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Figure 5-31: Projected 2050s and 2080s Summer Months  Capacity Factor Change - Medium
Scenario 50% Distribution

In winter months (Figure 5-32) the projected chaimgeapacity factor is seen to be less than
the relative change in wind speed and in some imtatthe capacity factor change
characteristics are out of phase with the wind dmd@anges. Higher baseline wind speeds in
winter months result in a relatively higher projpmmtof time above cut out and ‘at-rating’
states than other months and where, in these statesduction in projected wind speeds
could actually result in no change in power outmuéven an increase due to less time in the
above cut out state. Likewise, an increase in wintenth wind speeds can result in lower
capacity factors by increasing the proportion pfdiin the above cut out state. The 2050s

and 2080s both show the majority of locations hgwirinter capacity factor changes of -
0.2% +0.5%.
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Figure 5-32: Projected 2050s and 2080s Winter Months ~ Capacity Factor Change - Medium
Scenario 50% Distribution

Figure 5-33 and Figure 5-34 shows the 10%, 50%%8d probability distribution values
for the 2050s and 2080s annual wind speed percemtzange. Both show it is unlikely for
the change in capacity factor to be more than +4fish the 50% probability distribution
projection values for the future time periods. Asviously shown for wind (Figure 5-29),
there are 7 offshore wind farm locations labelledtlte 50% probability maps for both the
2050s and 2080s. The capacity factor projected ggsaifor those locations are shown in

Table 5-7.

Capacity Factor Change Based on Vestas V90 3MW Turbine

= j:zj 2050s, Medium Scenario

Annual
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Figure 5-33: Projected annual capacity factor change
with 10%, 50% and 90% probabilities
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Capacity Factor Change Based on Vestas V90 3MW Turbine
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Figure 5-34: Projected annual capacity factor change for the 2050s and 2080s medium scenario
with 10%, 50% and 90% probabilities

In Table 5-7 it can be seen that the spread bettheeb0% distribution level and the 10%
and 90% levels are typically £3.0% for the 2050d &8.4% for the 2080s.

Location Time Period
2050s 2080s
Probability Level (%) Probability Level (%)

10 50 90 10 50 90
Beatrice -3.8 -1.2 1.1 -4.5 -2.2 0.6

Argyll -3.3 -1.1 0.6 -4.2 -1.9 0.2
Forth Array -3.5 -0.7 1.8 -4.1 -1.4 1.1
Irish Sea -4.6 -2.0 0.4 -5.9 -2.8 0.0
Hornsea -3.6 -1.0 1.2 -4.6 -1.7 0.9
Atlantic Array -5.9 -1.4 3.1 -7.4 -2.2 3.0
Southern array -5.5 -0.7 4.2 -6.8 -1.5 3.9

Table 5-7: Projected annual capacity factor change f  or selected wind farm locations

5.6.2.2 Projected Change of other Wind Turbine States

Figure 5-35 to Figure 5-39 highlight the projectddnge in different wind turbine operating
states and clearly shows that the projected changeféshore wind speeds have a resulting
effect on the baseline offshore wind energy pararset

Figure 5-35 and Figure 5-36 show the change in spent at ‘above cut-out’ in winter and
summer months. As would be expected it is the wimienths where wind resource is higher
that shows larger changes. There is a very cleadadibetween the north which shows

reduced of time above cut-out and the south whidws increased time above cut-out in
winter.
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2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability

Change from Baseline - Above Cut-Off Speed Change from Baseline - Above Cut-Off Speed

Above Cut Off (%) Winter Months Above Cut Off (%) Winter Months
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Figure 5-35: Projected change in percentage of time ‘above cut off’ state for 2050s and 2080s
medium emissions in winter months

2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability
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@ 33-35 @ 33-35
@ 29-32 @ 29-32
@ 25-28 @ 25-28
8 22-25 @ 22-25
@ 19-21 @ 19-21
15-18 15-18
12-14 12-14
08-1.1 08-1.1
05-07 05-07
01-04 01-04
-0.2-00 -0.2-00
-06--03 -06--03
-09--07 -09--07
8 13-4 8 13-4
o 17--14 o 17--14
@ 20--18 @ 20--18
o, 24--21 o, 24--21
@ 2725 @ 2725
@ 31--28 @ 31--28
@ 35-32 @ 35-32

Figure 5-36: Projected change in percentage of time  ‘above cut off’ state for 2050s and 2080s
medium emissions in summer months

Figure 5-37 and Figure 5-38 show the change in §pent ‘at rating’ in winter and summer

months. There appears to be a slight decrease ntewmonths but a very noticeable

decrease in many areas in the summer months. Tiggests that the wind speed reduction
in summer months is causing an increase in the tti@evind turbine is operating below its

rated output.
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2050s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability

Change from Baseline - At Rating Change from Baseline - At Rating
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Figure 5-37: Projected change in percentage of time  ‘at rating’ state for 2050s and 2080s
medium emissions in winter months
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Figure 5-38: Projected change in percentage of time ‘at rating’ state for 2050s and 2080s
medium emissions in summer months.
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Figure 5-39 shows the annual change in time sgamerating’ and ‘below cut-in’ for the
2050s medium emissions. There appears to be asaserin the time the wind farm is
operating in the far north and extreme south. Thist@ Channel area has quite a significant
reduction in the annual time below cut-in.
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Figure 5-39: Projected annual change in percentage o f time ‘generating’ (left) and ‘below cut-in’
(right) states for the 2050s medium scenario 50% pr  obability
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5.7 The Effect of Climate Change on Offshore Wind R esource

This section explores the changes that projected wpeeds will have on the UK offshore
wind energy resource and yield discussed in theique section. This is achieved by
applying the projected change in capacity factoeath of the wind farm locations and
weighting the energy output by the installed cayeati each wind farm.

The capacity factor changes for Rounds 1, 2 anchd $cottish exclusive wind farm
locations are shown in Table C-5 to Table C-8 repely for a 2050s medium emissions
scenario with 50% probability. The values do natude loss assumptions discussed earlier.
The parameters are changes from the values in Téldleto C-4 in Appendix C. As an
example, the baseline annual capacity factor ford®a is 42.7% (from Table C-1 in
Appendix C), the projected annual capacity fact@ange for Barrow is -0.66% (from Table
C-5in Appendix C) giving a projected capacity taaf 42.1%.

Table 5-8 shows the weighted average capacity rfatttange values for all wind farm
locations (Table C-5 to Table C-8 in Appendix C} the 2050s and 2080s. The values

assume losses. Values without losses are showalile-IC9 in the Appendix.

Scenario | Projected Aggregate Capacity Factor Change From Badine (%) — Assuming Losses

ANN JAN FEB MAR APR MAY JUN JUuL AUG SEP OCT NOV DEC

Baseline 39.23 47.12 46.87 44.53] 39.6 34.24 29.07 26/03 7 29. 37.58 43.75 45.99 46.87
2050s 50% | -0.81 0.01 -0.39 -0.61 -0.74 -1.2 -0.0y -0.97 -3.08 -2.78 -0.57 0.39 0.18
2080s 50% | -1.33 -0.15 -0.5 -1.35 -1.32 -1.27 -0.88 -2.21 4.4 -3.46 -0.33 0.28 -0.03

2050s 10% | -2.98 -0.56 -1.19 -1.98 -2.19 -3.83 -3.6[L -5.42 937.| -5.59 -1.97 -0.61 -0.29

2050s 50% | -0.81 0.01 -0.39 -0.61 -0.74 -1.2 -0.0y -0.97 -3.08 -2.78 -0.57 0.39 0.18

2050s 90% | 1.09 0.19 0.14 0.51 0.59 1.23 3.2 3.8¢4 152 -0270.61 1.02 0.38

2080s 10% | -3.76 -0.85 -1.42 -2.56 -3.66) -4.29 -4.8[L -7.37 6%9.| -7.19 -1.93 -0.56 -0.66

2080s 50% | -1.33 -0.15 -0.5 -1.35 -1.32 -1.27 -0.88 -2.21 4.4 -3.46 -0.33 0.28 -0.03

2080s 90% | 0.85 0.15 0.11 -0.3 0.74 15 2.9 2.8p 0.18 -0.16 .011 0.87 0.33

Table 5-8: Projected Aggregate Capacity Factor Chang e from Baseline — assuming losses
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Table 5-9 summarises the monthly and annual pegechange from baseline for the 2050s
and 2080s medium emissions scenario with 50% pilityatAs can be seen the 2050s
shows a 2.1% reduction in generated electricitynfieind energy, and the 2080s shows an

even larger 3.4% reduction from baseline.

Scenario Overall Baseline Energy Output — including lossesgWh)

ANN JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Baseline (TWh) 164245 16752| 15057 1583P 13646 12172 10001  9p55 5910512930 | 15555 15824 16666

Projected Aggregate Change From Baseline Energy Opit — including losses (GWh)

2050s 50% -3450 2 -127 -216 -254 -425] -23 -30p -1095 -988  4-20 135 64

2080s 50% -5557 -53 -160 -481 -456 -453 -287 -786 -16%9  -1191-117 98 -12

Percentage Change (%)

2050s 50% -2.1 0.0 -0.8 -1.4 -1.9 -3.5 -0.2 -3. -10.4 -7.4 1.3- 0.9 0.4

2080s 50% -3.4 -0.3 -1.1 -3.0 -3.3 -3.7 -2.9 -8. -15.7 9.2 -0.8 0.6 -0.1

Table 5-9: Projected Change from Aggregate Baseline Energy Output

Table 5-10 shows just the annual wind energy ptmgeahanges for a medium emissions
scenario in 2050s and 2080s and includes the 1@®@¥% distribution points as well as the
50% distribution midpoint.

Offshore Wind - Future Climate Energy Output

Scenario Generated (GWh) Change (GWh) Change (%)

Baseline 164,245
2050s 10% Probability 151,774 -12,471 -7.59%
2050s 50% Probability 160,835 -3,410 -2.08%
2050s 90% Probability 168,822 4,577 2.79%
2080s 10% Probability 148,498 -15,747 -9.59%
2080s 50% Probability 158,687 -5,558 -3.38%
2080s 90% Probability 167,803 3,558 2.17%

Table 5-10: Annual Climate Change Values from Baseli  ne Wind Energy Output
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Figure 5-40 and Figure 5-41 show the baseline &ed10%, 50% and 90% probability
monthly values for the 2050s and 2080s.

UK Potential Offshore Wind Farm Output - Baseline a  nd 2050s - including losses

Energy Output (GWh) Medium Emissions with 50%, 10% & 90% Probabilities
18000 -
16000 - /
14000 -
12000 -
Baseline
2050s 10
10000 1 2050s 50
2050s 90
8000 -
6000
JAN FEB MAR APR MAY JUN JuL AUG SEP oCT NOV DEC

Figure 5-40: Potential Offshore Wind Farm Baseline O  utput and values for the 2050s medium
emissions scenario at 10, 50% & 90% probability dis  tribution

UK Potential Offshore Wind Farm Output - Baseline a  nd 2080s - Including Losses

Energy Output (GWh) Medium Emissions with 50%, 10% & 90% Probabilities
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\/ /\
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12000 | /
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Figure 5-41: Potential Offshore Wind Farm Baseline O  utput and values for the 2050s medium
emissions scenario at 10, 50% & 90% probability dis  tribution

It is clear for both the 2050s and 2080s futuresteriods that there is an overall reduction
from the baseline of potential offshore wind energlues. Summer months have the
greatest reduction with winter months showing viitfe change and the 2050s actually

show a slight increase in wind energy output.
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5.8 Offshore Wind Summary

Accurate estimates of mean monthly offshore winevgroresource have been generated
from monthly wind speed data using HadRM3 wind gpdsta, a Rayleigh distribution and a
generic wind turbine power curve. Baseline modélwiad speed and wind energy output
have been created and validated. Estimations af t offshore wind energy output have
been created based on the locations and size opatiational and planned offshore wind

turbine sites.

The offshore baseline wind model shows good agraemith the BERR Atlas wind speeds
with an RMSE of 0.56 m/s and on average the HadRM8 speeds are only 0.08 m/s lower
than the BERR Atlas value. It also shows good agess® when compared to observed wind
speeds at several offshore wind farm locations; évaw the observations are very limited
and averaged over a relatively small time periqgp(aximately 3 years) compared to the
model (30 years). The modelled average wind speagproximately 0.5 m/s lower than the
observations. Each observed average monthly wie@dsiis typically within £10% of the
modelled wind speed at any location. The offsheired energy model was compared to a
limited source of offshore wind farm observed cdiyatactors. The wind energy model
typically reports values 6-8% higher than the obsons. Similarly to the wind speed
comparison the observations are over a small pesfodme and this comparison is of

interest but of limited use as a validation method.

The 2050s appear to indicate negative changesnd speed of typically -1.8% (-9.3% to
1.6%) and -3.0% (-8.1% to 2.0%) in the 2080s. Tverall annual wind energy output from
all offshore operational and potential wind turbsites is estimated to be in the region of
164.245 TWh with the baseline climate. It is estedathat climate change could change this
by -2.1% (-7.6% to 2.8%) for the 2050s and -1.4786 to 3.5%) for the 2080s. The future

offshore wind energy resource is more seasonatiphie.

In summer months when resource is seasonally lolnae is a significant reduction. July
has an estimated change of -3.3% (-22.4% to 14fé%she 2050s and -8.5% (-28.3% to
11.0%). In comparison, January has a change of (:0%% to 0.4%) for the 2050s and -
0.3% (-1.8% to 0.3%) for the 2080s.

The difference in the uncertainty between wintest anmmer months is related to the wind
turbine power curve characteristics. In winter nhanthe typical offshore wind turbine will
spend a large amount of time in its at-rated outjpusummer months the output of the

turbine will be much more sensitive to wind speadability as it will spend a large amount
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of time in the curve part of the power curve, betbw rated value, where any slight change
in wind will have a large effect on the power outdue to the wind to power cube effect as

discussed eatrlier.

Table 5-11 shows the offshore wind capacity fagaiues estimated in this chapter. These

figures are used in chapters 7 and 8 when caloglafifshore wind levelised cost values.

Technology Climate Scenario
Baseline 2050 2050 2050 2080 2080 2080
10% 50% 90% 10% 50% 90%
Offshore Wind 35.1 33.2 35.0 36.6 32.8 34.4 36.4

Table 5-11: Offshore wind capacity factor values

133



6 Other Technologies

The main objective of this chapter is to discudseptechnologies that are susceptible to
resource variability due to climate change. Idealy other technologies justify as in depth
an analysis as performed for solar, on- and offskond, in the previous chapters, but this is
not possible due to limited time-scale and resowfcéhis study. However, a reasonable
assessment of wave energy and its sensitivity itbaté change is performed. The other
technologies are discussed in brief. Hydro has g Weief climate sensitivity analysis

performed using data directly from Niall Duncan'$iCP study ‘Mapping Scotland's

Hydropower Resource’ (Duncan 2012) in which heudek analysis of hydro intra-annual

and annual average climate variability using UKCE@®ate input parameters.

The yellow blocks in the thesis flowchart (Figurel)6signify the areas of the thesis

connected with this chapter.

Baseline Data Select UKCP09 HadRM3
Climate Projections RCM

Solar PV Onshore Wind Offshore Wind Wave Hydro Resource Other Technologies
Model and Energy
Resource and Resource and Resource and Resource and Yield Model Resource and
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) Energy Yield Model
T T T 5 T T
- - Other
Solar PV Onshore Wind Offshore Wind Wave Hydro Technologies
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model
L ) '
I ] ] )

MVPT Input MVPT N Baseline Climate Future Climate
Paramelers Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 6-1: Thesis flowchart and wave and hydro res  ource blocks

6.1 Wave Power

6.1.1 Introduction

While it was hoped to perform an in depth wave analysis of all UK coastal waters,

in a similar manner to the previous solar PV anchdMihapters. The effort of performing

this was deemed to be out-with the available ticsesand resource of this study. Indeed it
is a PhD in itself.

Ideally, the method would follow a similar approaa$ performed in previous chapters for
solar PV and wind. It would involve running numetievave energy models that are driven

by output for the baseline climate and future ctenscenarios for different greenhouse gas
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emission scenarios, then performing a comparatigessment. This described approach has
been undertaken by Reegeal. (2011) for the Wave Hub location with interestirggults
showing increases of wave power in the region 8P2for the A1B scenario (UKCIP09
medium scenario) using a GCM. However, the enefgidyoutput from the WEC device
was found to reduce by 2 to 3%. This was largelg tuthe technical limitations of the

device in larger waves.

Another comprehensive study worth mentioning whaskBesses uncertainty in wave energy
resource states that the annual average climategeha likely to be small when compared
with natural climate variability (Mackast al. 2010a, 2010b).

The chosen methodology for this study is a simpfgroach using an established method,
albeit with limitations. It follows a similar appaoh of Harrisoret al. (2005) where average

wind speeds at the location of interest are comdetd a Rayleigh distribution in the same
manner as in the earlier wind energy chaptersabatheight of 19.5m above sea level. The
wind speed distribution is then applied to the $iar Moskowitz (PM) spectrum (Pierson

and Moskowitz 1964) which describes a fully develdsea, i.e. a sea that has had wind
blowing over it for a sufficient length of time @@hours) and distance (200-600km) for a
steady state sea condition to be reached. The toftpu the PM spectrum is then used as
input to a wave to power output of a WEC deviceerigy yield is estimated from the power

output of the WEC device. Different sets of restdtsthe location are compared for baseline

and future emission scenario climate wind speeds.

This study extends the work by Harrisetnal. (2005) which was based on a single annual
average wind speed for one location in the AtlaQ@ean, by investigating the monthly

characteristics of several locations of varyinguates on the west of the UK.

6.1.1.1 Locations for Investigation

This study of the potential impact of climate chanmgn wave resource focuses on four
geographic locations that are very likely to beselto locations hosting a high proportion of
the UK'’s future wave energy installations. They allesituated in westerly waters that are
open to the large wave resource of the Atlanticabc@ he locations are: the west coast of
Shetland, Orkney, The Western Isles, and north-wH#s€Cornwall. Shetland, Orkney and

The Western Isles locations have been awardedslégsthe Crown Estate for Wave Power
development (Crown estate 2010). The location im@ell is chosen because of Wave Hub,

which is an offshore grid connected facility foettesting of wave energy devices situated
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10 miles off the coast of Cornwall (Wave Hub 201The locations are shown in Figure 6-2
and on the HadRM3 25km grid.

% Western Isles Cornwall

Figure 6-2 Shetland, Orkney, Western Isles and Cornw  all wave energy locations for study

6.1.2 Baseline Resource

The aim of the first part of the section is to teclaaseline wave energy resource for the four
chosen locations by converting wind speed resotragave resource by using the Pierson
Moskowitz (PM) spectrum. Wind speed data from thedRM3 data set was used as the
basis of evaluation of the wave energy baselineureg. Other potential sources of baseline
resource are: ERA-40 Reanalysis: Wind and Wave teries available (1957-2002) and
the Atlas of UK Marine Renewable Energy: Wind andver monthly averages available
2000-2007. The main reasons for using HadRM3 datagsessing the sensitivity of wave
energy to climate change were that the HadRM3 wpekd data has already been processed
for offshore wind and it includes future climateojacctions, whereas other sources do not.
The main disadvantage of using wind data is thaina to wave methodology is required to
relate the wind speed data to wave resource.

6.1.2.1 Creation of the wave energy baseline model

The following section describes the creation of th&ve energy baseline model. Four
locations are first chosen, average monthly baseliimd speeds are converted to a Rayleigh
distribution which is then converted to wave eneuging the Pierson-Moskowitz method.
The wave energy values are then used as inputhet@ower curve of the Pelamis wave

energy convertor.

136



Conversion method:

Baseline average wind speed values calculated ifadRM3 wind speed output are shown
in Table 6-1 for the four chosen wave power logatio

Baseline average wind speed at 80m (m
Shetland Orkney Hebrides Cornwall
Annual 10.20 9.92 10.27 9.57
January 12.80 12.66 12.91 12.13
February 12.46 12.37 12.54 11.76
March 11.42 11.19 11.34 10.62
April 10.09 9.79 9.91 9.29
May 8.55 8.39 8.69 8.22
June 7.66 7.44 7.86 7.57
July 7.33 7.13 7.58 7.13
August 7.97 7.65 8.1 7.35
September 9.52 9.06 9.61 8.26
October 10.89 10.36 10.89 9.9
November 11.51 11.1 11.52 10.98
December 12.27 11.96 12.24 11.67
Table 6-1: Baseline average 80 metre height baselin

e wind speeds at four potential wave power
locations

The average wind speed values were converted égathof 19.5 metres (Table 6-2) which

is the required height for the Pierson-Moskowitzthoe. The height conversion was
performed using the log power law (Manwetlal. 2002).

Baseline average wind speed at 19.5m (m/s)
Shetland Orkney Hebrides Cornwall
Annual 8.75 8.51 8.80 8.21
January 10.98 10.86 11.07 10.40
February 10.68 10.61 10.75 10.08
March 9.79 9.60 9.72 9.11
April 8.65 8.39 8.50 7.97
May 7.33 7.19 7.45 7.05
June 6.57 6.38 6.74 6.49
July 6.29 6.11 6.50 6.11
August 6.83 6.56 6.95 6.30
September 8.16 7.77 8.24 7.08
October 9.34 8.88 9.34 8.49
November 9.87 9.52 9.88 9.41
December 10.52 10.26 10.5 10.01
Table 6-2: Baseline average 19.5 metre height basel

ine wind speeds at four potential wave
power locations

The wind speeds at 19.5 m were characterised usiegRayleigh probability density

function then converted to wave energy using tleesBn Moskowitz spectrum:
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The Pierson-Moskowitz (PM) frequency spectrum is ofthe most representative methods
for modelling a sea surface. It describes a fullyaloped sea state that has been produced
only by wind which has been blowing over a verygéaarea at a constant rate for a long
enough period of time to reach steady state. Tasranore complex models that are more
accurate but require more detailed information ¢(hehn 2006). For the required purposes
of investigating the sensitivity of wave energydiemate change, the PM spectrum was
deemed to be suitable for this study.

The Pierson-Moskowitz (1964) sea st&f.) available from wind is given by

4
S(w) = ag2w™® ex —ﬂ( g J (6-1)

195

whereg is the gravity constant)yg sis the average wind speed at 19.5 m above seadadel

a and S are given by:

2
a=ar| s ®-2)
aTo
and U 4
[= 16773[ 195 j (6-3)
o

Estimations for these constants are 0.0081 andf =0.74 (Pierson and Moskowitz 1964).

The empirical relationship between significant wénedght {Hs) and wave periodTp) and
mean wind speed at 19.5 metres above sea héigdy) @re given by Neumann and Pierson
(1963) as:

021 .
Hs Z?U 129.5 (6-4)
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and

(6-5)

whereH; is the significant wave height in metres (m) dpds the wave period in seconds

(s).

Table 6-3 and Table 6-4 show the estimated basefiaethly average significant wave

height and wave period at the chosen locationsaksilated using the wind output from the
wind Rayleigh distribution output.

Average monthly significant wave height (m)
Shetland Orkney Hebrides Cornwall
Annual 2.33 2.21 2.35 2.05
January 3.54 3.46 3.6 3.18
February 3.36 3.31 34 3.00
March 2.83 2.71 2.78 2.44
April 2.20 2.08 2.13 1.87
May 1.58 1.53 1.64 1.46
June 1.27 1.20 1.34 1.24
July 1.16 1.1 1.24 1.10
August 1.38 1.27 1.42 1.17
September 1.96 1.78 2.00 1.48
October 2.57 2.33 2.57 2.12
November 2.87 2.67 2.87 2.61
December 3.25 3.1 3.24 2.95

Table 6-3: Baseline average monthly significant wav

locations

e height at four potential wave power

Average monthly wave period (s)
Shetland Orkney Hebrides Cornwall
Annual 5.71 5.56 5.74 5.36
January 7.16 7.08 7.22 6.79
February 6.97 6.92 7.02 6.59
March 6.4 6.26 6.35 5.94
April 5.65 5.48 5.54 5.2
May 4.78 4.7 4.86 4.6
June 4.28 4.17 4.4 4.24
July 4.1 3.99 4.24 3.99
August 4.46 4.28 4.53 4.11
September 5.33 5.07 5.38 4.63
October 6.1 5.8 6.1 5.54
November 6.45 6.21 6.45 6.14
December 6.86 6.69 6.85 6.53

Table 6-4: Baseline average monthly wave period hei  ght at four potential wave power locations
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For each chosen location the wave energy distabutiutput from the Pierson-Moskowitz

conversion was applied to a generic power curveedasn the Pelamis wave energy
converter power curve (Table 6-5).

To (S)
Hs(m) | 5 55 6 65 7 75 8 85 9 95 10 105 11 115 12 125 13
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 22 29 34 37 38 38 37 35 32 29 26 23 21 0 0 0
15 32 5 65 76 8 8 8 8 78 72 65 59 53 47 42 37 33
2 57 88 115 136 148 153 152 147 138 127 116 104 93 83 74 66 59
25 89 138 180 =212 231 238 238 230 216 199 181 163 146 130 116 103 92

Table 6-5: Pelamis Power Matrix (kW output). Source: Pe  lamis (2008)

Monthly average baseline capacity factors were utaled (Table 6-6) based on the
proportion of time in each output state in the Piggpower matrix. As can be seen the level
of resource is seasonal, with almost twice the arthofienergy generated in winter months
than in summer months. All locations have reasgnaishilar outputs. The more southerly

Cornwall location has as slightly reduced outpine Bverall averaged annual capacity factor
is 24.9%.

Shetland Orkney Hebrides Cornwall Overall
Annual 255 24.6 25.8 23.7 24.9
January 30.9 30.9 30.9 30.8 30.9
February 30.9 30.9 30.9 30.5 30.8
March 30.2 29.9 30.1 28.8 29.7
April 27.4 26.6 26.9 24.8 26.4
May 21.3 20.5 22 19.6 20.9
June 16.4 15.1 17.6 15.9 16.2
July 14.4 13.2 15.9 13.2 14.2
August 18.2 16.4 19 14.5 17.0
September 25.6 23.7 25.9 19.8 23.8
October 29.4 28.2 29.3 26.9 28.5
November 30.3 29.7 30.3 29.5 30.0
December 30.8 30.7 30.9 30.4 30.7

Table 6-6: Baseline average monthly capacity factor (%) based on Pelamis Power Matrix
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There are levels of wave resource that are toodoWwigh for a wave energy convertor to
operate. In a similar manner to wind power, waveiaes have to shut down or limit

production when resource is too high in order totgut the device. On the Pelamis power
matrix (Table 6-5) the areas that are highlightdi are when the device is operating at full

capacity. Table 6-7 shows the percentage of tinebeperational state. There appears to

Other modelled wave energy converter parameters:

be a substantial amount of time at all locationsubghout the year (typically around 46%
annually) where the wave resource is too low torajge In winter months there is

significantly less time in the below operationatst (typically 30-35%) than in summer
months (typically 60-65%).

Average Baseline Proportion of Time Below Operatioal State (%)
Shetland Orkney Hebrides Cornwall
Annual 44.9 46.7 44.3 48.9
January 29.9 304 29.4 32.6
February 31.3 31.6 30.9 34.4
March 36.0 37.2 36.4 40.3
April 43.6 45.5 44.7 49.0
May 54.9 56.2 53.7 57.7
June 62.9 65.0 61.0 63.8
July 66.2 68.2 63.7 68.1
August 60.0 63.0 58.8 65.9
September 47.4 50.8 46.7 574
October 38.7 41.9 38.8 44.7
November 35.5 37.6 35.5 38.3
December 32.0 334 32.2 34.8

Table 6-7: Average baseline proportion of time belo

w operating state

Table 6-8 shows the percentage of time in operatistate. Annually this appears to be in

the region of 45% and varies roughly between 31#48% for summer and winter months

respectively.
Average Baseline Proportion of Time in OperationaState (%)
Shetland Orkney Hebrides Cornwall
Annual 44.9 44.0 45.3 43.3
January 48.6 48.8 48.5 49.3
February 49.0 49.1 49.0 49.5
March 49.5 49.5 49.5 49.0
April 48.0 47.3 47.6 45.6
May 41.9 41.0 42.7 39.9
June 35.7 33.9 37.3 35.0
July 32.9 31.1 35.1 31.2
August 38.1 35.7 39.1 33.1
September 46.4 44.5 46.7 40.1
October 49.3 48.6 49.3 47.6
November 49.5 49.4 49.6 49.4
December 49.2 494 49.2 49.5

Table 6-8: Average baseline proportion of time in o
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Table 6-9 shows the percentage of time in operatistate and at full rating. Annually this

appears to be in the region of 10% and varies Hgugtween 4% and 14% for summer and
winter months respectively.

Average Baseline Proportion of Time Operational andat Full Rating (%)
Shetland Orkney Hebrides Cornwall
Annual 10.0 9.5 10.1 8.8
January 14.2 14.2 14.3 13.7
February 14.0 13.9 14.1 13.4
March 13 12.6 12.9 11.7
April 10.6 10.0 10.3 8.8
May 6.8 6.3 7.2 5.8
June 4.3 3.7 4.8 4.0
July 34 2.9 4.1 2.9
August 5.1 4.3 5.5 3.5
September 9.4 8.2 9.6 5.9
October 12.2 11.2 12.2 10.2
November 13.1 12.5 13.1 12.3
December 13.8 13.6 13.9 13.2

Table 6-9: Average baseline proportion of time at f  ull rating

Table 6-10 shows the percentage of time above tpeah state. This is where the WEC is
not capable of shedding the excess wave power i slown. Annually this is in the

region of 9% and varies roughly between 1% and 20ftsummer and winter months
respectively.

Average baseline proportion of time above rating (%
Shetland Orkney Hebrides Cornwall
Annual 10.3 9.2 10.4 7.8
January 21.5 20.8 22.1 18
February 19.7 19.2 20.1 16.2
March 14.5 13.4 14.1 10.7
April 8.4 7.2 7.7 54
May 3.2 2.8 3.6 2.4
June 1.4 1.1 1.7 1.2
July 0.9 0.7 1.2 0.7
August 1.9 1.3 2.2 0.9
September 6.2 4.7 6.5 2.5
October 12 9.6 12 7.7
November 15 13 15 12.4
December 18.8 17.2 18.6 15.7

Table 6-10: Average baseline proportion of time abo
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To show the time spent in different states morartje Figure 6-3 is the baseline proportion

of time the wave energy device is in differentetdbr the Shetland location.

Shetland - Baseline Proportion of Time Pelamis Mode | in Different Operational States

Proportion of time

OAbove Operational
OFull Rating Operational
B Operational

@Below

January  February March April May June July August  September October November December

Figure 6-3: Baseline proportion of time in differen t operating states for Shetland location

6.1.3 Validation

The Atlas of UK Marine Renewable Energy Resour@&sSRR 2008a) includes wind and
wave resource estimations. As a method of valigaioth the HadRM3 wind resource at
each wave location as well as the estimated waseuree by conversion using Pierson-
Moskowitz, the wind and wave data from both datis sge compared. The validation is
limited toHs asT, is not available in the BERR marine atlas.

Figure 6-4 shows comparisons of HadRM3 wind speeitls UK Marine Atlas (BERR

2008a) wind speeds for the Shetland locations. dther three locations are shown in
Figures D-1 to D-3 in Appendix D. The two sourcdswind speed estimations are very
similar with root mean square errors of 0.28, 0@88 and 0.44 m/s respectively for the

four locations.
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Figure 6-4: Comparing Wind speed data for Shetland L  ocation

Table 6-11 shows the significant wave heights lier $hetland locations from three different
sources: BERR actual, converted from BERR wind dpeenverted from HadRM3. The
other three locations are shown in Tables D-1 t8 ID- Appendix D. The RMSE values
between BERR actual and from HadRM3 are 0.33m,m,364m and 0.24m respectively
for the locations. RMSE values between BERR fromdaspeed and HadRM3 from wind
speed are 0.14m, 0.25m, 0.34m, 0.21m respectiwiythfe four locations. The figures
suggest that the wave height estimations usingMenethod are on the low side. The effect
could be significant due to the squaring effecthafH, to power relationship, but the extent
would depend on the resource at any specific logatia location with high wave resource
may see negligible change if a large proportiotirok is in the ‘at rated’ state, whereas, a
location with a lower resource which spends a langmunt of time in ‘below rated’ state
may be subject to substantial variability. A bili@bk back at Table 6-5 suggests an error of

0.25m inH, could result in power output error of up to 5%.

Significant Wave Height (m)
BERR actual BI_ERR from Ha(_jRM3 from
wind speed wind speed
Annual 2.61 2.35 2.33
January 3.64 3.59 3.54
February 3.36 3.17 3.36
March 2.96 2.69 2.83
April 2.58 2.21 2.2
May 2.06 1.54 1.58
June 1.78 1.38 1.27
July 1.49 111 1.16
August 1.69 1.34 1.38
September 2.35 1.9 1.96
October 2.81 2.75 2.57
November 3.39 3.27 2.87
December 3.4 3.25 3.25

Table 6-11: Shetland location significant wave heigh  t (Hs) comparison

There are a number of uncertainties in the estonatf wave energy output from the four
locations:

HadRM3 wind speed data uncertainties and unceeairftom the use of the Rayleigh
distribution have been discussed previously inisec$.2.2.1. There are also uncertainties
between the HadRM3 and the BERR wind speed dagastlurces of the uncertainties
include the difference in grid resolution and shapé the number of years the average wind
speeds are bases on. HadRM3 is based on 30 yeRGMfdata between 1961 and 1990,
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whereas BERR data is based on 7 years of data thhenMet Office Weather Prediction
System (NWP) between 2000 and 2007.

It has previously been mentioned that the PM spattassumes a fully developed-wind
created sea state, one other assumption is thssuimes infinite depth of the ocean and this
may result in further uncertainty as the locatiohénterest are in relatively shallow waters
(60-90m). The PM spectrum is also empirically dedivand originally derived from
measurements of sea states in the North Sea (RianebMoskowitz 1964) and there will be
additional uncertainty introduced by using the aiopl at a location with different localised

characteristics.

The wind created sea does not fully include sweleg, hence the PM method will tend to

under-estimate larger waves and production levels.

There is a large uncertainty associated with theCVdBvice. The one used in this analysis is
based on the Pelamis prototype and will almostgdyt have very different characteristics

to other WEC devices and from the production versio

6.1.4 Climate Change Impact
The aim of this section is to investigate the ptétmnvave energy resource intra-annual and
annual average climate change and its impact omakeline capacity factor values of the

Pelamis wave energy converter as.

Figure 6-5 shows the projected monthly wind spekdnges for the 2050s and 2080s
medium scenarios with 10%, 50% and 90% projectainhe Shetland location. The other
locations are shown in Figures D-4 to D-7 in Apggrid. All show similar characteristics

with wind in all seasons likely to reduce in averagonthly wind speed. As mentioned
earlier, the use of local winds with the PM speattnmeans that the wave changes implicitly

assume the local changes are similar to changés iwider Atlantic Ocean.
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Wind Speed (m/s)

Shetland Location Wind Speed - Baseline, 2050s and  2080s
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure 6-5: Shetland location - Projected Wind Speed ¢ = hange from baseline

6.1.4.1 Projected Capacity Factor change at locations

The projected change in capacity factor followsilsincharacteristics to the projected wind
speeds, but the reductions are more amplified mnser months than in winter months.

Winter months have a higher proportion where a wiaces time spent in the ‘full rating’

or

energy by reducing the amount of time when thetedanuch wave energy to operate. This

‘above operating’ states. A reduction in wavergg may actually increase generated

IS apparent in Figure 6-6 to Figure 6-9.

Capacity Factor (%)

Shetland Location - Baseline, 2050s and 2080s Capac ity Factor
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure 6-6: Shetland location — projected Capacity F  actor change from baseline
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Capacity Factor (%)

Capacity Factor (%)

Orkney Location - Baseline, 2050s and 2080s Capacit y Factor
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure 6-7: Orkney location — projected Capacity Fa  ctor change from baseline
Hebrides Location - Baseline, 2050s and 2080s Capac ity Factor
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure 6-8: Hebrides location — projected Capacity Factor change from baseline

Cornwall Location - Baseline, 2050s and 2080s Capac ity Factor
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure 6-9: Cornwall location — projected Capacity Factor change from baseline
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Table 6-12 shows there is quite a significant tgj@ reduction in capacity factor for 2050s
and 2080s medium scenario. Overall annual capéaityr reductions of -0.67 and -1.09%
are projected for the 2050s and 2080s timescalethéomedium emissions scenario with a
50% probability level. Table 6-13 shows the samé Wwith the numbers expressed in

percentage change of capacity factor from baseline.

Projected annual percentage point change in CF frorbaseline
Time Period 2050s 2080s
Probability Level (%) 10 50 90 10 50 90
Shetland -1.77 -0.35 0.86 -2.32 -0.69 0.76
Orkney -2.22 -0.64 0.81 -3.30 -1.25 0.53
Hebrides -2.21 -0.82 0.49 -2.84] -1.1§ 0.22
Cornwall -2.46 -0.89 0.60 -3.15 -1.23 0.49

Table 6-12: Projected annual percentage point change in CF

Projected annual proportional change of CF from basline (%)
Time Period 2050s 2080s
Probability Level (%) 10 50 90 10 50 90
Shetland -6.95 -1.36 3.38 -9.12 -2.73 2.99
Orkney -8.99 -2.59 3.29 -13.4 -5.07 2.16
Hebrides -8.57 -3.18 1.91 -11.01 -4.59 0.84
Cornwall -10.35 -3.75 2.52 -13.26 -5.19 2.07

Table 6-13: Projected annual change of capacity fact  or for selected wave locations

Figure 6-10 shows wave energy output percentagegehtor the 2080s and shows clearly
the large climate sensitivity of the resource immer months.
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Figure 6-10: Wave energy output percentage change f  rom the baseline climate to the 2080s
medium emissions for 50% (10%, 90%) probability lev  els
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6.1.5 Summary

Estimations of wave energy resource at four diffetecations have been generated using
average wind speed data, the Rayleigh distribuaon the Pierson-Moskowitz (PM)
frequency spectrum. The input wind speed datausced from the HadRM3 and has been
found to be favorably comparable with BERR (2008é0d speed data for the baseline
period. The model is run for the baseline climéte, 2050s and 2080s medium emissions

scenario climate. The future climate results aragared with the baseline climate.

The projected output of the WEC used in this stlalysed on the Pelamis device) will
change by approximately -1.4% (-7.0% to 3.4%) i fédr north to -3.8% (-10.4% to 2.5%)
in the far south for the 2050s medium emissionwaté and -2.7% (-9.2% to 3.0%) in the
far north to -5.2% (-13.3% to 2.1%) in the far $odibr the 2080s medium emissions
scenario. The resource will be more seasonablybigriwith winter months which typically
have larger resource than summer months havinggat slecrease in wave resource,
typically -0.25% (-0.4 to 0.1) for the 2050s, angmsner months having a substantial

reduction which appears to increase towards marthedy locations.

The method, results and sensitivity of wave eneawgtput relative to a changing wind
climate compares well with analysis performed byridanet al. (2005), for example, the
method used here gives an estimated capacity faft80% for a wind speed of 10 m/s
whereas the method in Harrisehal. (2005) gives a capacity factor of 31#s andTe and

sensitivity of output to wind speed are also sirfylaomparable.

The results in this study show different resultsfrReeveet al. (2011) for the Wave Hub
location which showed increases of wave power @ ribgion of 2-3% for the medium
emissions scenario, whereas this study shows &akeeiin the region of 3-4%. Reeve, as
discussed follows a different method using a wawaleh which is driven from a different
source of climate change wind speed data, and auletige difference in results is not
surprising when this is taken into account. Thewédwer use a single GCM and offer no

probabilistic interpretation. Direct comparisontisrefore not possible.

To fully investigate this it will require a full wid-wave model driven by multiple GCMs,
preferably the set used to derive the 11 member RG3&mble in UKCPO09.

Table 6-14 shows the wave energy capacity facthregaestimated in this chapter. These

figures are referred to in chapter 7 when calcudpivave energy levelised cost values.

149



Technology Climate Scenario
Baseline 2050 2050 2050 2080 2080 2080
10% 50% 90% 10% 50% 90%
Wave 33.0 30.1 32.1 33.9 29.1 31.6 33.7

Table 6-14: Wave energy capacity factor values

6.2 Hydro

The hydro capacity factor figures used here arecsoufrom Duncan (2012) in his PhD
thesis titled ‘Mapping Scotland's Hydropower ReseurThe capacity factor figures shown
in Table E-1 in Appendix E are from modelled hydraper plants in 5 catchment areas in
Scotland. The resource for the baseline and futione periods have been estimated by
modelling river flow in the catchment areas usibgearvations for the baseline period (1961-
1990) and output from UKCIP09 (2009) for the 205@&dium emissions scenario
respectively. River flows are not a direct prodimet UKCPQ9 and they are evaluated by a
sophisticated hydrological model. Climate changsinsulated by comparing altered values
of rainfall and evapotranspiration through the Iojoigical model. The probabilistic
information is gained by using the UKCP09 weathenagator to create a series of time
series of rainfall and evapotranspiration. Theytaen run through the hydrological model
to produce probability outputs of river flow. (Durc2012). 100 runs is the recommended
minimum amount of runs to ensure statistically sibvalues (Jonea al. 2009). The +2
standard deviation values from the 100 runs hawn l@ssumed to be the 10% and 90%
confidence levels and the mean value has been adstonbe the 50% confidence level.
Baseline and future river flows were modelled facle of the locations and used to drive
hydro plant models with 100m of head (Duncan 20TRe average annual capacity factor
values for each of the locations are shown in TEHI&.

Location Time Period
Baseline 2050s
10% probability 50% probability 90% probability
Oykel 65 57 63 70
Ewe 65 58 66 73
Cree 67 57 63 69
Irvine 68 57 63 69
Deveron 66 55 62 70
All 66.1 56.7 63.4 70.2

Table 6-15: Hydro plant annual average capacity fac  tor values
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Figure 6-11 shows the modelled capacity factor dach of the 5 locations. Each have

similar seasonal characteristics, though it carsd®n that Deveron appears to lag slightly
(about 2 weeks) behind the others.
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Figure 6-11: Hydro modelled baseline monthly capaci  ty factor for selected locations

Figure 6-12 shows the baseline and 2050 medium s@mnisscenario values for hydro
capacity factor. The figures are based on the geer&alues of all 5 locations. It indicates

that hydro resource will increase in months NovemtoeFebruary, reduce in the other

months with largest reductions in the summer mowith an overall annual reduction. For

the baseline climate the capacity factor range® f8@% to 90%. There is a larger range for
the 2050s of 27% to 92%.
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Figure 6-12: Hydro modelled baseline and 2050 mediu  m emissions monthly capacity factor
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Figure 6-13 shows the percentage change from tkeliba climate and re-emphasis the
uncertainty in summer months. August has a 90%gaitity of having a 10% reduction in

hydro energy output.
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Figure 6-13: Hydro energy output percentage change from the baseline climate to the 2050s
medium emissions for 50% (10%, 90%) probability lev  els

6.2.1 Summary

The data from Duncan (2012) indicates slight insesain winter production for the 2050s
medium scenario relative to the baseline climate,example, a typical value of 2.4% (-
2.2% to 7.2%) for December. However, in summeredtae very significant reductions in
production, for example -29.5% (-11.1% to 47.9%) Amgust. There is an overall annual
change in production efficiency -4% (6.3% to -14)3#hydro efficiency projected for the
2050s medium emissions climate. The figures appeanirror seasonal climate impact

projections

The analysis performed here from the data from Ruotsc'Mapping Scotland's Hydropower
Resource’ (2012) is a very good indicator of howdraywill be affected by climate change.
It is, however only covering modelled locationsSnotland and more southerly locations
may well deviate from the results shown here. Hawgthe results are still a good indicator
of the overall sensitivity of hydro resource taw@dite change and of great value towards the

objectives of this thesis.

Table 6-16 shows the hydro capacity factor valwstsnated in this chapter. These figures

are referred to in chapter 7 when calculating hyevelised cost values.

Technology Climate Scenario
Baseline 2050 2050 2050 2080 2080 2080
10% 50% 90% 10% 50% 90%
Hydro 40.0 34.3 384 42.5 32.7 36.8 40.9

Table 6-16: Hydro capacity factor values
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6.3 Other technologies

This study assumes that tidal stream, thermal @adtbiofuels are not affected by climate

due to limited resource. Refer to sections 2.3%Ador further information.

6.4 Summary of all Technology Resource Climate Vari  ability

The analysis in Chapters 3 to 6 explored technol@gppurce and energy output for the
baseline climate and future climates for the UKe Bm of this section is to view the intra-
annual changes for each of the technologies togeilme following figures are all for the
2080s medium emissions. The 2050 values are nowrshmwever, they show similar
characteristics but to a lesser extent than th@2@®gure 6-14 shows the percentage change
in energy output for each investigated technolagynf baseline climate to the 2080s with
the medium emissions scenario. Solar clearly stantdsis the only investigated technology
that increases output for the 50% scenatrio.
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Figure 6-14: Percentage change in energy output for the 2080s

In Figure 6-15 the energy output for the baselimaate and 2080s medium emissions with
50% probability level is shown. It shows very clgathat summer months are where the
largest climate energy output changes are. All stigated technologies reducing energy
output except for Solar PV that increases. It agengthens the potential importance in
future solar PV energy output, not only is its #alaility negatively correlated with other
renewables, but also that the projected changesnegtthat difference.
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Figure 6-15: Normalised monthly energy output for b aseline and 2080s (50% probability) climate

Figure 6-16 shows the energy output percentagegeh&om the baseline to the 2080s
medium emissions climate (for the 50% probabikgyel). The lower values in winter are not
necessarily due to there being less climate chamg®mparison to summer months. For
wind and wave technologies the climate change imnser months is sensitised further by
the conversion to energy process. The wind and \WWE€Egy converters are spending more
time below their rated output in summer months, netany change in climate is magnified
by the cube relationship between wind speed and wawer. In summer months, Hydro is

affected by reduced rainfall and increased tempegatresulting in less river flow.
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Figure 6-16: Energy output percentage change fromth e baseline climate to the 2080s medium
emissions with 50% probability level
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7 Electricity Generation Levelised Costs

7.1 Introduction

The main objective of this section is to obtain ¢éksed cost of electricity values (LCOE) for
2010 and 2020. The 2010 LCOE are based on a rewsfegxisting literature with some
LCOE adjusted to conform to the capacity factortsregions from the previous chapters.
The 2020 LCOE are based on predicted capacity fadims 2010 in most cases) and
predicted (assumed) changes (reductions) of CAPBX @QPEX. Future climate LCOE
values for solar PV, wind, wave and hydro are aolgdiby using the future climate capacity
factor estimations as stated in the summary sediosach of the resource chapters. The
LCOE estimations have been calculated in a wayishabherent and comparable across all
of the technologies. The LCOE figures are usetiéiext chapter for the MVPT analysis.

The yellow blocks in the thesis flowchart (Figurel)7 signify the areas of the thesis

connected with this chapter.

Baseline UKCP09 I ‘ HadRM3
‘ ~F o 0 s 0

Solar PV Onshore Wind Offshore Wind Wave Hiydo Resov s Other Technologies
Model and Energy
Resource and Resource and Resource and Resource and Yield Model Resource and
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) Energy Yield Model
E 3 E 3 £ 3 E 3 E 3 E 3
2 - Other
Solar PV Onshore Wind Offshore Wind Wave Hydro Toctiolones
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model 029
Cost-Risk Model
T ‘) 7
1 ] J )

MVPT Input MVPT N Baseline Climate Future Climate
Parameters Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 7-1: Thesis flowchart and levelised cost blo  cks

In section 7.3 the levelised cost values to be usé¢le following Mean Variance Portfolio
Theory (MVPT) analysis are estimated for 2010 a@@®technology cost projections and
baseline, 2050 and 2080 climates. In essenceithatel is used to alter the production levels

while the technology projections alter the underdycosts.

Also included in this chapter is an investigatidnihee variability of the levelised cost values
to the applied discount rate which is performedhigghlight that the way in which levelised

costs of different technologies are affected défdly by the chosen discount rate.
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7.2 A Review of Current and Projected Levelised Cos ts

The aim of this section is to explore some of thesnturrent levelised cost estimations for
different electricity generation technologies. Tdesd their input parameters will form the

basis of the levelised costs used in the portfatalysis in the next section.

7.2.1 Main Technologies

One of the most recent levelised cost reviews kectacity generation technologies in the
UK is the UK Electricity Generation Costs Updategmared for the UK Government (Mott
MacDonald, 2010). The report includes comprehensage studies for current and future
levelised cost projections of all the main techgas. Input parameters are clearly
documented and discussed and include future caeoaission and fuel costs based on
DECC estimations. Unfortunately, wave, tidal streand solar PV are not covered as the
report concluded that those technologies were atetnly a stage to have any significant
deployment over the short term and was of littladfi for that particular report. Table 7-1
shows some of the levelised costs for differenesa#\s can be seen the report includes
cases that investigate discount rate and fuel ek CQ cost sensitivities. The discount
rate used is 10% except where 7.5% is used to shewliscount rate sensitivity. Refer to
Mott MacDonald (2010) for more detailed informatiomm these levelised costs. The costs are

either assumed to be a mix of ‘first of a kind’ (&K) and ‘n" of a kind’ (NOAK) as shown.

Projected Levelised Costs for Electricity Generafi@chnologies
Technology Total Levelised Costs (E/MWh) for Condtiure Date
2009 2017 2017 2023 2009 2023 2017 2017
FOAK FOAK All All 7.5% 7.5% high low
& & NOAK | NOAK fuel / fuel /
NOAK | NOAK CO, CO,
Gas CCGT 79.7 96.5 96.5 111.9 80.4 1129 113.2 50.5
Gas CCGT & CCS 111.4 115.8 102.6 105]5 104.5 104.1 .81243 67.7
Coal ASC 102.2 133.2 133.2 162.3 1044 16b 137.7 6 68.
Coal ASC & CCS 136.2 136.8 111.9 115.p 124 o4 118.2 .3 93
Coal IGCC 131.2 163.6 136 164.7 1248 1637 140.4 9 72.
Coal IGCC & CCS 143.0 142.4 107.1 110.p 1287 100.5 3118. 90
Nuclear 97.1 934 67.8 67.4 76.1 53.4 68.9 66(8
Onshore Wind 87.8 86.3 86.3 85.8 77.3 713 8613 3 86.
Offshore Wind 148.5 145.4 1124 1115 136(8 937 241 1124
Far Offshore Wind 177.4 172.9 127.9 1269 1623  .407 127.9 127.9
Hydro 83.2 83.2 83.2 83.2 62.2 62.2 83.2 832
Large Biomass 93.2 - - 78.4 82 70 87.9 66.4

Table 7-1: Total Levelised Cost Figures from Mott M acDonald (2010)
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7.2.2 Wave and Tidal Stream Technologies

Recent work by Allaret al. (2010) estimates current central wave and tidahst electricity
generation levelised costs of £189.68/MWh and £8M¥Vh. The calculations are at 2006
prices, use a 10% discount rate and assume a tafaator of 33% for both technologies.
The levelised cost method has been performed imn@parable way to the method in Mott
MacDonald (2010) and only needs to be convertecklmte to 2010 prices. Table 7-2 are
figures based on Allaet al. (2010) but adjusted to 2010 prices. The figuremasihow
sensitive the technologies are to the uncertaintycanstruction costs. Both these
technologies are in early development stages waitlel uncertainties in estimates of the costs

of construction and deployment.

Levelised Cost of Wave and Tidal Stream Technold&gy!Wh)
Construc.t!o.n Cost Wave Tidal Stream
Sensitivity
Central 208.65 89.38
Low 118.43 78.09
High 240.45 153.18

Based on Allaret al. (2010) adjusted to 2010 prices
Table 7-2: Wave and Tidal Stream Levelised Cost Estim  ates

Other recent levelised cost figures for wave addltstream are included in The Carbon
Trust report ‘Accelerating Marine Energy’ (Carborru3t 2011). The report sets out
technology support pathways with the intentionavfering the cost of electricity generation
for wave and tidal stream technologies in the UHKweTreport includes levelised cost
projection targets which are shown in Table 7-3e Plarameters used in the levelised cost

calculations are not all available in the reporit$® difficult to compare with other reports.

Target Levelised Costs (E/MWh)
Wave Tidal Stream
. - Accelerated - . Accelerated

Year Learning by Doing Learning Learning by Doing Learning
2010 430 430 310 310
2013 300 300 250 240
2017 250 210 210 175
2020 240 180 200 150
2023 220 160 190 145
2030 195 130 175 120
2040 170 100 155 100
2050 150 80 140 80

Table 7-3: Carbon Trust (2011) levelised cost targe  t projections.
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One major difference is that the Carbon Trust agsuanhigher 15% discount rate in order to
take into account the added risk associated witergimg technologies. The report used
2010 prices. As can be seen the 2010 levelised ragsbers are much higher than the
figures in Allanet al. (2010), a large proportion of this is due to tlghbr discount rate as

renewable technologies are much more sensitiveh¢éodiscount rate due to the large
proportion of costs being in the construction perad the start of the project. One other
cause may be the capacity factor used in the edlook. Allanet al. (2010) assumes 33%. It

is unclear what the Carbon Trust use but it doek like it takes an average from several
high and low energy locations throughout the UK dnsl likely the average capacity factor

used is lower than 33%.

Another source of levelised cost projections fovevand tidal stream is the ETI Roadmap
(ETI 2010). The cost parameters shown below in b4 are target figures in ETI (2010)
and give Cost of Energy (COE) marine energy targe#9%, 33.1% and 24.4% relative to
current COE values for the 2020s, 2030s and 2086pectfully. The report does not
distinguish between wave and tidal stream techmedognd does not include all main
parameters used in the levelised cost estimatibpreTis no indication of discount rate or
operational lifetime. The CAPEX costs are in 201i@gs. As can be seen the estimated cost
of electricity (COE) range is large, 2010 valuesgea 170 to 400 £/MWh. Overall there is

considerable uncertainty regarding marine energgliteed costs.

Technology and Systen 2010 2020 2030 2050
Performance
CAPEX (E/kW) 4000-7000 2500-4000 2000-2500 1500-200d0
O&M Costs (p/kWh) 1.5-4.0 1.0-25 05-15 DR0
Load Factor (%) 25-35 35-40 37-42 40— 45
Availability (%) 75-85 90 90— 95 95— 98
Overall COE (p/kWh) 17— 40 9-18 7-10 5-8
COE relative to 2010 (%) - 49.0 33.1 24.7

Table 7-4: Marine Energy Deployment Targets (ETI 201 0)

7.2.3 Solar PV Technology

Solar PV technology has been around for a whilehistorically is very expensive. Costs
have reduced rapidly over recent years and contioudo so. Table 7-5 shows Solar PV
CAPEX current cost estimations and future targémedions from IEA (2009, 2010) and
Ernst and Young (2011). The IEA reports have figuie utility (>1MW), commercial (< 1
MW) and residential installations (< 20 kW). Erasid Young have projections out to 2015
for residential systems. The CAPEX values are shawiable 7-5 and highlights the
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expected reduction in cost over the next few dexadibe two sets of data are broadly

comparable.
CAPEX Projected Costs of Solar PV systems (p/kW)
IEA (2010a, 2010b) Ems(tzg‘l\g’””g

vear ptility Commercial Residential Residential

(starting at 1MW) (up to 1MW) (up to 20kw) (up to 20kW)
2008 21.59 26.99 32.39
2011 - - - 27.00
2015 - - - 15.50
2020 9.72 12.15 14.57 -
2030 6.48 8.10 9.72 -
2050 4.32 5.40 6.48 -

Table 7-5: CAPEX costs for Solar PV from IEA (2010a, 2010b ) and Ernst & Young (2011)

Solar PV levelised cost estimates have been caédtlilasing the CAPEX costs from Table
7-5 and the main cost assumptions from Table 6. &M costs have been assumed to be

1% of capital cost per annum as in both reports.

Solar PV cost assumptions for levelised cost estitians
Discount Rate 10%, (5%, 15%)
Capacity (MW) 1MW
O&M (E/MWh) 1% of CAPEX per annum
Load factor (%) 14.1%
Lead time (years) 1 year
Expected lifetime (years) 25yrs (2010); 2%;2((2200520(;)’ 35yrs(2030)

Table 7-6: Primary cost assumptions for estimation o f Solar PV levelised cost for the UK

The solar PV levelised cost calculations are showhable 7-7 and have been calculated
using CAPEX projected costs from Table 7-5 and tsptnat allow the costs to be
comparable to the levelised costs in Table 7-1Tatde 7-2. The load factor has been based
on data from the UK solar model in chapter 3. Therational lifetime increases over each
time period from a current 25 years to 40 year@®@§0. The discount rate used is 10%, also
shown in brackets are values for 5% and 15% didcoates to bring attention to how

sensitive solar PV levelised costs are to the distrate.

Levelised Costs (E/MWh at 10% (5%, 15%) DiscounteRa
IEA (2010) Ernst & Young (2011)

Year _Utility Commercial Residential Residential

(starting at 1MW) (up to IMW) (up to 20kW) (up to 20kW)
2008 219.4 274.3 329.1

(147.8, 300.7) (184.7, 375.9) (221.7, 451.1)

2011 - - - 274.4 (184.8, 376.0)
2015 - - - 157.5 (106.1, 215.9)
2020 95.4 (61.7, 133.4) 123.4 (83.2,169.2) 148917 203.0) -
2030 65.8 (44.3, 90.2) 82.2 (55.4, 112.7 98.756635.3) -
2050 43.9 (29.6, 60.1) 54.9 (37.0, 75.2) 65.8 (49042) -

Table 7-7: Projected Levelised Costs Estimations for Solar PV
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The O&M proportion of the total levelised cost io#n in Table 7-8 and will be used in the

portfolio theory calculations.

O&M Percentage of Total Levelised Cost (%)

. . . Percentage of Total
Operating Life Discount Rate Levelised Cost
25 10 (5, 15) 8.3 (12.4,6.1)
30 10 (5, 15) 8.6 (13.3, 6.2)
35 10 (5, 15) 8.8 (14.1, 6.2)
40 10 (5, 15) 8.9 (14.6, 6.2)

Table 7-8: O&M percentage of total levelised costs  for different variables

7.2.4 Levelised Cost Comparison and Sensitivity to Discount Rate

In this section levelised costs are generated &mhetechnology using common input
parameters as used in Mott MacDonald (2020), A#aal. (2010), IEA (2010), Ernst and
Young (2011). Gas, coal, nuclear, hydro and biorrgast data are based on data from Mott
MacDonald (2010). Wave and tidal stream valuestaged on values from Allagt al.
(2010). Solar PV values are based on CAPEX and Oé&lllies from IEA (2010) and
capacity factor values from Chapter 3. The levdlisest values are shown in Figure 7-2.
The overall values have been broken into differerdgt components. The levelised cost
estimates are based on input parameters from tHifferent sources but have been
calculated using an identical process so they @mgparable.

Levelised Cost Estimations for 2010 - 10% discount rate
400

375 { @CO2 storage
350 { ODecomm & Waste
325 1 D Carbon
300 { @ Fuel
275 { B O&M
250 | H Capital
= 225
§ 200 4
K175
150
125 A
100 A
75 1
50 A
25

Nuclear Onshore Offshore Far Tidal ~ Solar PV

Wind  Offshore

Gas  Gaswith Coal Coalwith Coal Coal
CCs Cccs IGCC IGCC Wind
with CCS Wind

Hydro Biomass Wave

Figure 7-2: Levelised costs for different technolog ies for 2010 with 10% discount rate

5.1.1.1 Discount Rate Sensitivity

As previously mentioned, the discount rate caniagmtly affect the levelised cost. The
MVPT analysis in Chapter 8 is performed using aalisit rate of 10%. However, this
section is intended to demonstrate the sensitbditglifferent technology levelised costs to
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the discount rate used. Figure 7-3 and Figure 3edtlie same input parameters as Figure 7-2

but are calculated using 5% and 15% discount raiges instead of 10%.

Levelised Cost Estimations for 2010 - 15% discount rate

400
375 CO2 storage

350 1 ODecomm & Waste
3251 [@Carbon

300 1 OFuel

275 1 BO&M

1 HECapital

Gas Gaswith Coal Coalwith Coal Coal Nuclear Onshore Offshore Far Hydro Biomass Wave Tidal ~ Solar PV
CcCs CcCs IGCC IGCC Wind Wind  Offshore
with CCS Wind

Figure 7-3: Levelised costs for different technolog ies for 2010 with 15% discount rate

Levelised Cost Estimations for 2010 - 5% discountr  ate
400

375 A
350
325 -
300

B CO2 storage
ODecomm & Waste
O Carbon

M Fuel

2151 mo&M

2501 @ Capital
225 4

200
175 4

£/MWh

Gas Gaswith Coal Coalwith Coal Coal Nuclear Onshore Offshore Far Hydro Biomass Wave Tidal ~ Solar PV
CcCs CcCs IGCC IGCC Wind Wind  Offshore
with CCS Wind

Figure 7-4: Levelised costs for different technolog ies for 2010 with 5% discount rate

When looking at the change in the different coshgonents it is very clear that the fraction
of LCOE due to initial costs is most sensitive tecdunt rate; whereas, costs that are spread
relatively evenly over the plant operating life avet affected. It is worth noting that the
output is discounted as well as the input costssand constant ratio value will be returned
when an even distribution of operating costs artguilare assumed.

The technologies that have a high ratio of CAPEXimagf their overall costs are most
sensitive to discount rates; for example, Solarviath a discount rate of 5% has a cost of
£148/MWh and doubles to £301/MWh when a 15% distoate is assumed. In comparison,
Gas - which has comparatively low initial costs dmgher operating costs - jumps a mere
14% from £75/MWh to £85.5/MWh.
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Fuel is the largest proportion of costs for fogsil technologies but unlike construction
costs, all future fuel costs are discounted torthegsent value and this can arguably give
fossil fuel technologies an advantage over moreitaapntensive renewables when
comparing using levelised costs, especially whehigh discount rate is utilised in the
levelised cost projections. One of the key arguséyt Awerbuch is that the discount rate
applied to fuel costs is inadequate to compensatéutl price variability. Renewables are

much more competitive when a lower discount ratsgimed.

7.3 Levelised Cost Values for Portfolio Analysis

The levelised costs to be used in the portfoliolyeim will be discussed and stated in this
section. In the previous section all levelised gosikcept solar PV, were calculated using
assumed load factors (or capacity factors) fromtNdcDonald (2010) and Allast al.
(2010). The levelised costs for solar PV, onshard affshore wind will be based on
analyses output from chapters 3, 4 and 5 respégctiVae levelised costs for hydro will be
generated using the Mott MacDonald (2010) assunoed [factors; the future climate
sensitivity is based on the relative climate sévisés from chapter 6. There are several sets
of levelised costs generated for different time iqus, these capture projected cost
parameters as well as projected climate changéstffieat the resource and subsequently the
levelised cost. To simplify matters this study vaidsume that only solar PV wind, wave and
hydro resource is affected by climate variabilisyddscussed in Chapter 6. The work aims to
be as ‘internally consistent’ as possible in attengpto ensure technology and climate
scenarios are aligned. One reason for sensitigtychhanges is high costs, particularly
CAPEX. It is an assumption that changing cost f@sfifor renewables will alter their

vulnerability / sensitivity to climate change.

To capture the range of outcomes, levelised costsaculated not only for 2010 but also
for 2020 and 2050 based on projected changes iarlying costs. In addition each set of
costs are subject to a range of climates coverngrent’, 2050s and 2080s.. The future
climate sets of levelised costs have 3 probaliityel values (10%, 50%, 90%). All sets of

levelised cost values are based on the capaciyrfigures shown in Table 7-9.
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Technology Climate Scenario
Baseline 2050 2050 2050 2080 2080 2080
10% 50% 90% 10% 50% 90%
Solar PV 135 134 13.9 14.5 13.4 14.2 15.4
Onshore Wind 35.1 33.2 35.0 36.6 32.8 34.4 36.4
Offshore Wind 39.2 36.2 38.4 40.3 35.4 37.9 40.1
Wave 33.0 30.1 32.1 33.9 29.1 31.6 33.7
Hydro 40.0 34.3 38.4 425 32.7 36.8 40.9

Table 7-9: Capacity factors used in levelised cost calculations

7.3.1 Levelised Costs based on 2010 Input Cost Para meters
This section discusses the sets of levelised @lges based on technology cost projections

for 2010. There are three sets of levelised cdsiEega

7.3.1.1 Output with Baseline Climate

Only onshore and offshore wind values change frbe levelised cost values shown in
Figure 7-2. Wave energy levelised costs have bedcoulated using a capacity factor
estimation from Allaret al. (2010) rather than the resource estimations frdrapter 6.1,
which have been based on a power conversion profilen early Pelamis prototype and

considered to be a low estimation of capacity facto

The wind energy values have been recalculated usasgline capacity factor values from

chapters 4 and 5, as shown in Table 7-10.

Comparison of Capacity Factor Values
Onshore Wind
Mott MacDonald (2010) 28.0%
‘This Study’ Burnett (2012) — baseline 35.1%
Offshore Wind
Mott MacDonald (2010) 39.0%
‘This Study’ Burnett (2012) — baseline 39.2%

Table 7-10: Average UK wind load factor values
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Table 7-11 and Figure 7-5 show the revised levetliEgists based on a discount rate of 10%
with the inclusion of the revised wind energy value

Projected 2010 levelised costs with 10% Discourie RE/MWh)
. Decomm CO,
Capital O&M Fuel Carbon & Waste | Storage TOTAL
Gas 11.8 6.0 15.1 46.9 - - 79.7
Gas & CCS 28.7 11.3 2.1 65 - 4.3 111.4
Coal 31.2 10.8 40.4 19.9 - - 102.2
Coal & CCS 68.1 23.3 6.5 28.7 - 9.6 136.2
Coal IGCC 58.3 13.1 39.6 20.3 - - 131.2
Coal IGCC & CCS 77.4 22.3 5.5 28.3 - 9.5 143.0
Nuclear 75.5 14.3 - 5.25 2.05 - 97.1
Onshore Wind 73.2 14.6 - - - - 87.8
Offshore Wind 111.7 36.7 - - - - 148.4
Far Offshore Wind 131.6 45.8 - - - - 177 .4
Hydro 74.2 9.0 - - - - 83.2
Biomass 46.1 15.9 - 31.2 - - 93.2
Wave 155.6 37.4 - - - - 193.0
Tidal Stream 78.2 11.2 0 0 0 0 89.4
Solar PV 219.4 18.3 0 0 0 0 237.7

Table 7-11: Revised 2010 levelised costs at 10% dis  count rate (E/MWh)

Baseline Levelised Cost Estimations for 2010 - 10%  discount rate
With Onshore & Offshore Wind and Solar PV resource based on this study

375 CO2 storage

350 4 O Decomm & Waste
325 4 D Carbon

300 {  @Fuel

275 1 B O&M

250 M Capital

Gas Gas with Coal Coal with Coal Coal Nuclear Onshore Offshore Far Hydro Biomass Wave Tidal  Solar PV
CCs CCs IGCC IGCC Wind Wind  Offshore
with CCS Wind

Figure 7-5: Revised projected 2010 Baseline levelis  ed costs at 10% discount rate

5.1.1.2 Energy output based on the 2050s and 2080s climate

This section re-calculates levelised costs for 2@tBnology costs based on the 2050s and
2080s capacity factor values shown in Table 7-® [Bvelised cost change (from baseline
values) for the 2050s and 2080s climate are shaowhable 7-12. All, except solar PV,
increase in cost for the 2050s and 2080s for tBé pbability level. Hydro has the largest
cost change of 11% for the 2080s climate, waveces®s by 4.6%, offshore wind by 3.4%,
onshore wind by 1.4% and finally solar PV reducesdst by 3.7%.

164



Projected 2010 Levelised CosBrobability Level (%) = 50 (10, 90)

Capital (E/MWh)

O&M (E/MWh)

TOTAL (E/MWh)

Solar PV

Baseline Climate

219.4

18.3

237.7

2050s Climate

213.1 (220.8, 205.4)

17.7 (184,17.0

230.8 (239.2, 222.4)

2080s Climate

211.3 (220.3, 202.6)

17.6 (18.4, 16.8)

228.8 (238.7, 219.4)

Onshore Wind

Baseline Climate

73.2

14.6 87.8
2050s Climate 73.4 (76.5, 70.8) 14.6 (14.1, 15.2) .0881.7, 85.0)
2080s Climate 77.2 (76.5, 70.9) 14.8 (14.2,15.4) .8882.6, 85.4)
Offshore Wind
Baseline Climate 111.7 36.7 148.4

2050s Climate

113.9 (120.4, 108.8)

37.4 (39.5, 35.8)

151.3 (159.9, 144.6)

2080s Climate

115.3 (123.0, 109.3)

37.8 (40.3, 36.0)

153.2 (163.2, 145.3)

Far O

ffshore Wind

Baseline Climate

131.6

45.8

177.4

2050s Climate

134.2 (141.9, 128.2)

46.7 (49.2, 44.7)

180.8 (191.1, 172.9)

2080s Climate

135.9 (144.9, 128.8)

47.2 (50.2, 44.9)

183.1 (195.1, 173.7)

Wave
Baseline Climate 155.6 37.4 193.0
2050s Climate 160.0 (170.5, 151.4) 38.5 (41.0, 36.4) 198.4 (211.5, 187.8)
2080s Climate 162.8 (176.2, 152.5) 39.1 (42.4, 36.7) 201.9 (218.6, 189.4)
Hydro
Baseline Climate 74.2 9.0 83.2
2050s Climate 78.1 (87.3, 69.0) 9.5 (10.6, 8.4) 839, 77.4)
2080s Climate 82.4 (92.7, 70.6) 10.0 (11.3, 8.6) 49204.0, 79.2)

Table 7-12: 2010 technology levelised costs change  from baseline for 2050s and 2080s medium
emissions climates (E/MWh)

7.3.2 Levelised Costs based on 2020s Projected Inpu  t Cost Parameters

This section discusses the sets of levelised @laes based on technology cost projections
for 2020. The 2020 projected levelised costs ditetogies assumed not to be affected by

climate change are shown in Table 7-13 and aredbasefigures from Mott MacDonald
(2010).

Projected 2020 levelised costs with 10% Discourte R&/MWh)
Baseline Climate
. Decomm CO2
Capital O&M Fuel Carbon & Waste | Storage TOTAL

Gas 11.1 6.0 50.9 44.0 - - 112.0
Gas & CCS 20.5 9.6 65.9 6.0 - 3.5 105.b5
Coal 28.4 10.8 19.9 103.2 - - 162.3
Coal & CCS 47.4 17.5 27.6 15.6 - 7.4 115.b
Coal IGCC 33.0 10.7 19.6 101.4 - - 164.7
Coal IGCC & CCS 45.5 15.9 27.2 14.1] - 7.5 110.2

Nuclear 49.2 10.9 5.2 - 2.1 67.4

Table 7-13: Revised projected 2020 levelised costs  at 10% discount rate with baseline climate
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7.3.2.1 Tidal Stream Energy

Tidal stream resource is also assumed to be umedfeay climate change. It was not
included in the Mott MacDonald (2010) report. Ireste future 2020 projected costs are
estimated based on figures in Alleral. (2010) as shown in Table 7-2, Carbon Trust (2011)
future levelised cost targets as shown in Table @l target projections from the ETI
Roadmap (ETI 2010) as shown in Table 7-4. The Garbast (2010) estimate LCOE
reductions in the range of 39% and 54% for ‘Leagrbg Doing’ and ‘Accelerated Learning’
by the 2020s. ETI (2010) estimate 2020 cost oftetsty figures to be in the range of 49%
of 2010 values. All above figures are applicablen@ve energy as well as tidal stream
energy. This study assumes reductions in the regict0% in capital and O&M costs of
tidal stream by 2020. The resulting estimated 2@2€lised costs based on future climate

capacity factors (Table 7-9) are shown in Tablet7-1

7.3.2.2 Wave Energy

Wave Energy resource and its levelised cost seitgitto climate change have been

discussed in section 7.2.2. Projected 2020 lewkicsests for a baseline climate and 2050s
and 2080s medium emissions with 50% probabilitynate have been estimated using the
same cost reductions assumed for tidal stream apdcity factors from Table 7-9. The

values are shown in Table 7-14. The future costsease due to the reduction of future
capacity factor from a baseline value of 33.0%2d % and 31.6% for the 2050s and 2080s
with 50% probability level respectively

7.3.2.3 Onshore and Offshore Wind Energy

Both Onshore and Offshore Wind Energy projected)2@ists use input parameters from the
Mott MacDonald (2010) and capacity factor estimagiofrom this study. The Mott
MacDonald report estimates central constructioriscims 2020 to be in the region of 96%,
80% and 75% of 2010 costs respectively for onstadfshore, and far offshore wind energy.
Levelised costs for onshore, offshore and far @ifshwind using the above construction
costs and capacity factors from Table 7-9 are shiavlrable 7-14. The future costs increase

due to a reduction of capacity factor for both ad affshore wind.
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7.3.2.4 Solar PV

Projected utility CAPEX costs for 2020 published IBA (2010, 2011) and previously
shown in Table 7-5 have been used for estimatimgepted levelised costs for solar PV
(Table 7-14) based on the capacity factors froml@ds9. The future costs for solar PV

reduce due to the increase in capacity factor.

7.3.2.5 Hydro

The projected hydro 2020 costs for the baselimaatk assumed unchanged from the 2009
costs as in (Mott MacDonald 2010). As mentionedviogsly, the hydro levelised cost
estimates performed in this thesis uses the assiogdViacDonald capacity factor for the
baseline and adjusts the value for the future ¢émasing the relative capacity factor
changes from section 6.2. The 2020 levelised dosthe baseline, 2050s and 2080s climate
capacity factors (Table 7-9) are shown in Tablel7The future climate hydro costs increase

due to a reduction of capacity factor.

Projected 2020 Levelised Costs
Probability Level (%) = 50 (10, 90)
| Capital (E/MWh) | O&M (E/MWh) | TOTAL (E/MWh)
Solar PV

Baseline Climate 87.2 8.2 95.4
2050s Climate 80.8 (73.2, 88.6) 7.6 (6.9, 8.3) 88041, 96.9)
2080s Climate 79.0 (70.1, 88.1) 7.5(6.7, 8.3) 86658, 96.4)

Onshore Wind

Baseline Climate 54.7 10.9 65.6
2050s Climate 54.9 (52.3, 58.0) 11.0 (10.4, 11.5) .9652.7, 69.5)
2080s Climate 55.5 (52.7, 58.7) 11.1 (10.5, 11.7) 6663.2, 70.4)

Offshore Wind

Baseline Climate 84.2 32.8 117.0
2050s Climate 86.4 (81.3, 92.9) 33.5 (31.9, 35.6) 19.9(113.2, 128.5)
2080s Climate 87.8 (81.8, 95.5) 34.0 (32.0, 36.4) 1.87113.8, 131.9)

Far Offshore Wind

Baseline Climate 93.4 34.3 127.7
2050s Climate 96.0 (90.0, 103.7) 35.2 (33.2, 37.7) 30.3(123.2, 141,4)
2080s Climate 97.6 (90.6, 106.7) 35.7 (33.4, 38.7) 33.3(124.0, 145.4)

Wave

Baseline Climate 93.4 24.3 117.7
2050s Climate 97.7 (89.2, 108.3) 25.3 (23.3, 27.9) 23.(112.5, 136.2)
2080s Climate 100.6 (90.3, 114.0) 26.0 (23.6, 29.3) 126.6 (113.6, 143.3)

Hydro

Baseline Climate 74.2 9.0 83.2
2050s Climate 77.3 (69.9, 86.6) 9.3 (8.4, 10.5) 86353, 97.7)
2080s Climate 80.7 (72.6 , 90.8) 9.7 (8.8 ,11.0) 0.4981.3, 101.7)

Table 7-14: Revised projected 2020 levelised costs  for different climate scenarios (E/MWh)
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Figure 7-6 shows all the 2020 levelised cost edtona for the baseline climate.

Projected Levelised Cost Estimations for 2020 - 10%  Discount Rate
With Baseline Climate
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Gas  Gaswith Coal Coalwith Coal Coal Nuclear Onshore Offshore Far Hydro Biomass Wave Tidal  Solar PV
CCs CcCs IGCC IGCC Wind Wind  Offshore
with CCS Wind

Figure 7-6: Revised projected 2020 levelised costs  at 10% discount rate

7.3.3 Levelised Costs for 2050s Projected Input Cos t Parameters

For the purpose of this study the levelised casthé 2050s are assumed to be identical to
the 2020 costs. It is was considered that therwdsmuch uncertainty in attempting to
estimate technology costs so far into the futurd #mere is little literature on 2050
technology costs, especially literature that is parable across the different technologies. If
it had been decided to generate comparable ledetissts for the 2050s the following
studies would be likely to provide much of the lkground information to generate them:
ETI (2010), IEA (2010, 2011), Carbon Trust (20108 &JKERC 2050 (UKERC 2009), they
all contain studies of cost targets, roadmapscoelarated learning targets for 2050.

There are limitations in doing this, such as hawogssume that fuel and ¢€©osts are

stationary, all technologies have reached matuty2020, and all further cost savings
(between 2020 and 2050) are uniform across alln@ogies. However, there are also
benefits, such as avoiding further cost uncertasotynected with 2050 costs calculations for
each technology and the added detail attainedsrstbdy by including cost projections and
optimal mixes for the 2050s that can be investifde their sensitivity to climate change. It

is evident that this is an area for further study.
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7.4 Levelised Costs Summary

An extensive literature review of levelised costk aectricity generation has been
undertaken. Levelised cost values and their inpuampeters from several different reports

have been studied.

2010 LCOE ProcessThe 2010 LCOE figures were based on a review stieg literature

with some of the LCOE adjusted to conform to theacity factors estimated in the previous
resource chapters. LCOE values for solar PV wiradyenand hydro were also estimated for
the 2050s and 2080s medium emissions scenariog uajpacity factors estimated on the

future climate resource.

2020 LCOE ProcessThe 2020 LCOE are based on predicted capacitpracas 2010 in
most cases) and predicted (assumed) changes (md)cof CAPEX and OPEX. LCOE
values for solar PV wind, wave and hydro were adstimated for the 2050s and 2080s

medium emissions scenarios using capacity facsinmated on the future climate resource.

2050 LCOE Process The 2050 LCOE process used the same processea®0f#tds and
assumes the 2050 costs to be comparable acrosecti@ologies to the 2020 values (see
section 7.3.3).

Several sets of levelised cost values specificltythis study and for use in the MVPT
chapter, have been calculated from a common senmit parameters that allow all

technologies to be comparable with one another.

Levelised costs for onshore wind, offshore wind aotar PV are calculated using baseline
and future climate resource estimations performmethis study. Hydro and wave levelised
cost values have been estimated using baselineiroeswalues from Mott MacDonald
(2010) and Allanet al. (2010) respectively and climate variability valuesm (Duncan

2012) and calculations in this study, respectively.

The levelised cost of solar PV reduces signifigarily 2020. This is largely due to

manufacturing cost reductions and efficiency imgments (IEA 2010a, 2010b). In 2010
it's levelised cost is significantly higher tharhets, almost twice the cost of offshore wind
in 2010. By 2020 solar PV has a lower cost thashaffe wind and is favourably comparable
to some other technologies. Coal and gas both aserdy roughly 50% as a result of
increased fuel and G@rices that are incorporated in the Mott MacDor@atL0) projected

costs.
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8 Application of Mean Variance Portfolio Theory

8.1 Introduction

The main objective of this chapter is to assesss#msitivity of optimal portfolios of
electricity generation technologies to the effeftslimate change. The information and data
developed and explored in previous chapters is mitagether as input to the Mean Variance

Portfolio Theory analysis.

The yellow and green blocks in the thesis flowch{&igure 8-1) signify the areas of the

thesis connected with this chapter.

Baseline UKCP09 l ‘ HadRM3
‘ R e () s 0

Solar PV Onshore Wind Offshore Wind Wave Hydro Resouices Other Technologies
Model and Energy
Resource and Resource and Resource and Resource and Yield Model Resource and
Energy Yield Model Energy Yield Model Energy Yield Model Energy Yield Model (Duncan 2012) Energy Yield Model
2 L 2 L 2 e L 2 L 2
- - Other
Solar PV Onshore Wind Offshore Wind Wave Hydro Technologies
Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model Cost-Risk Model
< ') " 2
1 ] ] )

MVPT Input MVPT N Baseline Climate Future Climate
Parameters Analysis '\ Optimal Portfolio Optimal Portfolio

Figure 8-1: Thesis flowchart and levelised cost blo  cks

The MVPT analysis includes 2010 and 2020 technolaggt projections with baseline and
future probabilistic climate projections. In thisyvit follows the levelised cost analysis in
Chapter 7. The analysis also explores the influeateechnical and other physical
constraints on the upper limits of energy shareséarh technology.

The first part of the chapter investigates the t@olthl data required to compute optimal
electricity generation portfolios using MVPT. Tedhogy risk estimates, correlation
coefficients and physical constraints on individtethnologies are discussed and assigned
values. After the input parameters have been $et, individual technology cost-risk
characteristics for the baseline climate are ptegon a cost-risk graph. This is done for
both 2010 and 2020 projected levelised cost estimsi(section 7.3). The climate variability
impact on the levelised costs for the 2050s an@2@8e shown on further cost-risk graphs
for the 2010 and 2020 projected levelised costs.
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MVPT is used to generate efficient frontiers foe thaseline climate and 2010 and 2020 cost
projections respectively. The efficient frontiends are generated using different sets of
physical constraints on the share of each techgadlodhe energy mix (2010, 2020, 2050

and no constraints). Each of the efficient frorstiare explored with emphasis on the optimal

mixes at various points on the curve.

The collective technology impact of climate chaogethe efficient frontier using 2020 costs
and 2020 constraints are investigated by generatddijtional curves for the 2050s and
2080s climate with probability levels of 10%, 50¢0d&0%, using the 2020 levelised costs

of all technologies that are affected by climatarde.

Finally, the sensitivity of each technology on & PT optimal mixes are investigated by
varying the levelised cost of each technology im fuiom its baseline value to future climate

values and investigating the changes to the effidrentier and optimal mixes.

8.2 MVPT Input Parameters

As discussed in chapter 2, there are input paramébat need to be ascertained before
MVPT analysis can be performed. This section disesi@nd identifies the input parameters

used in the MVPT analysis.

8.2.1 Technology Risk and Cost Correlation

Technology risk, fuel cost correlation, and O&M tosrrelation values are taken directly
from two sources of recent portfolio theory litemra: Awerbuch and Yang (2007), and Allan
et al. (2011). Allan largely follows the Awerbuch assuiops and adds values for wave and

tidal stream technologies.

Table 7-1 shows the technology risk estimates, Hreya measure of the fluctuation of the
cost streams and expressed as “the standard desiati the holding-period returns based on

historical data for each cost component” (Awerbant Yang 2007).

Capital Cost Risk (construction): This depends loa tomplexity and construction time
period of the technology. Much of these numbersfesm a World Bank analysis. The
numbers for emerging renewable technologies coom fieveloper interviews (Awerbuch
and Yang 2007).

Fuel Cost Risk: These figures are based on histidEaropean fossil fuel import prices from
1980 to 2005.
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Operation and maintenance risk: These figures iffieult to estimate. These are typically

available from corporate records but not publichikable. (Awerbuch and Yang 2007) uses
The US Energy Information Agency and the FederajuRdory Commission databases
which include records for all generators operated begulated utility.

Technology Construction| Fuegl O&M Pre- Fuel Waste | Storage
Development | Delivery | Fund
Wave 10 - 8 10 - - -
Tidal Stream 10 - 8 10 - - -
Onshore Wind 5 - 8 5 - - -
Offshore Wind 10 - 8 10 - - -
Nuclear 23 24 5.5 23 - 10 -
Gas 15 19 10.5 - 19 - -
Coal 23 14 5.4 - 14 - -
Hydro 38 - 15.3 - - - -
Biomass 20 18 10.8 - - - -
Coal with CCS 23 14 5.4 - 14 - 40
Gas with CCS 15 19 10.5 - 19 - 40
Solar PV 5 - 3.4 - - - -

Table 8-1: Technology Cost Component standard devia  tion. Source Awerbuch & Yang (2007);
Allan et al. (2011)

Correlation Coefficients: As previously mentionéak correlations between fuel and O&M
cost components of each technology have also lagen directly from Awerbuch and Yang
(2007) and Allanet al. (2011). Table 8-2 shows the historic fuel pricerelation
coefficients. These are based on a historical juek series for the UK (Allast al. 2011,
Awerbuch and Yang 2007)

Cl::(;lr?(le:zl;li?)?l Gas Gas & CCS Coal Coglcvgth Nuclear Biomass
Gas 1 1 0.757 0.757 0.648 -0.44
Gas & CCS - 1 0.757 0.757 0.648 -0.44
Coal - - 1 1 0.59F -0.38
Coal & CCS - - - 1 0.59F -0.38
Nuclear - - - - 1 -0.22
Biomass - - - - - 1

% indicates that these estimates are taken from Allan et al. (2010)
® indicates that these estimates were taken from Awerbuch and Yang (2007)
Table 8-2: Fuel price correlation coefficients.
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Table 8-3 shows the O&M correlations. These figurage been taken from Awerbuch and
Yang (2007) and calculated from holding-period mesu(HPR).

o&M Gas | Gas | Coal | Coal | Nuclear | Wind Hydro Biomass Wave Tidal Solar
Correlation CCs CCs Stream| PV
Gas 1 1 0.25 | 0.25 0.24 0 -0.04 0.32 0 0 0.05
Gas CCS 1 0.25 | 0.25 0.24 0 -0.04 0.32 0 0 0.05
Coal 1 1 0 -0.22 0.30 0.18 -0.22 -0.22 | -0.39
Coal CCS 1 0 -0.22 0.30 0.18 -0.22 -0.22 | -0.39
Nuclear 1 -0.07 -0.41 0.65 -0.07 -0.07 0.35
Wind 1 0.29 -0.18 0 0 0.05
Hydro 1 -0.18 0 0 0.30
Biomass 1 0 0 0.25
Wave 1 1 0.05
Tidal Stream 1 0.05
Solar PV 0.05

Source: Awerbuch and Yang (2007)
Table 8-3: Operation and maintenance cost correlati  on coefficients

The figures on costs are ultimately uncertain. Ashs they will add error to the portfolio
analysis, but it is not possible to clarify thextent. While this is an input consideration, the
main effort is in identifying and isolating the iaqt of climate change. Estimating the
spread in cost and risk and the impact on optinoatf@ios is evidently an area for future

work.

8.2.2 Technology Mix Constraints

When portfolio theory is applied to electricity geation the use of constraints are typically
needed to control the physical upper limits of etamthnology, which is a product of the
maximum deployment level of that technology, itsowrce or its ability to match demand.
MVPT literature generally used only one set of ¢nsts. This study encompasses these
and uses five sets of constraint scenarios to septedifferent time periods and to explore
the sensitivity of optimal MVPT mixes to the chogeshnology constraints. The 5 chosen

constraint scenarios are shown in Table 8-4 anthievga as follows:

The 2010 ‘tight’ upper constraints are intendedrépresent roughly what is practically
possible at this time and have been deliberatelynbovery close to the 2009 electricity
generation mix. The 2010 ‘looser’ constraints arended to increase renewables share

slightly beyond their current physical limitations.

The 2020s and 2050s constraints are subjectivdargbme of the emerging technologies
are very ambitious; however, it is thought, for bemefits of this study, that they have been

set appropriately. The 2020 upper constraints asedb largely on information in Awerbuch
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and Yang (2007), the UK Renewable Energy Roadma&C( 2011) and DUKES (2010).
There is more uncertainty with setting upper caists for the 2050s and so two sets of
2050 constraints have been generated as diffecgantial scenarios. The first set (2050) is
based loosely on reports investigating energy systeathways towards 2050 (Anandarajag
et al. 2009, DECC 2010, Winske#t al. 2009). The second set (2050 20%) has all
technologies at a maximum 20% of total energy sumpicept for coal and gas without CCS
which is set to 5% so as to meet 2050,@&luction targets. The 2050s constraints loosely
correspond to a large percentage of nuclear andeasdied future. In all cases, the lower

limits have all been set to 0%.

Technology 2009 Upper Upper Upper Upper Upper
UK mix (%) | Constraint | Constraint | Constraint | Constraint | Constraint
approximately 2010 2010 2020 (%) 2050 (%) 2050 20%
Tight (%) Loose (%) (%)
Gas 44.5 50 50 39 5 5
Gas & CCS 0 0 0 1 30 20
Coal 28.1 35 35 34 5 5
Coal & CCS 0 0 0 1 30 20
Nuclear 18.6 25 25 20 50 20
Onshore Wind 2.03 2.5 12.0 12.0 15 20
Offshore Wind 1.47 2.0 10.0 10 15 20
Far Offshore Wind 0 0 5.0 10 15 20
Hydro 1.41 2.0 5.0 5.0 5.0 20
Biomass 2.86 4.0 10.0 10 10 20
Wave 0 0 2.5 2.5 10 20
Tidal Stream 0 0 25 25 5 20
Solar PV 0.005 0.01 25 25 10 20

Table 8-4: Applicable technologies in the 2010 mix and their constraints (proportion of total
generated energy)

The assumed 2020s electricity demand is set aT¥0® based on forecasts in DECC (2010)
for future pathways,  andy. In 2009 there was 372 TWh of electricity geneddl@UKES

2011). There are many studies investigating ptssilture electricity generation scenarios
towards 2050 (AEA Technology 2011, DECC 2010, Watsk al. 2009). The 2050 demand
estimations vary quite considerably (in the regid75-600 TWh) depending on the future
outcome scenario. This thesis has assumed a cestinaate of 500 TWh, an increase from
2020 due to a larger population and transport @ieettion associated with substantial

energy efficiency efforts.

8.2.3 Technology Cost and Risk Variability
The levelised costs and risks of each technology 2@10 cost and baseline climate

projections are shown in Figure 8-2. Although hydrdhe cheapest of the renewables, it is
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also the riskiest of all technologies due to tmaficial risk in its construction period. Solar
PV is by the most expensive but also the leasyribke fossil fuel technologies are all in the
mid-range of cost and risk. Coal and gas CCS agmifiiantly more expensive than their
non-CCS counterparts. Solar PV clearly stands sliedng different from the trend of the
others in shifting towards a lower cost with futumenual average climate variability;
whereas the others are weighted towards an increasest. The variability shown in red is
the 2050s annual average climate variability fer 0% and 90% climate probability levels

and the 50% is shown as a horizontal red mark.

Cost (E/MWh)
250
>f Solar PV
200 - Wave
Far Offshore Wind
150 1 % Offshore Wind Coa.I IGCC with CCS
Coal IGCC & Toal with CCS
coal # Gas with CCS
100 oal ¢ "
X Onshore Wind : Biomass Nuclear Hydro %
Gas
50 q
04
0 4 8 12 16 20 24 28 32 36

Risk: standard deviation (%)
Figure 8-2: Cost Risk Graph for 2010 Cost Projection s with baseline (black) and 2050s climate
(red)

Figure 8-3 shows the annual average variabilitghef 2010 levelised costs with a 2080s
medium emissions climate. There is a shift towdosiger cost for Solar PV and a shift of
increased costs for the others. It is difficultstee but the 2080s bars also indicate slightly

more uncertainty.
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Figure 8-3: Cost Risk Graph for 2010 Cost Projection s with baseline and 2080s climate
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Figure 8-4 and Figure 8-5 show the same as shoewiqusly but with the 2020 projected
costs with baseline climate, 2050s and 2080s ofimedpectively. There are substantial cost

reductions seen for solar PV, wave and wind teaduies. However, the spread and risk
values remain very similar.
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Figure 8-4: Cost Risk Graph for 2020 Cost Projection s with baseline and 2050s climate
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Figure 8-5: Cost Risk Graph for 2020 Cost Projection s with baseline and 2080s climate

The values shown for the 2010 cost projectionsigurfe 8-2 and Figure 8-3, and 2020 cost
projections in Figure 8-4 and Figure 8-5, are showhable 8-5 and Table 8-6 respectively.

2010 Levelised Cost Variability (£/MWh)
. Far
C"mat? On;hore Offshore Offshore Hydro Wave Solar PV
Scenario Wind Wind Wind
Baseline 87.8 148.4 177.4 83.2 193.0 237.7
2050 10% 91.7 159.9 191.1 97.9 211.5 239.7
2050 50% 88.0 151.3 180.8 87.6 198.4 230.8
2050 90% 85.0 144.6 172.9 77.4 187.8 2224
2080 10% 92.6 163.2 195.1 104.0 218.6 238.7
2080 50% 88.8 153.2 183.1 92.4 201.9 228.8
2080 90% 85.4 145.3 173.7 79.2 189.2 2194

Table 8-5: Climate cost variability for 2010 techno  logy costs
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2020 Levelised Cost Variability (E/MWh)

. Far
Cllmat(_a Ons_hore Offs_hore Offshore Hydro Wave Solar PV

Scenario wind Wind Wind
Baseline 65.6 117.0 127.7 83.2 117.7 95.4
2050 10% 69.5 128.5 141.4 97.9 136.2 96.9
2050 50% 65.8 119.9 131.1 87.6 123.1 88.5
2050 90% 62.8 113.2 123.2 77.4 112.5 80.1
2080 10% 70.4 131.8 145.4 104.0 143.3 96.4
2080 50% 66.6 121.8 133.4 92.4 126.6 86.5
2080 90% 63.2 113.9 124.0 79.2 113.9 77.1

Table 8-6: Climate cost variability for 2020 techno  logy costs

It can be seen that that onshore and offshore wiiagte and hydro are all likely to see an
increase in cost due to annual average climatabisity; hydro and wave appear to be most
affected. Solar PV costs look set to benefit frohmate change with significant cost
reduction for the 2050s and reducing even furtbetre 2080s.

8.3 Mean Variance Portfolio Theory Analysis for Bas  eline Climate

This section uses MVPT to explore several optimadesn of electricity technology for the
present and future time periods. All analyses au estimates are for the baseline climate.
A set of 3 efficient frontiers are generated foe 2010 time period using projected 2010
costs and 3 sets of technology upper constraints. €¥icient frontier is generated for the
2020 time period using 2020 projected costs and 208astraints. Two efficient frontiers are
generated for the 2050s time period. The 2050s parv@d assumes the same technology
costs as the 2020 costs. There are two sets ofraons used for the 2050s to give two
alternative efficient frontiers.

Several optimal mix points on each of the efficitlntiers are chosen and discussed in
more detail. They are compared with other optinmhis on the efficient frontier and also

compared with the actual 2009 mix. CO2 emissionshe different mixes are also explored

and compared relative to 1990 £énission values.

8.3.1 Cost Projections for 2010 with Baseline Clima te

This section MVPT analyses uses 2010 costs and f@keach technology. The first run
uses 2010 tight constraints. The second run us&® Rfbser constraints. There are no
constraints used in the final run. Figure 8-6 showes generated MVPT efficient frontier

curves using the three different constraint scesasis shown in Table 8-4. Also shown for
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comparison are the estimated overall portfolio st risk values for the actual 2009 UK
energy mix.
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Figure 8-6: Portfolio Analysis for 2010 Cost Projecti ons with baseline climate

8.3.1.1 A closer look at optimal mixes with 2010 ‘tight’ mstraints

Figure 8-7 zooms in specifically on the efficierdrftier produced with the 2010 technology
upper constraints. As mentioned, these constranetdound very closely to the 2009 actual
mix. It is demonstrated that despite limited rooon fmanoeuvre there are more optimal

mixes than the 2009 mix. Every point on the effitigontier is an optimal mix.
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Figure 8-7: Four optimal portfolio mixes on the 201 0 efficient frontier curve

The mix at Point A has the same risk value as 21i%t a reduced cost. Point B has the
same cost but a reduced risk. Points C and D Wi ®ptimal mixes at the extremes of the
efficient frontier curve. Point C is sacrificingstdn order for minimal risk, while Point D is

minimising risk at the expense of cost.

Table 8-7 provides details of the four highlightgatimal mix points on the efficient frontier.
The assumed total energy output for 2010 is baseith@® 2009 output at roughly 372 TWh
(DUKES 2010). Also shown are the g@missions for each mix and the percentage

reduction relative to 1990 levels. The CO2 emissiare based on gas and coal emitting 405
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and 915 Tonnes per GWh respectively and CCS teogpdieing 90% efficient (DUKES
2010). Point D, which has relatively high propansoof gas, nuclear, and low proportions of
coal, has the lowest emissions at 40.8% relativiE989 emissions. There are probably other
optimal mixes on the efficient frontier with lowemissions and this is explored for the
2020s, 2050s and 2080s time periods.

2010 Constraints - Annual Electrical Energy Out@@wh)
UK 2009 Point A Point B Point C Point D
Gas 151.7 152.2 144.5 107.0 170.5
Coal 95.8 83.4 85.2 112.9 56.6
Nuclear 63.4 75.9 75.6 85.3 84.9
Onshore Wind 6.9 8.5 8.5 8.5 8.5
Offshore Wind 1.7 0.4 6.8 6.8 0
Hydro 4.8 6.8 6.8 6.8 6.8
Biomass 9.8 13.6 13.6 13.6 13.6
Wave 0 0 0 0 0
Tidal Stream 0 0 0 0 0
Solar PV 0 0 0 0 0
Cost (E/MWh) 91.5 90.0 91.4 93.7 88.6
Risk (%) 11.6 11.6 11.3 11.0 12.0
CGO, (Million Tonnes) 149.1 138.0 136.4 146.6 120.9
CO, Reduction from 1990 (%) 26.9 32.4 33.1 28.1 40.8

Table 8-7: Details of mixes at Points A, B, Cand D  on the 2010 constraints efficient frontier

8.3.1.2 A closer look at optimal mixes with 2010 ‘loosedrgstraints

Figure 8-8 zooms in on the efficient frontier fbet2010 cost projections but bound by the
2010 ‘loose’ technology constraint values. Poinh#@s the same cost as the 2009 mix but
with a 20% reduction in risk. Points B and C ar&rmgal mixes close to the extremes of the
efficient frontier: Point B sacrificing cost foruer risk and point C focussing on minimal
optimal cost at the expense of increased risk. Wewan all cases the risk is still reduced
relative to the 2009 value.
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Figure 8-8: Three optimal portfolio mixes on the 20 10 efficient frontier curve with looser
constraints
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Table 8-8 provides details of the three highlightgtimal mix points on Figure 8-8. Point A

which has the same portfolio cost as 2009 but nmecluced risk has achieved this by
reducing roughly a third of energy supplied by gad coal and replacing it with substantial
increases in onshore wind, offshore wind, tidakatn, hydro and biomass; this has also

dramatically reduced C{missions to 50% of 1990 levels.

Point B, which focuses on minimal risk, reduces g@asn further and replaces it with more
offshore wind and introduces significant amountsiote relatively more expensive, low
risk technologies: far offshore wind, wave and soldhe CQ emissions are an improved
reduction of 58.7% from 1990 levels.

Point C, focusing on minimal cost at the expensestd almost completely eliminates coal
and replaces it with some gas, onshore wind, bisyragal stream and hydro. No offshore
wind or solar feature in this mix due to their higbsts. As a result of almost no coal the,CO
emissions for this mix reduce even further thanntiteat point B to a 65.9% reduction from
1990 levels.

All points on the efficient frontier curve havelaast 48% C@reduction, relative to 1990
levels, due to the relaxed constraint on renewtgalenologies. The lowest G@vel on the

curve is at Point C, where coal is at its lowesél®f 0.5 TWh.

2010 with looser Constraints - Annual ElectricakEgy Output (TWh
UK 2009 Point A Point B Point C
Gas (TWh) 151.7 111.8 60.2 170.5
Coal (TWh) 95.8 62.1 65.4 0.5
Nuclear (TWh) 63.4 54.5 46.6 69.4
Onshore Wind (TWh) 6.9 40.9 40.9 40.9
Offshore Wind (TWh) 1.7 12.0 34.1 0
Far Offshore Wind (TWh) 0 0 17.1 0
Hydro (TWh) 4.8 17.1 17.1 17.1
Biomass (TWh) 9.8 34.1 34.1 34.1
Wave (TWh) 0 0 8.5 0
Tidal Stream (TWh) 0 8.5 8.5 8.5
Solar PV (TWh) 0 0 8.5 0
Cost (E/MWh) 91.5 91.7 107.7 86.0
Risk (%) 11.6 8.7 6.7 10.5
CO, (Million Tonnes) 149.1 102.1 84.2 69.5
CGO, Reduction from 1990 (%) 26.9 50.0 58.7 65.9

Table 8-8: Details of mixes at Points A, B and C on
frontier

the 2010 more open constraints efficient

8.3.1.3 A closer look at optimal mixes with no constraints

It is of interest to explore optimal mixes with eonstraints but as mentioned in section 2.5.1

it is not truly practical as MVPT does not takeoirgccount any physical restrictions on
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individual technologies or their fuel source. Fig@-9 shows the efficient frontier with no

constraints.

Point C which is achieving minimal risk at the empe of cost is very interesting as this
point shows very clearly Markowitz's MVPT theory gfouping assets with diversified risk
characteristics together to reduce overall risle Tisk at point C is significantly less than the
risk of any of the individual technologies. If tihechnologies were not diverse then the
lowest risk possible would be the risk value of liwveest risk technology which is Solar PV.
All points along the efficient frontier benefit this way, it is just that the benefit is clearly
seen in graphical form for any point on the efintiérontier that has a risk value less than
any of the individual technologies. The detailsh#f four optimal mix points on the efficient

frontier in Figure 8-9 are shown in Table 8-9.
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Figure 8-9: Three optimal portfolio mixes on the 20 10 efficient frontier curve with looser
constraints

Point A which has the same risk as the 2009 mix realsiced cost by 6.7 £/ MWh by
substantially increasing gas, onshore wind and diy@ihere is no coal, biomass, nuclear,
offshore wind, tidal stream, wave or solar PV ia thix. The CQis reduced to 56% of 1990

levels.

Point B, which has the same cost as the 2009 nixdwuced risk by 7.6 percentage points
which in real terms is a risk reduction of rougbl§®6. This has been achieved by the mix
being dominated by onshore wind, tidal stream nesoand very low proportions of all

other technologies. GQevels are dramatically reduced to 89.4% of 1%9@ls.

As previously discussed, Point C is the point ef ¢fficient frontier with the lowest risk of
2.9%. Not surprisingly the dominant technology @a% PV as it is the technology with the

lowest risk; but by adding a significant proportiof onshore wind, another low risk
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technology, and small amounts of other diverserteldgies, the risk is even further reduced
to 2.9%. The high proportion of solar PV and othemewables also results in Point C
having the greatest G@eductions.

Point D is the lowest cost mix on the efficientrftier which is 100% of the technology with

the lowest cost, in this case it is Gas. The t@ftiés that there is high risk at 17.5%. This is

the outcome of having no diversity in the mix.

2010 with No Constraints - Annual Electrical Enef@ytput (TWh)
UK 2009 Point A Point B Point C Point D
Gas (TWh) 151.7 219.4 18.4 8.1 341
Coal (TWh) 95.8 0 15.6 12.3 0
Nuclear (TWh) 63.4 0 10 5.2 0
Onshore Wind (TWh) 6.9 90.5 204.4 103.3 0
Offshore Wind (TWh) 1.7 0 0.1 20.9 0
Far Offshore Wind (TWh) 0 0 0 0 0
Hydro (TWh) 4.8 31.2 4.2 15 0
Biomass (TWh) 9.8 0 23.9 12.8 0
Wave (TWh) 0 0 0 0 0
Tidal Stream (TWh) 0 0 64.4 35.8 0
Solar PV (TWh) 0 0 0 141.1 0
Cost (E/MWh) 91.5 82.2 88.9 154.4 79.7
Risk (%) 11.6 11.8 4.2 2.9 17.5
CO2 (Million Tonnes) 149.1 88.9 21.7 14.5 138.1
CO2 Reduction from 1990 (%) 26.9 56.4 89.4 92.9 32.3

Table 8-9: Details of mixes at Points A, B, Cand D  on the 2010 no constraints efficient frontier

8.3.2 Cost Projections for 2020 and 2050s with Base
The aim of this section is to use MVPT to expldifecient portfolio mix options for 2020 by
using 2020 projected costs and 2020 constraints.ZD®0s time period is also explored by

line Climate

assuming technology costs are identical to the 2@2@s but adjusting constraints to values
more applicable for the 2050s. The reason for ddiigyis due to the increasing uncertainty
associated with attempting to project technologstdurther into the future. There is very

limited literature on cost projections for the 285@nd it is considered a more

straightforward alternative to assume all technie®dy 2020 have reached maturity and
relative costs leading up to 2050 stay the samereTare two efficient frontiers explored for

the 2050s using two different sets of 2050 constisai
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Shown in Figure 8-10 are the individual technoleggt projections for the 2020s along with
three efficient frontier portfolio curves which reateen generated using the cost projections
and three different technology constraint scenaf2820s, 2050s and 2050s with 20%) as

described earlier and with values shown in Table 8-

Cost (E/MWh)
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Figure 8-10: Portfolio Analysis for 2020 Cost Project  ions with baseline climate

8.3.2.1 Analysis with 2020 Constraints

Three optimal mix points on the ‘2020s constraietficient frontier curve are highlighted in

Figure 8-11, the mix details of each point are smgwTable 8-10.
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Figure 8-11: Three optimal portfolio mixes on the 2 020 constraints efficient frontier
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2020 Costs with 2020 Constraints - Annual Electiii@ergy Output (TWh)
2020 Upper Point A Point B Point C
Constraint
Gas (TWh) 156 82.8 58.1 133
Gas with CCS (TWh) 4 0 0 4
Coal (TWh) 136 15.2 73.2 0
Coal with CCS (TWh) 4 4 0 4
Nuclear (TWh) 80 80 51.3 80
Onshore Wind (TWh) 48 48 48 48
Offshore Wind (TWh) 40 40 40 40
Far Offshore Wind (TWh) 40 40 40 1
Hydro (TWh) 20 20 19.5 20
Biomass (TWh) 40 40 40 40
Wave (TWh) 10 10 10 10
Tidal Stream (TWh) 10 10 10 10
Solar PV (TWh) 10 10 10 10
Cost (E/MWh) - 95 105.5 91.5
Risk (%) - 6.8 6.1 8.2
CGO, (Million Tonnes) - 47.8 90.5 54.4
CO, Reduction from 1990 (%) - 76.6 55.7 73.3

Table 8-10: Points A, B and C on the 2020 costs with 2020 constraints efficient frontier

It is assumed that electricity generation has meed to 400 TWh per annum by 2020. As
can be seen, all renewables are either at theimmogx constraint or close to it in the mix at
all three points on the efficient frontier. The BG&bst projections assume they have reached
or nearing maturity and costs are more competitiith fossil fuelled technologies, which
also have projected GOemission overheads and fuel price variability he tMott

MacDonald cost projections (Refer to Table 7-13).

Point A on the efficient frontier has just beenwhoas a midpoint on the curve, not too
costly or risky. All renewables and nuclear are ggating at their maximum constraint
values. Gas generates a large proportion. CoalCaadl CCS generated the small remaining

proportion. The CQlevels are a 76.6% reduction from 1990 levels.

Point B is aiming for minimal risk at the expendeast. Renewables are at maximum levels
but relative to Point A there is much more generafrom coal at the expense of a large

proportion of gas and nuclear.

Point C is aiming for minimal cost at the expenderisk. Gas, nuclear and renewable
technologies make up the majority of the mix. Aéstwre wind is minimal though due to its

high cost. Coal use is greatly reduced and only 8@$the mix.

To better illustrate the full range of efficieneetricity generation mixes for 2020 costs with
2020 restraints, Figure 8-12 and Figure 8-13 shimevdeneration mix and G@&mission

values at all points on the efficient frontierwlas attempted to combine both graphs in one
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three dimensional graph but with unsatisfactorylteshence the two separate graphs show
the same efficient mix options relative to cost asll respectively. To better understand the
figures also follow the 2020 efficient frontier stain Figure 8-11. In essence these can be
viewed as portfolio ‘elevation’ taken from eithdretcost plane or risk plane and showing
mix and CQ. In Figure 8-12, as the cost decreases, coal @gesegas and nuclear increase;
far offshore wind tails off at the lowest cost. figure 8-13, as the risk decreases, coal

increases and gas decreases; far offshore wind/awel both tail off as the risk increases.
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Figure 8-12: 2020 Efficient Frontier mix and CO
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There is literally a 3-way trade-off between risiost and C@ It is quite evident from

looking at both the cost and risk figures how mubke CQ output is related to the

proportion of coal and gas in the mix. It can digoseen that a potentially better mix than

points A, B and C would be where €@ minimal. At this point cost is around 93 £/MWh

and resulting risk is roughly 7.1%. This point dre tefficient frontier (see Figure 8-11)

would be approximately one third of the way towaPdént C from Point A.
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8.3.2.2 Analysis with 2050 Constraints

The 2050 constraints efficient frontier with threleosen optimal mix points is shown in

Figure 8-14 and further mix and Gdformation on the mixes are shown in Table 8-11.
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Figure 8-14: Three optimal portfolio mixes onthe 2 050 constraints efficient frontier

2020 Costs with 2050 Constraints - Annual Electi@ergy Output (TWh)
2050 Upper Point A Point B Point C
Constraint
Gas (TWh) 25 0 25 0
Gas with CCS (TWh) 150 17.5 6.6 27.8
Coal (TWh) 25 0 25 0
Coal with CCS (TWh) 150 11.5 13.6 0
Nuclear (TWh) 250 121.3 25.5 250
Onshore Wind (TWh) 75 75 75 75
Offshore Wind (TWh) 75 74.7 70.7 0
Far Offshore Wind (TWh) 75 0 75 0
Hydro (TWh) 25 25 8.5 25
Biomass (TWh) 50 50 50 50
Wave 50 50 50 0
Tidal Stream (TWh) 25 25 25 25
Solar PV (TWh) 50 50 50 47.2
Cost (E/MWh) - 86 100.5 73.1
Risk (%) - 6.0 4.3 10.4
CO, (Million Tonnes) - 1.8 34.5 1.1
CO, Reduction from 1990 (%) - 99.1 83.1 99.4

Table 8-11: Points A, B and C on the 2050 constraint s efficient frontier

There are several large differences that arise fadjusting the portfolio constraints from
values assumed for the 2020s to assumptions fo2QB6s: the increased upper constraints
of all renewables; the decreased upper constraint®al and gas without CCS so as to
ensure optimal portfolios have large £@mission reductions; the increased upper
constraints of coal and gas with CCS. In briepalhts A, B and C have very little unabated
coal or gas in the mix. Renewables are all at threeikimum constraints, except at Point C
which does not include far offshore wind. Nucleas la large proportion in all especially
Point C where low cost at the expense of risk isght It is assumed that electricity

generation has increased further to 500 TWh by 2050
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Figure 8-15 and Figure 8-16 show the efficient fremmix with respect to cost and risk
respectively. What is very noticeable is the Igoggportion of nuclear in the low cost higher
risk areas and it being replaced with far offshemed, wave, and coal, Gas with CCS to a
smaller extent, as the efficient frontier progrestmwvards higher cost lower risk optimal
mixes. Also noticeable are the very low £€nissions except for mixes in the extremes of
low risk and high cost where coal and gas feataréghe mix. In most cases it is 100%

mitigated.
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Figure 8-15: 2050 Efficient Frontier mix and CO  , with respect to cost
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Figure 8-16: 2050 Efficient Frontier mix and CO  , with respect to risk

8.3.2.3 Analysis with 2050 20% Constraints

There are many possible future outcomes and thstradmts in this section are to give an
alternative scenario to the 2050 constraints usedqusly in section 8.3.2.2. The aim of the
choice of the ‘20%’ constraints are to prevent taghnology dominating the mix and so to

ensure there is even more diversity relative toptieeious 2050 constraints. The majority of
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technologies are limited to a maximum of 20% oéltgieneration; non CCS coal and gas are
limited to 5% to ensure low CGOemissions. The efficient frontier for the 2050 20%
constraints is shown in Figure 8-17, also highkghare three points on the frontier. The

details of the optimal mixes at those points amshin Table 8-12.
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Figure 8-17: Three optimal portfolio mixes onthe 2 050 20% constraints efficient frontier

2020 Costs with 2050 20% Constraints - Annual Eiealt Energy Output (TWh)
Upper
Constraint Point A Point B Point C
Gas (TWh) 25 0 24.1 0
Gas with CCS (TWh) 100 16.4 0 0
Coal (TWh) 25 0 25 0
Coal with CCS (TWh) 100 7.5 2.9 0
Nuclear (TWh) 100 62 17.4 100
Onshore Wind (TWh) 100 100 100 100
Offshore Wind (TWh) 100 27 0 0
Far Offshore Wind (TWh) 100 0 91.2 0
Hydro (TWh) 100 16 5.4 82
Biomass (TWh) 100 71.2 37.1 100
Wave 100 0 6.8 0
Tidal Stream (TWh) 100 100 90.1 100
Solar PV (TWh) 100 100 100 18
Cost (E/MWh) - 76.6 90 70.1
Risk (%) - 4.5 3.6 8
CO, (Million Tonnes) - 1.3 32.9 0
CGO, Reduction from 1990 (%) - 99.3 83.9 100

Table 8-12: Points A, B and C on the 2050 20% constr  aints efficient frontier

The efficient frontier and optimal mixes using th@50 20% constraints are significantly
improved from those in section 8.3.2.2 for the 2@60straints; this can be seen in Figure
8-10 as well as by comparing Table 8-11 and Tabl2.8The main reason for the
improvement is that renewables, which benefit flseing more economically competitive in
the 2020s cost projections, have an increased higoportional limit; whereas there are
tighter constraints around nuclear. Coal and gals @CS also have tighter constraints but

are not constrained by the limits at any point gltire efficient frontier.
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Figure 8-18 and Figure 8-19 illustrate the mix gldhe efficient frontier curve from a cost
and risk perspective respectively; it may be of tsalso follow the curve (Figure 8-17)
while studying them. In Figure 8-18, as the costuces, hydro and nuclear increase,
offshore wind increases; far offshore and waveiratbe mix only when the cost is high. In
Figure 8-19, as the risk reduces, solar PV anchofés wind increases. When the risk is
approaching its lowest value, hydro, nuclear tHibod gas and coal with CCS enter into the
mix. It is quite obvious that the mixes of techrgyés are more evenly spread than in the
2050s mix (Figure 8-15 and Figure 8-16) especiaiyh nuclear being reduced and
renewables being increased to have an upper consif20% of the overall mix.
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Figure 8-18: 2050 20% Efficient Frontier mix and CO  , with respect to cost

Electricity Generation

(TWh) CO, (MtCO,)

500 1 Solar PV
. Tidal

450 A Wave

400 B Far Offshore Wind

350 I Offshore Wind
C—10nshore Wind

300 N Hydro

250 == Nuclear
I Biomass

200 B Gas with CCS

150 C/Gas
[ Coal with CCS

100 — Coal

50 = = CO2

0
3.6 4 4.4 4.8 52 5.6 6 6.4 6.8 7.2 7.6 8 8.4 8.8
Risk (%) - standard deviation

Figure 8-19: 2050 20% Efficient Frontier mix and CO with respect to risk
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8.3.3 Section Summary

This section has demonstrated the application ofPWM\{o generate efficient frontiers and
choices of optimal mixes with each having their oalmaracteristics. The sensitivity of
MVPT to levelised costs, risks, and the constraimigs been shown, so too has the
importance in choosing suitable technology constnadlues. Also discussed are the choices
of optimal mix to suit requirements such as costlettricity, level of risk, and the level of
CO, emissions. The baseline climate has been assutatiohary throughout the different

time periods. The next section will investigate seasitivity of MVPT to climate change.

8.4 Climate Change Impact

This section introduces the impact of annual awereljmate variability into the MVPT
analyses. It uses the outcome of all previous eng@nd aims to explore the impact that
climate change and the resultant effect on indaidechnologies has on MVPT output and
potential optimal mixes on the efficient frontiesing the 2020s and 2050s technology costs
and constraints, and comparing MVPT output for2880s and 2080s climate, with output

for the baseline climate.

8.4.1 Sensitivity of MVPT curve for 2020s costs wit  h 2020s constraints

This section uses MVPT to explore 2020 costs ferlihseline, 2050s and 2080s climates.
Shown in Figure 8-20 is the 2020s efficient frontfer the cost projections with 2020
technology constraints. The green line is the asadlimate (section 8.3.2.1). Shown in
solid orange is the efficient frontier generatedewtusing the resource output values for a
2050s medium emissions climate with 50% probablétyel; shown in the broken orange
lines are the efficient frontiers generated ushmg 10% and 90% probability levels for the

2050s. The solid and broken blue lines represen2@80s climate.
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Figure 8-20: Efficient Frontier for 2020s constraint s, 2020 costs, and 2050s & 2080s climate.

Overall, there are shifts in costs upwards and sioerease in risk. This applies not only to
the 50% climate probability but also the rangetipalarly so on the higher cost side. As can
be seen there is substantial cost and risk seibgitihich both vary in sensitivity depending
on the point on the efficient frontier and the t8sg mix of technologies at that point. To
explore further the variability of the cost, riskdamix at point A is investigated. Table 8-13
shows the cost variability (maintaining baselinek)yi and risk variability (maintaining
baseline cost) at Point A for the 2050s and 2080stes.

Cost changes to optimal mix at ‘Point A’ - keepiigk stationary

Climate Cost Variability (E/MWh)
Baseline Climate 93.5
2050s Medium Emissions 50% (10%, 90%) 94.2 (971199
2080s Medium Emissions 50% (10%, 90%) 94.7 (9810)9

Risk changes to optimal mix at ‘Point A’ - keepiomst stationary
Risk Variability (% points)

Baseline Climate 7.0
2050s Medium Emissions 50% (10%, 90%) 7.2 (8.3,6.7
2080s Medium Emissions 50% (10%, 90%) 7.4 (8.6, 6.8

Table 8-13: Portfolio cost and risk sensitivity

The 50% probability levels for the 2050s and 20@@sease in cost by 0.7 and 1.2 £/MWh
respectively. The cost uncertainty between the 40%90% probability points are relatively

large at 5.6 and 6.1 £/MWh respectively.

The portfolio risk increases slightly by 0.2% and% points for both future climates at the
50% probability level. The variability of risk beéen the 10% and 90% probability levels
are 1.6 and 1.8 percentage points respectivelthteo2050s and 2080s climates.
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If the climate changes the energy output and dosteatricity will be affected. Technologies
that use climate sensitive resource will changeiamédsponse the portfolio cost will change.
The portfolio risk may be affected too, but to wéo extent. If the overall portfolio cost is to
stay at the same level after any climate change the mix will need to alter, which will

alter the expected risk.

Table 8-14 shows the changes in mix required totasi an optimal mix at the same overall
cost over different climate change scenarios. thesmore expensive of the renewables, far
offshore wind and wave, and coal that reduce. Gdsgas with CCS, increase to maintain
the overall cost. The mixes for the lower 10% piolitst levels also generate more génd
increase overall portfolio risk. For the 2050s @080s at 50% probability level the overall
risk increases from the 7.0% baseline level, t@67éhd 7.4% respectively. €@missions
reduce slightly for the 2050s due to coal beindaegd with gas. However, by the 2080s,
gas has increased further to displace some fana#swind, this results in a slight increase

of CO, emission levels relative to baseline levels.

Baseline 2050 2050 2050 2080 2080 2080
50% 10% 90% 50% 10% 90%
Gas (TWh) 112.2 121.3 169.1 101.8 133.8 178.4 103.4

Gas with CCS (TWh) 5.0 5.0 5.0 0 5.0 5.0 0

Coal 5.3 0 0 20.7 0 0 19.1

Coal with CCS (TWh) 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Nuclear (TWh) 100 100 100 100 100 100 100
Onshore Wind (TWh) 60 60 60 60 60 60 60
Offshore Wind (TWh) 50 50 50 50 50 50 50
Far Offshore Wind (TWh) 50 46.2 0 50 33.7 0 50
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50

Wave (TWh) 125 125 10.9 12.5 125 1.6 12.5

Tidal Stream (TWh) 12.5 12.5 125 125 12.5 125 125

Solar PV (TWh) 12.5 125 12.5 12.5 125 12.5 12.5

Cost (E/MWh) 935 93.5 93.5 93.5 93.5 93.5 93.5

Risk (%) 7.0 7.2 8.3 6.7 7.4 8.6 6.8

CQO, (Million Tonnes) 51.0 49.8 69.1 60.6 54.9 72.9 59.8

CO, Reduction from 1990 (% 75.0 75.6 66.1 70.3 73.1 64.3 70.7

Table 8-14: Optimal mix change at ‘Point A’ to main  tain overall cost at baseline climate value
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As mentioned the risk stays largely constant if itig does not change. Table 8-15 shows
the changes in cost in order to maintain the saweradl expected portfolio risk at the
baseline value. The changes in proportion of theand CQ emissions were negligible and
not shown. It shows a cost change of 0.7% (3.9% %) for the 2050s and 1.3% (4.9%, -
1.6%) for the 2080s.

Baseline 2050 2050 2050 2080 2080 2080
50% 10% 90% 50% 10% 90%
Cost (E/MWh) 93.5 94.2 97.1 91.9 94.7 98.1 92)0
Risk (%) 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Table 8-15: Optimal mix change at ‘Point A’ to main  tain overall portfolio risk at baseline climate

level

8.4.2 Sensitivity of MVPT curve for the 2050s

This section now repeats what was explored in @ec8.4.1 using the wider 2050s
constraints instead of the 2020s constraints. Theient frontier curves for the different
climates are shown in Figure 8-21. The cost arldvasiability is shown for a mix at Point
A. This has a much steeper curve than for the 2020sh is due to the reduced constraints

on renewable technologies.
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Figure 8-21: Efficient Frontier for 2050s constraint s, 2020 costs, and 2080s climate.

When comparing the baseline curve with the 205@s280s 50% probability curves it can
be seen that they both cross the baseline cunarcamnd £80/MWh (8% risk). This is
occurring above 8% risk because solar PV resounpeaves in the future climates and both
offshore wind and wave are starting to tail offle€8d®V has then enough resource in the mix
to counterbalance the negative effects of the rab&avtechnologies that have reduced

output due to climate change. This implies thatretelectricity generation mixes with
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significant levels of Solar PV as part of the paitf, will be more resilient to climate

change.

Looking at how the optimal mix at Point A is affedtby climate change, Table 8-16 shows
the change in the overall cost to maintain a gtatip portfolio risk and overall risk to

maintain portfolio cost over the changing clima@sPoints A, B and C.

Portfolio Variability Cost Variability (E/MWh)
Point A Point B Point C
Baseline Climate 86.0 95.1 73.9
2050s Medium Emissions
50% (10%, 90%) 86.3 (89.8, 83.0) 95.7 (100.7, 91.7) 73.9 (75.06y1
2080s Medium Emissions
50% (10%, 90%) 86.7 (90.7, 83.0) 96.5 (101.5, 91.7) 73.9 (75.06)y1
Risk Variability (% points)
Baseline Climate 6.0 4.5 10.0
2050s Medium Emissions
50% (10%, 90%) 6.1 (6.9, 5.3) 4.6 (4.3,5.1) 10.0 (9.1, 10.4)
2080s Medium Emissions
50% (10%, 90%) 6.2 (7.0,5.3) 4.7 (4.3,5.3) 10.0 (9.1, 10.4)

Table 8-16: Portfolio cost and risk sensitivity

Table 8-17 and Table 8-18 show the details of ceamg mix necessary to keep overall cost
and risk stationary respectively over changing ates for Point A. As can be seen it is the
more expensive renewables (wave, far offshore vend offshore wind) that reduce in
proportion of mix slightly in the 2050s and 208er@d climates with 50% probability, due
to the reduction in wind resource. The reductiorranewables is replaced by increasing

nuclear, coal with CCS and gas with CCS. Solar &¥ains at its maximum extent.
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Baseline 2050 2050 2050 2080 2080 2080
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 175 | 22.6 33.3 25,6 | 257 36.5 26.1
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 17.6 29.2 235| 212 32.7 24.1
Nuclear (TWh) 121.3 | 121.8 140.7 90.6 124 142.8 90.5
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 74.7 75 71.9 75 75 63 75
Far Offshore Wind (TWh) 0 0 0 11.2 0 0 10.1
Hydro (TWh) 25 25 25 24.1 25 25 24.2
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 38 0 50 29 0 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 86 86.0 86.0 86.0 86 86 86
Risk (%) 6 6.1 6.9 5.3 6.2 7 5.3
CO; (Million Tonnes) 1.8 2.5 4 3.2 3 4.5 3.3
CO, Reduction from 1990 (% 99.1| 98.8 98.0 98.4 98.5 97.8 98.4

Table 8-17: Changes in overall cost to maintain bas  eline risk value for Point A

Baseline 2050 2050 2050 2080 2080 2080
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 17.5 22.7 33.1 174 25.f 37/2 17.3
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 17.9 30.9 11.3 22 36 114
Nuclear (TWh) 121.3 119.2 1124 121.8 117{6 108.8 21.3
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 74.7 75 75 75 75 75 75
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 40.2 23.6 50 34.7 18 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 86 86.3 89.8 83 86.7 90.7 83
Risk (%) 6 6 6 6 6 6 6
CO, (Million Tonnes) 1.8 2.6 4.2 1.7 3.1 4.8 1.7
CO, Reduction from 1990 (% 99.1 98.7 98 99.1 98.5 97/6 99.1

Table 8-18: Changes in overall risk to maintain bas  eline cost value for Point A

8.4.3 Sensitivity of MVPT to climate change of indi  vidual technologies

In previous sections 8.4.1 and 8.4.2 the analygioees the collective sensitivity of MVPT.
The following sub-sections investigate the impadividual technologies affected by annual
average climate variability have on optimal poitfohixes. Three optimal mix points (Point

A, B and C) on the efficient frontier are chosendimser investigation of each technology.
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8.4.3.1 Onshore Wind

Shown Figure 8-22 is the impact of onshore winduahaverage variability for the 2080s

climate on the efficient frontier. The input costrameters are the 2020 cost projections and

the constraints are the 2050 constraints.
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The 2050 constraints limit onshore wind to a maximof 15% of the total energy mix and
throughout all locations on the efficient frontfer baseline and the 2080s 50%, 10% and

90% the share of onshore wind is constant at itdmmam constraint.

The variability of overall cost to keep the risletbame as the baseline and risk to maintain

the same cost for the three points (A, B and Ckhmvn in Table 8-19. There are marginal

changes to both cost and risk for the 50% prolgbéivel. However, there is a significant

cost increase beyond point B, towards the low extref cost.

Onshore Wind Portfolio

Variability

Cost Variability (E/MWh)

Point A

Point B

Point C

Baseline Climate

86.0

95.1

73.9

208

0s Medium Emissions
50% (10%, 90%)

86.2 (86.7, 85.7)

95.2 (95.8, 94.7

74.1 (74.76Y3.

Risk Variability (% p

oints)

Baseline Climate

6.0

4.5

10.0

208

0s Medium Emissions
50% (10%, 90%)

6.1(6.2,5.9)

4.6 (4.6, 4.5)

10.1 (10.3, 10.0)

Table 8-19: Portfolio cost and risk sensitivity — on

shore wind

To maintain the same baseline cost by adjusting there are slight adjustments in the

proportions of thermal plant technologies and aifstwind.
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8.4.3.2 Offshore and Far Offshore Wind

The 2050 constraints limit both offshore and fdslodre wind to a maximum of 15% of the
total energy mix. The mix of offshore wind varigsrh none in the lower cost regions of the
efficient frontier, to its maximum constraint inghier cost regions. In Figure 8-23 there is

quite a noticeable change in the efficient frontidren the impact of only offshore wind

annual average climate variability on optimal paiitfs is investigated.
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Figure 8-23: Impact of offshore wind annual average
mixes

This is particularly noticeable in the higher cdstyer risk regions on the efficient frontiers.

Risk increases as the portfolio cost increasesleTé20 shows the

maintain risk and variability of risk to maintairverall cost value respectively when the

9.5

10 10.5 11

climate variability on optimal portfolio

variability of cost to

efficient frontier and optimal mix is affected Hyetchange in the future climate.

Offshore Wind Portfolio Cost Variability (E/MWh)

Variability Point A Point B

Point C

Baseline Climate 86.0 95.1

73.9

2080s Medium Emissions

50% (10%, 90%) 86.7 (87.9, 85.6)

96.4 (99.0, 94.2

74.0 (74.08Y3.

Risk Variability (% points)
Baseline Climate 6.0 4.5 10.0
2080s Medium Emissions
509 (10%, 90%) 6.2 (6.4,5.9) 4.6 (4.8, 4.4) 10.0 (10.0, 9.9)
Table 8-20: Portfolio cost and risk sensitivity — of ~ fshore wind

Offshore wind appears to be affected more by cknehtange than onshore wind, in terms of

cost, risk and optimal fuel mixes, particularlytive higher cost regions.
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Table 8-21 to Table 8-23 show the changes in niiired to maintain the same portfolio
cost and risk, respectively for different climatesarios at Point A, Point B and Point C

respectively, on the efficient frontier shown irylie 8-23.

Point A sees a marked reduction in the share shofe wind for the 2080s climate at 50%
probability level from a baseline of 74.7 TWh t0.$(37.4, 75.0) TWh in order to maintain

the overall cost of £86.0/MWh, the reduction insbire wind is replaced with coal and gas
with CCS and nuclear, the overall risk increasesnfi6.0% to 6.2% (6.4%, 5.1%). Far

offshore wind is not in the mix. The change reqiiite maintain the overall risk at the

baseline climate level (6.0%) for future climatesnot quite as dramatic but still reduces
offshore wind to 65.2 (51.4, 75.0) TWh. Nuclearuees also. Coal and gas with CCS
increase to cover the shortfall. The overall costeases from £86.0/MWh to £86.7 (£87.9,
£85.6) / MWh. CQremains very low.

Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 17.5 22 31.3 19.5 22.1 31 173
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 16.6 27.3 14.3 17.4 28.1 113
Nuclear (TWh) 121.3 126.1 129 116.3 1194 114|6 321
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 74.7 60.3 374 75 65.2 514 75
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 50 50 50 50 50 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 86 86 86 86 86.7 87.9 85.6
Risk (%) 6.0 6.2 6.4 5.9 6.0 6.0 6.0
CO, (Million Tonnes) 1.8 2.4 3.8 2.1 2.5 3.8 1.7
CO, Reduction from 1990 (%) 99.1 98.8 98.2 99 98.8 98J1 99.1

Table 8-21: Offshore Wind — Variability of optimal m  ix at point A

At Point B offshore wind is at its maximum consttaevel for the baseline and 2080s 10%,
50% and 90% probability level projections. Far béfie wind is also in the mix at 49.5 TWh
for the baseline climate, falling to 37.8 (18.0,5)9TWh in the 2080s to maintain the
baseline overall cost and falling to 48.1 (45.9,0»TTWh to maintain the overall baseline
risk. The energy deficit, when baseline cost isntaned (£95.0 / MWh), is replaced with
nuclear, hydro and lesser amounts of coal and gash-with CCS. For baseline risk value
(4.5%) to be maintained the deficit is replacedhwiticlear, coal and gas both with CCS.
The overall cost increases from £95.1/MWh to £46998.0, £94.2) / MWh.
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Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 25 25 25 25 25 25 25
Gas with CCS (TWh) 4.1 5.2 8.7 3.6 5 6.7 3.2
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 34.3 34.7 37.8 34.3 35.5 37.7 331
Nuclear (TWh) 48 56.1 65.9 42.7 47.4 45.4 48.7
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 75 75 75 75 75 75 75
Far Offshore Wind (TWh) 49.5 37.8 18 57 48.1 459 1.05
Hydro (TWh) 14 16.2 19.5 12.5 14 14 13.9
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 50 50 50 50 50 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 95.1 95 95 95 96.4 99 94.2
Risk (%) 4.5 4.6 4.8 4.5 4.5 4.5 4.5
CO, (Million Tonnes) 13.4 13.5 13.9 13.4 13.6 13.8 313.
CO, Reduction from 1990 (%) 93.4 93.4 93.2 934 93.8 293 935

Table 8-22: Offshore Wind — Variability of optimal m  ix at point B

Point C is interesting as the baseline offshore maix 25.7 TWh of offshore wind and no far
offshore wind. The 2080s portfolio has 0 (0, 30[8Yh of offshore wind to maintain cost
and 0 (0, 28.2) TWh to maintain risk, at the bamellevel. The deficit when cost is
maintained is replaced largely with wave (21 TWihich does not feature at all in the
baseline mix. Gas with CCS is increased. Nucleduges slightly. When the baseline risk is
maintained the deficit is replaced in a similar wasy for maintaining cost. Cost and risk

remain largely unchanged.

Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 3.3 10 9.4 0 9.4 10 0
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 0 0 0 0 0 0 0
Nuclear (TWh) 246 244.1 244.3 244.72 2443 2441 846
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 25.7 0 0 30.8 0 0 28.2
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 0 21 213 0 21.3 21 0
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 73.9 74 74 74 74 74 73.8
Risk (%) 10 10 10 9.9 10 10 10
CO, (Million Tonnes) 0.1 0.4 0.4 0 0.4 0.4 0
CO, Reduction from 1990 (%) 99.9 99.8 99.8 10(Q 99.8 899 100

Table 8-23: Offshore Wind — Variability of optimal m  ix at point C

199



8.4.3.3 Solar PV

Solar PV is limited to a maximum 10% of the totaksgy mix by the 2050 constraints.
Shown in Figure 8-24 is the change in the 2050siefit frontier due to different Solar PV
resource climates. The Solar PV mix is at its maxmconstraint at each of the three points
and for each of the climate scenarios. It can lee fleat the 2080s climate which has greater
solar resource actually improves the efficient immquite significantly, even when the

proportion of solar in the energy mix is constraine 10%.

Cost (E/MWh)
105
Point B
100 A BaselineClimate
\ / 2080s Med 50
05 1 2080s Med 10
Point A 2080s Med 90
90 +
85 1
80 Point C
751 \
70 -
3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11

Risk: standard deviation (%)

Figure 8-24: Impact of solar PV annual average clima te variability on optimal portfolio mixes

The changes to overall cost and risk due to thHereifit solar climate resources can be seen
in Table 8-24. As can be seen there is a changesnof -0.9 (0.1 -1.8) £/MWh at all three

points. Risk reduces also, except at Point B wheserelatively stationary.

Solar PV Portfolio Cost Variability (E/MWh)
Variability Point A Point B Point C
Baseline Climate 86.0 95.1 73.9
2080s Medium Emissions
50% (10%, 90%) 85.1 (86.1, 84.2) 94.2 (95.2, 93.3 73.0 (74.01y2.
Risk Variability (% points)
Baseline Climate 6.0 4.5 10.0
2080s Medium Emissions| 5 g ¢ 1 5 6) 4.5 (4.5, 4.4) 9.7 (10.0, 9.3)

50% (10%, 90%)

Table 8-24: Portfolio cost and risk sensitivity — so lar PV

The changes in mix required to maintain the oVve@dt and risk values at Points A, B and
C are shown in Table 8-25, Table 8-26 and Tabl&.8-2

At Point A in maintaining the overall cost at thaskline level the overall risk changes by -
0.2% points (0.0%, -0.4%), G@missions are reduced, this is achieved by stigahges to
offshore wind gas and coal with CCS and nucleae ix in maintaining the overall risk at
baseline levels stays stationary but changes thtebgo-0.9 (+0.1, 01.8) £/MWh.
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Technology Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 17.5 215 17.3 26.1 17.4 17.6 175
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 17.1 11.3 23.2 11.3 11.6 115
Nuclear (TWh) 121.3 1114 122.6 100.7 1213 12113 213
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 74.7 75 73.9 75 75 74.6 74.9
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 50 50 50 50 50 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 86 86 86 86 85.1 86.1 84.2
Risk (%) 6.0 5.8 6 5.6 6.0 6.0 6.0
CO, (Million Tonnes) 1.8 24 17 3.2 1.7 1.8 1.8
CO, Reduction from 1990 (%) 99.1 98.8 99.2 98.4 99.1 199 991
Table 8-25: Solar PV — Variability of optimal mix atp  oint A

At Point B the change in mix to maintain the baselkost and to maintain the baseline risk
has minimal effect on the other. There are sligitsinges in proportion of coal and gas with

CCS, nuclear, far offshore wind and hydro.

Technology Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 25 25 25 25 25 25 25
Gas with CCS (TWh) 4.1 4.2 3.9 4.4 3.8 3.9 4
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 34.3 35.1 34 36 34.1 34.1 34.p
Nuclear (TWh) 48 42.3 49.5 35.4 48.3 48.3 48.1
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 75 75 75 75 75 75 75
Far Offshore Wind (TWh) 49.5 56 48.3 63.3 499 499 497
Hydro (TWh) 14 12.5 14.3 10.8 13.9 13.8 13.9
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 50 50 50 50 50 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 95.1 95 95 95 94.2 95.2 93.3
Risk (%) 4.5 4.5 4.5 4.4 4.5 4.5 4.5
CO, (Million Tonnes) 13.4 13.5 134 13.6 13.4 134 413.
CO, Reduction from 1990 (%) 93.4 93.4 93.4 93.3 93.4 493 934
Table 8-26: Solar PV — Variability of optimal mix atp  oint B

Point C on the efficient frontier has the largestriability of mix and cost and risk

parameters out of the three chosen points to lookemlosely at. The risk values change -

0.3% (0%, -0.7%) to maintain the baseline cost with proportions of offshore wind, wave

and gas with CCS increasing, and nuclear reducing.
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Technology Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 3.3 5.4 3.4 6.8 3.3 3.3 3.2
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 0 0 0 0 0 0 0
Nuclear (TWh) 246 236 246.4 226.2 246 244 246
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 25.7 315 25.2 354 25.7 251 b5.72
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 0 2.1 0 6.6 0 0 0
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 73.9 74 74 74 73 74 72.1
Risk (%) 10 9.7 10 9.3 10 10 10
CO, (Million Tonnes) 0.1 0.2 0.1 0.3 0.1 0.1 0.1
CO, Reduction from 1990 (%) 99.9 99.9 99.9 99.9 99.9 999 99.9
Table 8-27: Solar PV — Variability of optimal mixatp  ointC

8.4.3.4 Wave

Wave is limited to a maximum proportion of 10% loé tenergy mix for the 2050 constraints.

Figure 8-25 shows the change in the baseline effidirontier for changes in wave energy

due to climate change. The sensitivity of the @ffic frontier curve to reduced wave

resource is larger in the lower risk, higher casta where wave energy is close to, or at its

upper constraint level.
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Figure 8-25: Impact of Wave Energy annual average cl
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Table 8-28 shows the cost and risk sensitivity eetipely of the efficient frontier at the

chosen optimal mix Points A, B and C.
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Wave Energy Portfolio

Cost Variability (E/MWh)

Variability

Point A

Point B

Point C

Baseline Climate

86.0

95.1

73.9

2080s Medium Emissions 509
(10%, 90%)

0

86.8 (87.3, 85.6)

96.0 (97.6, 94.7)

73.9 (73.98Y3.

Risk Variability (% points)

Baseline Climate 6.0 4.5 10.0
2080s Medium Emissions 50%
(10%, 909%) 6.2 (6.3, 5.9) 4.6 (4.8,4.5) 10.0 (10.0, 9.9)
Table 8-28: Portfolio cost and risk sensitivity ~Wav e Energy

Table 8-29 to Table 8-31 show the change in mixrattaristics at Points A, B and C

respectively on the efficient frontier.

Technology Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 17.5 25.7 32.9 19.1 25.9 33.p 177
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 21.2 30.1 13.7 21.9 313 114
Nuclear (TWh) 121.3 124.2 120.3 117.2 1176 1089 21.4
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 74.7 75 75 75 75 75 74.69
Far Offshore Wind (TWh) 0 0 16.7 0 0 26.6 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 28.9 0 50 34.7 0 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 86 86 86 86 86.8 87.3 85.6
Risk (%) 6.0 6.2 6.3 5.9 6.0 6.0 6.0
CO, (Million Tonnes) 1.8 3 4.1 2 3.1 4.2 1.8
CO, Reduction from 1990 (%) 99.1 98.5 98 99 98.% 979 9.19
Table 8-29: Wave Energy — Variability of optimal mix  at point A
Technology Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 25 25 25 25 25 25 25
Gas with CCS (TWh) 4.1 3.7 4.1 4 4.1 4 3.9
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 34.3 33.2 32.7 34.5 34.3 34.2 342
Nuclear (TWh) 48 55.2 65.3 46 48 48.2 48.2
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 75 75 75 75 75 75 75
Far Offshore Wind (TWh) 49.5 42.2 36.8 52.1] 49.5 .749 49.8
Hydro (TWh) 14 15.7 18.2 134 14 14 13.9
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 50 42.9 50 50 50 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 95.1 95 95 95 96 97.6 94.7
Risk (%) 4.5 4.6 4.8 4.5 4.5 4.5 4.5
CO, (Million Tonnes) 134 13.3 13.3 13.4 134 13.4 213.
CO, Reduction from 1990 (%) 93.4 93.5 93.5 934 93.4 493 934
Table 8-30: Wave Energy — Variability of optimal mix  at point B

203



Technology Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 3.3 3.6 3.6 0 3.2 3.2 0
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 0 0 0 0 0 0 0
Nuclear (TWh) 246 245.3 245.3 244.2 246 246 246
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 25.7 26.1 26.1 0 25.7 25.7 0
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 0 0 0 30.8 0 0 28.7
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 73.9 74 74 74 73.9 73.9 73.8
Risk (%) 10 10 10 9.9 10 10 10
CO, (Million Tonnes) 0.1 0.1 0.1 0 0.1 0.1 0
CO, Reduction from 1990 (% 99.9 99.9 99.9 100 99.9 999. 100
Table 8-31: Wave Energy — Variability of optimal mix  at point C

8.4.3.5 Hydro Energy

Figure 8-26 shows the sensitivity of the baseliifieient frontier to the climate variability of

hydro for the 2080s. Hydro is constrained to anemfipit of 5% of the energy mix. There is

an overall cost increase of around £0.5/MWh andahgéean risk of 0.1 — 0.2% points. There

is slightly more cost and risk variability towangartfolio mixes with higher risk.
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Figure 8-26: Impact of Hydro annual average climate  variability on optimal portfolio mixes

Table 8-32 shows the cost and risk sensitivityhefefficient frontier to changing hydro.

Hydro Portfolio Variability

Cost Variability (E/MWh

Point A

Point B

Point C

Baseline Climate

86.0

95.1

73.9

2080s Medium Emissions 509
(10%, 90%)

0

86.5 (87.0, 85.8)

95.3 (95.6, 95.0)

74.4 (75.07Y3.

Risk Variability (% points)

Baseline Climate

6.0

4.5

10.0

2080s Medium Emissions 509
(10%, 90%)

6.1 (6.3, 6.0)

4.5 (4.6, 4.5)

10.2 (10.4, 9.9)

Table 8-32: Portfolio cost sensitivity for fixed por
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Table 8-33 to Table 8-35 show the change in mixrattaristics at Points A, B and C
respectively on the efficient frontier. At Pointsaivd B, hydro is generally below its upper
constraint at the baseline and 2080s probabilitglte At Point C, hydro is at its maximum

for the baseline and 2080s climate.

Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 17.5 17 16.5 18.2 17.4 19.4 175
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 10.6 10.5 12.5 11.9 14.% 115
Nuclear (TWh) 121.3 126.4 134.1 119.3 121.8 12318 21.3
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 74.7 72.5 73.4 75 75 75 74.7
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 24.8 17.6 25 24 17.4 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 48.8 47.7 50 50 50 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/IMWh) 86 86 86 86 86.5 87 85.8
Risk (%) 6.0 6.1 6.3 6.0 6.0 6.0 6.0
CO, (Million Tonnes) 1.8 1.7 1.6 1.9 1.8 2.1 1.8
CGO, Reduction from 1990 (%) 99.1 99.2 99.2 99.1 99.1 99 99.1

Table 8-33: Hydro — Variability of optimal mix at po  int A

Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 25 25 25 25 25 25 25
Gas with CCS (TWh) 4.1 3.9 3.9 4 3.8 7.9 3.8
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 34.3 34 34 34.2 34.3 324 33.9
Nuclear (TWh) 48 51.3 54.4 47.6 48.9 48.2 47.9
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 75 75 75 75 75 75 75
Far Offshore Wind (TWh) 49.5 47.3 45.6 49.9 50.1 .749 50
Hydro (TWh) 14 13.3 12 14.3 13 11.8 14.4
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 50 50 50 50 50 49.9 50
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 95.1 95 95 95 95.3 95.6 95
Risk (%) 4.5 4.5 4.6 4.5 4.5 4.5 4.5
CO, (Million Tonnes) 13.4 13.4 134 13.4 13.4 134 413.
CO, Reduction from 1990 (%) 93.4 93.4 93.4 934 93.4 493 934

Table 8-34: Hydro — Variability of optimal mix at po  intB
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Stationary Cost Stationary Risk
Baseline 2080s 2080s 2080s 2080s 2080s 2080s
50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 3.3 35 24.6 4 3.7 3.7 3.3
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 0 0 0 0 0 0 0
Nuclear (TWh) 246 250 250 243.2 245.9 2459 246
Onshore Wind (TWh) 75 75 75 75 75 75 75
Offshore Wind (TWh) 25.7 21.5 0 27.8 25.4 254 25.6
Far Offshore Wind (TWh) 0 0 0 0 0 0 0
Hydro (TWh) 25 25 25 25 25 25 25
Biomass (TWh) 50 50 50 50 50 50 50
Wave (TWh) 0 0 0 0 0 0 0
Tidal Stream (TWh) 25 25 25 25 25 25 25
Solar PV (TWh) 50 50 50 50 50 50 50
Cost (E/MWh) 73.9 74 74 74 74.4 75 73.7
Risk (%) 10 10.2 10.4 9.9 10 10 10
CO, (Million Tonnes) 0.1 0.1 1 0.2 0.2 0.1 0.1
CO, Reduction from 1990 (%) 99.9 99.9 99.5 99.9 99.9 999 99.9

Table 8-35: Hydro — Variability of optimal mix atpo  intC

8.4.4 Comparison of individual and collective techn ology impact on optimal
energy mixes

This comparison gives an example of the cost askl variability of an optimal mix to
annual average climate variability of individualdacollective technologies. The values are
based on all analysis performed in sections 8.Ad2&4.3. The technology parameters are
for the 2050s and the climate is the 2080s, thase been chosen to explore the maximum
annual average climate variability of the full rengf time periods. It can be seen (Table
8-36) that the cost of an optimal mix could varydsymuch as 9.3 £/ MWh or by as much as
2.0 percentage points of portfolio risk. This woualctually be more if it were not for solar
PV which is the only technology that experiencesirareased resource due to climate
change. Offshore wind is the largest contributovaias the variability, though in this
example it has an upper constraint of 30% of therggnmix which will allow it to cause

more variability than others that are more consedi

Point B shows the largest cost and risk variabaiygl Point C shows the lowest variability.
There is a larger proportion of renewables at PBinlue to it being a low risk mix, which
many renewable technologies are. Point C is abther extreme, being a low cost high risk

mix with fewer renewable technologies in the mix.
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Technology Upper Portfolio Cost Variability Portfolio Risk Variability
Constraint MWh Percentage Points
Point A | PointB| PointC| PointA  Point H Point C
Onshore Wind 15 1 1.1 1.1 0.3 0.1 0.3
Offshore Wind 30 2.3 4.8 0.2 0.5 0.4 0.2
Solar 10 1.8 1.1 1.9 0.4 0.1 0.7
Wave 10 1.7 2.9 0.1 0.4 0.3 0.1
Hydro 5 1.2 0.6 1.3 0.4 0.1 0.5
All - 7.5 9.3 3.4 1.6 2 1.2

Table 8-36: Cost and risk variability of optimal mi  xes

8.5 MVPT Summary

The sensitivity of future optimal portfolio mixes tlimate change has been investigated and
it has been concluded that climate change couldifiigntly change the cost and risk

characteristics of optimal technology mixes and@@lso render the mix sub-optimal for a

future climate.

MVPT has been successfully employed to analysestesitivity of optimal electricity
generation mixes to climate change. This has besfonmed for three technology cost
projection time periods (2010, 2020 and 2050) dnde climate periods (baseline, 2050s
and 2050s). The climate change impact has beenated by comparing MVPT output for
the baseline climate with probabilistic output the 2050s and 2080s time periods. The

probabilistic climate data allows the climate utaiaty to be captured within the results.

Different required MVPT input parameters have bekstussed and appropriate sets of
values determined. Cost risk values were plottedafbindividual technologies and these
clearly showed the levelised cost uncertainty dhrsBV, on- and offshore wind, wave and
hydro, due to climate change. Also discussed angrméed were different sets of
technology mix constraint values for the MVPT as@ywhich were chosen specifically to

suit the different time periods of interest.
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9 Discussion and Conclusion

9.1 Thesis Summary

The thesis comprises of 9 chapters. Chapter 1 daoted the objectives, scope and

contribution to knowledge. The hypothesis thatttiesis aims to answer was stated as:

Physical climate change will affect renewable energy resources in such a way that
its impact may be likely to leave future optimal UK electricity generation portfolios
sub-optimal.

Chapter 2 was intended to equip the reader witlicgrit, but not exhaustive knowledge and
essential material to provide a background to teenopics of interest covered in the thesis.
The literature review covered climate change, redevenergy resource and technologies,
electricity generation economics and risk, secuofysupply, diversity, C® emission
reduction, mean variance portfolio theory (MVPT)daits application in energy systems.
Based on the outcome of the literature review aayegdysis identified that exploration of the
impact of climate change on portfolios of electyiajeneration was a novel endeavour. An
outline of the necessary framework of work to bélartaken in the rest of the thesis was
given. It suggested that initial work focus on depenent of renewable resource models for

a range of technologies, prior to bringing thenetbgr to estimate changes to cost and risk.

Chapter 3 explored the spatial variation of solaergy resource across the UK and
developed a monthly average model of solar radiatlb then investigated the impact
climate change could have on the resource and b(ifpuh) from solar photovoltaic (PV)
cells. Accurate estimations of mean monthly solatiation resource were generated and
validated from mean monthly sunshine duration mesmseant data. Baseline models of
present climate UK solar radiation, solar PV outputhe horizontal plane and at an optimal
south facing inclination was developed and validatéKCP09 probabilistic data was then
used to show relative monthly climate change impaet the UK for the 2050s and 2080s.
The results showed that by the 2050s, with a mediomssions scenario, the UK will see an
overall solar radiation annual increase of 2.6%Hwia range of -1.1% to 6.5%). Summer
months will see increases of up to 7.9% (withiraage of -0.2% to 18.1%) in the south
west, these reduce further north with decreasegp db -2.9% (within a range of -10.8% to
1.8%) in the north of Scotland. Winter months sheweduction throughout the UK with
extremes of -7.6% (within a range of -25.2% to %).1n mid-west Scotland. This showed

that most parts of the southern UK will get sun@ied benefit from increased solar energy
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resource in summer, while the relatively poor resesl in the north will decrease slightly.
All regions in winter will have increased cloud eovand slightly reduced solar energy

resource.

Chapter 4 explored UK monthly average onshore wasturces for the current, 2050s and
2080s climates. Monthly gridded sets of observeshore wind speed data were used to
generate a baseline wind speed and wind energunesonodel. The actual positions and
sizes of all known operating and potential futuiadsfarm locations were projected onto the
baseline wind energy output model before outputtarh of the locations were collected and
accumulated to create a UK onshore wind energy mibde closely reflected the actual
present and future distribution of UK onshore wifams. In the absence of UKCP09
probabilistic projections for wind, output from thadRM3 ensemble runs were used to
generate probabilistic wind climate change progewifor the 2050s and 2080s periods. The
changes were applied to the baseline wind speeeinaod future wind energy output was
generated for the 2050s and 2080s and changes imcttumulated UK onshore wind farm
resource were explored. The 2050s appear to irdidaht negative changes in wind speed
ranging in the extreme to approximately -5.0% G¥0.to 0.4%) in the 2050s and -6.9% (-
12.8% to -1.0%) in the 2080s. The results showatttie overall annual wind energy output
from all onshore wind turbine sites in operationl @hanned is estimated to be in the region
of 38 TWh with the current climate. It is estimatbdt climate change could change this by
-0.6% (-5.6% to 4.1%) for the 2050s and -1.4 (-6.f0%8.5%) for the 2080s. The future
onshore wind energy resource is more seasonallgblar with (slight) increases in winter

months, when resource is at its best; and (sldgdjeases in some summer months.

Chapter 5 explored the UK offshore wind resourcel@ehdor the current, 2050s and 2080s
climates using averaged monthly wind speed data fh® HadRM3 data set. A UK offshore
wind farm baseline resource model was created deebf reflect the actual present and
future distribution of offshore wind farms. Monthdyeraged output (TWh) for each location
were collected and accumulated to complete the f#8hore wind farm resource model.
Projected wind energy models for the 2050s and 208€re created in the same way as
described for the baseline models. The projectedaté variability of wind speed wind
energy and the UK offshore wind farm resource moda$ explored by comparing the
baseline data with the projected future data. T@wmilts showed negative annual average
climate changes in wind speed of typically -1.8%.3% to 1.6%) for the 2050s medium
emissions scenario and -3.0% (-8.1% to 2.0%) fer2®80s. The overall annual wind energy

output from all offshore operational and potentiéhd turbine sites is estimated to change
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by -2.1% (-7.6% to 2.8%) for the 2050s and -1.4786 to 3.5%) for the 2080s. The intra-
annual climate changes show the future offshorel wimergy resource to be more seasonally
variable. In summer months when resource is loleretis a significant reduction. July has
an estimated change of -3.3% (-22.4% to 14.7%)tlier 2050s and -8.5% (-28.3% to
11.0%). In comparison, January has a change of :0%% to 0.4%) for the 2050s and -
0.3% (-1.8% to 0.3%) for the 2080s.

Chapter 6 investigated and discussed other elggtgeneration technologies that may be
affected by climate change. The potential sensitief wave energy resource to climate
variability was examined by converting baseline dandire wind speed data at specific
locations to wave resource using a first generati@ve model, and to wave energy
production estimates using the power curve of aenenergy converter. The results showed
that by the 2050s for a medium emissions scentr@projected annual average output of
the WEC used in this study, will change by apprately -1.4% (-7.0 to 3.4) in the far north
to -3.8% (-10.4 to 2.5) in the far south. In thé@8 changes are stated as -2.7% (-9.2 to 3.0)
in the far north to -5.2% (-13.3 to 2.1). The irgranual climate variability show the resource
will be more seasonably variable with winter monfivhich typically have larger resource
than summer months) having a slight decrease irewesource (typically -0.25% (-0.4 to
0.1) for the 2050s), and summer months experiergiagbstantial reduction which appears
to increase towards more southerly locations. Géarin hydropower resource were based
on complex hydrological analysis by Duncan (2002)e capacity factor figures are based
on modelled hydropower plants in 5 catchment airaScotland. The resource for the
baseline and future time periods have been estimhte modelling river flow in the
catchment areas using observations for the baseéined (1961-1990) and output from the
UKCIP09 (2009) weather generator for the 2050s omademissions scenario respectively.
The results indicate an overall annual change @ngsnoutput of approximately -4.0% (6.3%
to -14.3%) for the 2050s medium emissions climaékere is an increase in winter months of
approximately 2.4% (-2.2% to 7.2%) in December. ldegr, in summer there are significant
reductions in production, approximately -29.5% (124 to 47.9%) in August. Other

renewable and non-renewable generation technolagies not examined in this work.

Chapter 7 developed sets of levelised cost estmafior different generation technologies
including renewable and non-renewable technolodigsim was to provide a coherent and
comparable set of figures for portfolio analysisstiidy of the sensitivity of levelised costs
of technologies to varying discount rates was aksdormed to highlight how technologies

were affected in different ways. This showed lesaali costs to be very sensitive to discount
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rate for capital intensive technologies, such asewables, and much less sensitive for
technologies that have higher levels for fuel ar@, Costs throughout the lifetime of the

project. Sample cost projections were delivered2@10, 2020 and 2050 and these were
combined with annual average climate variabilittineates to create a range of changes in

cost of generation under climate change. These ethewbstantial variability in response.

Finally, Chapter 8 brought together the data andifigs from previous chapters and used
them as input to MVPT analysis to test the hypaothédVPT was successfully used as an
analysis tool to explore the sensitivity of optimeéctricity generation mixes to climate
change. This was performed for three technology pogection time periods (2010, 2020
and 2050) and three climate periods (baseline, 2880 2080s). The climate change impact
was evaluated by comparing MVPT output for the liaselimate with probabilistic output
for the 2050s and 2080s time periods. The prolsticilclimate data allowed the climate
uncertainty to be captured within the results. Tégults showed that climate change could
significantly change the cost and risk charactedsbf optimal portfolio mixes. As an
example, for a portfolio mix comprising largely wind, wave, solar and nuclear, the 2080s
climate changed an optimal mix baseline climate c6£95.1/MWh to £96.5/MWh, or the
baseline risk of 4.5% to 4.7% (4.3%, 5.3%), whepregsed in change of portfolio risk.

9.2 Thesis Results

In Chapter 8, using data and results from the pres/chapters, it was demonstrated that the
effects of climate change could affect renewablrgnin such a way that its impact may be
likely to leave future optimal UK electricity geradion portfolios sub-optimal. The thesis
hypothesis was tested using MVPT analysis with tripahnology cost-risk parameters to
reflect 2010, 2020 and 2050. The MVPT analysis was for different climate periods:
current climate and probabilistic climate projensdor the 2050s and 2080s using a medium

emissions scenario.

The main test case was performed using 2050 teahypahput parameters and constraint
values. MVPT analyses were performed using teclgyotesource for the baseline climate
and the 2080s climate. The reason for choosing20%0s technology period is that the
MVPT constraints are more relaxed and the MVPT yaisilis allowed to choose optimal

mixes with larger proportions of renewables. Thasom for choosing the 2080s is that this
period has larger annual average climate varighitian the 2050s. Three optimal mixes (A,

B and C) were identified on the baseline optimaitfptio curve. ‘A’ is in a mid-point
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optimal mix on the curve, ‘B’ is a low-cost optimaix, and ‘C’ is a low-risk optimal mix.
To measure change in portfolio two analyses artopeed: the change in portfolio risk at
the same cost as the current climate; and the ehangortfolio cost at the same risk as the

current climate.

Example of the results: When MVPT analysis wasfarrthe baseline climate, the optimal
mix at ‘Point A’ had an expected cost and risk & £8/MWh and 6.0% respectively.
However, with 2080s climate resource, the expeaest and risk values change. To
maintain the expected portfolio cost at £86.0/MWieg resulting expected risk will change
by 0.2 (1.0, -0.3) percentage points, or by 3.3%71% to -11.7%) in relative terms. The
technology mix will need to change by values shawiiable 9-1. The main changes are a
substantial reduction of wave energy which is regiaby a mix of coal and gas with CCS

and some nuclear. There is a resulting effect abmally increased COemissions.

Technology Actual Change to maintain cost Changedimtain risk
Baseline| 2080 2080 2080 2080 2080 2080
Mix A 50% 10% 90% 50% 10% 90%
Gas (TWh) 0 0 0 0 0 0 0
Gas with CCS (TWh) 17.5 +8.2 +19 +8.6 8.2 19.1 -02
Coal 0 0 0 0 0 0 0
Coal with CCS (TWh) 11.5 +9.7 +21.2 +12.6 10.5 245 1-0
Nuclear (TWh) 121.3 +2.7 +21.5 -30.8 -3.7 -12.5 0
Onshore Wind (TWh) 75 0 0 0 0 0 0
Offshore Wind (TWh) 74.7 +0.3 -11.7 +0.3 0.3 0.3 30.
Far Offshore Wind (TWh) 0 0 0 +10.1 0 0 0
Hydro (TWh) 25 0 0 -0.8 0 0 0
Biomass (TWh) 50 0 0 0 0 0 0
Wave (TWh) 50 -21 -50 0 -15.3 -32 0
Tidal Stream (TWh) 25 0 0 0 0 0 0
Solar PV (TWh) 50 0 0 0 0 0 0
Cost (E/MWh) 86 0 0 0 0.7 4.7 -3
Risk (%) 6 +0.2 +1 -0.7 0 0 0
CO, (Million Tonnes) 1.8 +1.2 +2.7 +1.5 1.3 3 -0.1
CO, Reduction from 1990 (% 99.1 -0.6 -1.3 -0.7 -0.6 5-1 0

Table 9-1: Change required to maintain baseline exp  ected cost and expected risk at values for
optimal mix A for the 2080s climate

To maintain the expected portfolio risk at 6.0% thsulting expected cost will change by
£0.7/MWh (£4.7/MWHh to -£3.0/MWh) or by 0.8% (5.5%-8.5%) in relative terms.

The mix will need to change by values shown in €abil. The main changes are similar to
the previous results for maintaining cost but ngtegas much reduction of wave energy and

a small reduction in nuclear too.

Each technology was also individually tested. Téghnhology on test was changed from its

baseline to 2080s climate resource. All others Wep# at their baseline resource. The effect
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of the individual technology on optimal portfoliegs tested at each of the three optimal mix
points (A, B and C) as described earlier. The figishown in Table 9-2 describe the results.
Solar PV is the only technology that reduces thé&f@am cost and risk from baseline climate
resource levels to 2080s medium emissions resdeveds. This is due to increased solar
resource. The other technologies increase the aptmix costs and risks. The upper

constraint on the technology needs to be taken amimount when comparing between

technologies.

Technology Constrain Point A Point B Point C
Baseline Cost and Risk: Baseline Cost and Risk: Baseline Cost and RiskK:
£86.0 /MWh 6.0% £95.0 /MWh 4.5% £73.9 /MWh 10.0%
Cost Variability (E/MWh)
Solar PV 10% 85.1(86.1, 84.2) 94.2 (95.2, 93.3) .0734.0,72.1)
Onshore Wind 15% 86.2 (86.7, 85.7) 95.2 (95.8,04.7 74.1 (74.7, 73.6)
0,

Oﬁggre 30% 86.7 (87.9, 85.6) 96.4 (99.0, 94.2) 74.0 (74.08y3.
Wave 10% 86.8 (87.3, 85.6) 96.0 (97.6, 94.7) 78329, 73.8)
Hydro 5% 86.5 (87.0, 85.8) 95.3 (95.6, 95.0) 7%8.Q, 73.7)

Risk Variability (% points)
Solar PV 10% 5.8 (6.0, 5.6) 4.5 (4.5, 4.4) 9.7(10.3)
Onshore Wind 15% 6.1(6.2,5.9) 4.6 (4.6, 4.5) 1003, 10.0)
0,

Offshere 30% 6.2 (6.4, 5.9) 4.6 (4.8, 4.4) 10.0 (10.0, 9.9)
Wave 10% 6.2 (6.3,5.9) 4.6 (4.8, 4.5) 10.0 (19.9)
Hydro 5% 6.1 (6.3, 6.0) 4.5 (4.6, 4.5) 10.2 (10.9)

Table 9-2: Cost and risk portfolio sensitivity of i ndividual technologies for the 2080s climate at
optimal mix points A, B and C

9.3 Thesis Conclusions
The aim of the work in this thesis was to testhipothesis that:

Physical climate change will affect renewable energy resources in such a way that
its impact may be likely to leave future UK electricity generation portfolios sub-
optimal.

The results from the MVPT analysis, pulling in @dé findings from the previous chapters,

suggest the hypothesis to be true, although tlseselistantial uncertainty.

All stages of the study (resource assessmentsafeline and future climates, conversion to
technology, levelised cost calculations, MVPT asay have been performed in an

internally consistent and comparable way.

The work undertaken to prove the hypothesis deddeseveral novel outcomes.

e First analysis of probabilistic climate change otasresource the UK;
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*« New model to convert the HadRM3 ensemble into &abdistic structure ahead of
the recent UKCPO9 probabilistic wind speeds;

« First analysis of probabilistic climate change dislmre wind;

e First analysis to analyse future wave energy attipial sites and within a
probabilistic framework;

e First multi technology study performed in an intggd way;

» First to explicitly link portfolio theory and clinte change;

e First to include resource levels and uncertaintyltéPT;

The thesis contribution to knowledge includes ak tabove novel findings as well as

successfully completing the main objective whichswavestigate the impact of climate

change on optimal electricity generation mixes. réhare also several resource / energy
resource maps of the UK for current and future gbilistic climates. The thesis outcome

provides a toolkit containing tools that can bedusebring economic understanding towards
climate change. The work covered in this thesiseupids a £1.4m EPSRC project titled

‘Adaptation and Resilience in Energy Systems’ (ARJIE

While the work does not explicitly consider adajgtat understanding the vulnerabilities of
electricity generation technologies to climate deican help in adaptation of the energy
system towards making it more resilient to climateange effects. There are many
challenges in meeting energy reduction targetsciraahging to a low carbon system. The
approach to the 2050 and the 80% GHG reductioretangll see electricity generation

system change dramatically. Mature and emergingwahle technologies will play a much
larger role. This study highlights vulnerabiliti@s renewable technologies and optimal

portfolios to climate change.

Renewables can be matched to the resource of gwfisdocations. The matching should
also incorporate expected climate variability. Example, wind farms to be situated in
locations that are likely to experience increas@utivgpeeds due to climate change could be

deployed with a higher specification wind turbiresign.

Electricity generation mixes could take climate @ into account. For example, solar PV
resource and the climate change impact on the mesas negatively correlated with the
resource of other technologies such as wind, wang teydro technologies, and has the
potential to counterbalance the negative effectthofe renewable technologies. This has
been clearly shown in section 8.4.2. One of Awelfsidmportant implications when
discussing ‘essential portfolio-theory ideas’ ane fact that the environment is dynamic and

has uncertainties, is that the relative value etteicity generation technologies should be
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determined by evaluating alternative resource pliwg and not by evaluating the individual
resources in isolation (Awerbuch 2006). This isirdtdly the case when evaluating the
benefits of solar PV being a very diverse technpladnien compared to the intra annual

characteristics of other renewable technologies.

9.4 Thesis Limitations

While the work has delivered a great deal, theeeusrdoubtedly limitations. The thesis is
very broad in the sense it covers many areas achl @&fathese is individually suitable for

PhD study. Due to the broadness and finite tim¢hefPhD is was necessary to limit the
complexity of the many models but to ensure theyewas robust and effective as possible
and that they captured the essence of each proltilevas considered whether a very deep
analysis would deliver more insight towards thdingsof the hypothesis. However, it was

decided that, except for potentially reducing sameertainties, it probably wasn’t the case.

The impact of climate change on optimal portfoless investigated for only the ‘medium
emissions’ scenario. This was due to the HadRMa3 dat, required for wind speed, having
only been run for the one scenario, which restictee opportunity for cross comparisons.
The MVPT analysis chapter focused on comparing2@0s and baseline climate using
2050 projection costs and constraints to provehypothesis. Ideally, the analysis would

have been performed for several different combamatiof costs and climate.

Ideally, CQ emissions from a chosen optimal mix would thegger the future climate
scenario to test the impact of the chosen optimal For example, a mix with 90% GO
reduction may be aligned with the GHG emissions tjaresent the low emissions scenario,
and a mix with only 50% CfOreduction may be aligned with the high emissioansgio.
However, this would only be possible if the resttloé world were also aligned with the

emission reductions, which may not be feasible.

The MVPT analysis method fails to capture the Hatnaual variability of renewable
technologies and the added financial risk that thésy add. Akin to Awerbuch’s fuel price
volatility analysis in Chapter 2. All investigatéechnologies showed more extreme intra-
annual variability, but MVPT only captures the liksed cost value, which is calculated
using the annual energy output, and the intra-dnvardability of energy output does not
feature in the calculation of risk. However, italso worth pointing out that the intra-annual

variability of fuel is not captured in the risk calation of thermal plant risk.

215



The MVPT analysis performed in this study is basedhistorical cost co-variance data,
which is generally the case with traditional MVPialysis. However, there is uncertainty
associated with how valid it is to assume futurst @maracteristics will remain the same as
historical observations. There is also the argurtieatt historical risk characteristics will not

capture future events that have not previously aapg.

Levelised costs were generated for 2010 and 20&@nhe&dogy input parameters. Ideally,
costs for 2050 would also have been generatedyéighing up the inherent uncertainty of
costs, and the confidence in projecting comparabkds 40 years into the future, it was
decided to make an assumption that all technolog@gd advance in such a way that costs
would stay relatively comparable from 2020 valuHse 2050 values were used to represent
advancement in deployment. A sensitivity study mealint rate was performed to highlight
the way in which different technologies are affddbg the discount rate; however, the effect
of different discount rates on MVPT output has Ibe¢n shown, neither has the sensitivity to

varying fuel and C@costs.

There are several renewable and non-renewabledlegies not included in this thesis, that
are potentially susceptible to climate change drdthesis would be more complete if it
contained them. However, it is thought that thesighéncludes the technologies that are most

at risk from climate change.

The conversion of resource to product has beemmeed using only one technology model
in each case. Ideally, the analysis would featereml different devices to capture a more
complete spectrum of devices. This is especiallg for emerging technologies like wave,

where there are many differing types of technology.

There are many uncertainties associated with tereint steps in the thesis, most of which
have been highlighted throughout. It is very difftcto compare the magnitude of climate
change uncertainty with the other uncertainties wodild need an in depth review to
accomplish this. The uncertainties all cascadethegeand inherently grow larger relative to
the time period under investigation. Climate changeertainty is just one in a basket of

uncertainties all of which need consideration.
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9.5 Recommendations for Further Work

Below are recommendations of further work that ddoé undertaken to extend the work
performed in this thesis. The list is not exhaustiveither is it sorted by importance or level
of contribution. Each recommendation would neetémroperly assessed and weighed up
against the additional resource and timescalesoitldvrequire, prior to being actually

performed.

Include additional technologies susceptible to atenchange in the overall analysis:

e Thermal plant, tidal stream, biomass and biofumlsers.

Improve MVPT analysis:

e Find a method to incorporate the intra-annual antkriannual variability of
renewable resource into the MVPT risk analysiseBdtthe method to incorporate
intra-annual fuel risk for the non-renewable tedbges.

« Investigate and update the historical cost inforomatthat is the basis of the
technology risk and cost correlations. Investigatber potential methods of
estimating risk and diversity that can be appliedVPT analysis of future time
periods.

e Look into incorporating a Monte Carlo simulationpapach to add probability
distributions of future fuel and G@ost and risk into the analysis.

* Perform MVPT analysis on a larger set of input scms (climate time period,
estimated costs, emissions scenarios).

* Review the technology constraints for future tinegigds. Perform MVPT analysis

on a larger set of constraint values for each &itime period.

Improve levelised cost values:

* Include sets of levelised cost values that covesisigities of fuel price and CO
price variability, as well as uncertainties.

* Generate levelised cost estimates for the 2050sligesissed, this may take quite a
lot of effort to generate values that are constséer comparable for a time period

so far into the future.
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Improve Solar Resource Model:

Incorporate the hourly characteristics of basetespurce and future resource. The
current model assumes uniform cloud cover oved#yeperiod.

Further investigate optimal angle using more detlaiiourly time series data: This
potentially could follow the method of let al. (2007) and possibly Lorenzo (2005).
The method used by lét al. used data over a year period with ten minute time
samples.

Add more complexity into the conversion to techigglofor example incorporating
the temperature — efficiency relationship to théarséV profile, and add more
technical choices of technology.

Improve the modelling of technology deployment. $floly distribute deployment
relative to rooftop space as well as locations Withbest resource.

Incorporate topology and shading into future rese@ssessment.

Improve Wind Resource Model:

Possibly implement Weibull distribution in the wiadalysis. This has the potential
of more closely following actual wind charactegsti However, it is difficult to
apply over large areas and requires local windattaristic input. On reflection,
unless the wind characteristics were analysed may locations over the UK, the
Rayleigh is potentially the better option due te lwrge are covered by the UK.
Implement roughness characteristics into the cawmerof wind speed to different
heights. This would improve the accuracy of coneer®f wind speed to different
heights. However, like the Weibull distribution, ig difficult to implement over
large areas and requires local surface charaatangut.

Incorporate the Edinburgh Wind Model (Hawkins 20ir#p the on- and offshore
wind resource analysis.

Introduce other wind turbine characteristics to ttedel. Currently only one wind

turbine profile is used in the analysis.

218



Improve Wave Resource Model:

« Improve the complexity of the wave resource stugybing a wave model driven
by wind output from a RCM, which is ideally drivday the HadRM3 11-member
ensemble.

* Introduce other wave device characteristics tarbdel.

Other general resource assessment improvements:

e Incorporate current and future time series of dtatihe analysis. This would enable
the study to consider changes that are not caphyréige long-term average monthly
data; for example, diurnal weather pattern changed frequency of extreme
weather. The UKCP09 weather generator output wpatdntially be a good tool to
perform this, or the mesoscale weather model thiate developed in the ARIES

project.

Investigate whether possible to integrate / sofipé® the model to the MARKAL model
used in the UKERC 2050 project.

9.6 Thesis Final Conclusion

The thesis describes an attempt to assess thetiipelznate change on optimal low carbon
electricity generation technologies using MVPT gsm. Many areas are explored in
differing detail in order to quantify the sensitiviof optimal electricity generation mixes to
climate change. There are several gaps in the Ibemaysis but it is thought that this thesis
IS a reasonable and conclusive study which forrosedible basis for further exploration of

the impact of climate change on electricity generatechnologies and optimal portfolios.

219



References

AEA Technology (2011a). Pathways to 2050 — Key ResReport for théepartment of
Energy and Climate Change.

AEA Technology (2011b). Pathways to 2050 — Detafedlyses. Report for the
Department of Energy and Climate Change.

Allan, G. Gilmartin, M. McGregor, P. Swales, K. {@). Levelised costs of wave and tidal
energy: Current cost comparison and the impadbarided’ Renewable Obligation
Certificates. Energy Policy, Vol. 39, No. 1, p. 28-

Allan, G. Eromenko , I. McGregor, P. Swales, K.12) The regional electricity generation
mix in Scotland: a portfolio selection approachorporating marine renewables. Energy
Policy, Vol. 39, No. 1, p. 6-22.

Anandarajah G, Strachan N, Ekins P, Kannan R, Hugh€009) Pathways to a Low
Carbon Economy: Energy Systems Modellioé( Energy Research Centre (UKERC)
Energy 2050 Research Report 1.

Awerbuch, S. (2000) ‘Investing in PhotovoltaicssRiAccounting and the Value of New
Technology, Energy Policy, 28 (14).

Awerbuch, S., Berger, M. (2003). Energy Securitgt Biversity in the EU: A Mean-
Variance Portfolio Approach, Report Number EET/2033International Energy Agency,
Paris.

Awerbuch, S. (2003b). Determining the real costy wdnewable power is more cost-
competitive than previously believe@enewable Energy World 6(2), March—April 2003.

Awerbuch, S. (2005a) ‘The Role of Wind in Enhandug Energy Diversity and Security:
A Mean-Variance Optimization of the UK GeneratingxMRetrieved November 2011
from: URL: http://www.awerbuch.com

Awerbuch, S. (2005b). ‘The Role of Wind Generationhancing Scotland’s Energy
Diversity and Security: A Mean-Variance Portfolipt®nization of Scotland’s Generating
Mix’. Retrieved November 2011 from: http://www.assach.com

Awerbuch, S., Jansen, J., Beurskens, L. Drenngf20D5b). ‘The Cost of Geothermal
Energy in the Western US Region: A Portfolio-Bagggbroach. A Mean-Variance Portfolio
Optimization of the Region’s Generating Mix to 201Sandia National Laboratories.
SAND2005-5173.

Awerbuch, S. (2006) Portfolio-based electricity geation planning: policy implications for
renewables and energy securiitigation Adapting Strategies Global Change, 11 3, pp.
693-710.

Awerbuch, S., Sauter, R., (2006). Exploiting tile®DP effect to support renewables
deploymentEnergy Policy, 34(17), 2805-2819. Available at:
http://linkinghub.elsevier.com/retrieve/pii/S0301405001230

220



Awerbuch, S., Yang, S. (2007). Efficient Electiyctenerating Portfolios for Europe:
Maximising Energy Security and Climate Change Nitign. European Investment Bank
(EIB) Papers. Volume 12 No2 2007.

Barrow Offshore Wind Limited (BOW). (2008). The frct. Retrieved March 2011 from
http://www.bowind.co.uk/project.shtml

Barthelmie RJ, Frandsen ST, Nielsen NM, Pryor S&hBre PE, Jargensen HE. (2007).
Modelling and measurements of power losses andltmbe intensity in wind turbine wakes
at Middelgrunden offshore wind farind Energy 2007; 10: 217-228.

Barthelmie RJ, Hansen K, Frandsen ST, Rathmanrckefgrs JG, Schlez &, al.
(2009). Modelling and measuring flow and wind taivakes in large wind farms offshore.
Wind Energy 2009;12(5):431e44.

Barthelmie, R. Jensen, L. (2010). Evaluation ofdvarm efficiency and wind turbine
wakes at the nysted offshore wind faivind Energy, 13.

Bazilian, M and Roques, F. (2008halytical Methods for Energy Diversity and Security,
Elsevier, Oxford.

BERR, (2008a). Atlas of UK Marine Renewable EneRgpgources. © Crown Copyright. All
rights reserved 2008. Retrieved March 2011 fhdtp://www.renewables-
atlas.info/wind_map.aspx

BERR, (2008b). Atlas of UK Marine Renewable EnelRpsources: Technical Report. ©
Crown Copyright. All rights reserved. Retrieved la2011 fromhttp://www.renewables-
atlas.info/downloads/documents/R1432_Final_15Maydi8.

BERR (2004-2009). Offshore Wind Capital Grants Sohé\nnual Reports. Retrieved
March 2011 from
http://webarchive.nationalarchives.gov.uk/+/httwiv.berr.gov.uk/energy/environment/etf/
offshore-wind/page45496.htmi

BERR wind speed database. © Crown Copyright. 4ht$ reserved 2008. Retrieved May
2011 from
http://webarchive.nationalarchives.gov.uk/+/httpwiv.dti.gov.uk/energy/sources/renewabl
es/renewables-explained/wind-enerqgy/page27708.html

Breslow, P.B., Sailor, D.J.( 2002). Vulnerabilitiwind power resources to climate change
in the continental United States. Renewable Ené¥gyb85-98.

Burnett, D., Harrison, G. (2010). Climate changd #re UK solar energy resourégjture
Climate and Renewable Energy: Impacts, Risks and Adaptation, 31 May-2 June 2010, Oslo,
Norway (See Appendix F).

Cassman, K. G. (2007). Climate change, biofueld,gdobal food securityEnvironmental
Research Letters 2:d0i:10.1088/1748-9326/1082/1081/011002

Commission of the European Communities. (2007)EAargy Policy For Europe.
Communication from the Commission to the EuropeaarCil and the European
Parliament. Retrieved January 2012 from
http://ec.europa.eu/energy/energy_policy/doc/O1lrgngolicy for europe_en.pdf

221



Cradden, L. (2009). The Impact of Climate Chang&\bnd Energy Generation in the UK.
PhD Thesis. The University of Edinburgh.

Crook, J.Aet al., (2011). Climate change impacts on future phdtaimand concentrated
solar power energy outpuEnergy & Environmental Science, 4(9), 3101. Available at:
http://xlink.rsc.org/?DOI=clee01495a

Crown Estate (2010a). World's first wave and tiglaérgy leasing round to power up to
three quarters of a million homes. Accessed Octabaf.:
http://www.thecrownestate.co.uk/newscontent/92{pedtfirth-developers.htm

Crown Estate (2011). Current wave and tidal agtiiccessed October 2011:
http://www.thecrownestate.co.uk/current-wave-tidelpdf

DECC (2008). Climate Change Act 2008. Availablearfro
http://www.decc.gov.uk/en/content/cms/legislatienfct_08/cc_act_08.aspx

DECC (2010a). 2050 Pathways Analysis. Departmeiinafrgy and Climate Change.
www.decc.gov.ukFirst published July 2010 © Crown Copyright. URBDL764.

DECC (2010b)Updated Energy and Emission Projections. URN 10D/510.

DECC (2011). UK Renewable Energy Roadmap. Accedgly2011 from
http://www.decc.gov.uk/assets/decc/11/meeting-grdagmand/renewable-enerqy/2167-uk-
renewable-energy-roadmap.pdf

DECC (2011). Comprehensive Review Phase 1: Comsuitan Feed-In Tarriffs For Solar
PV. Retrieved January 2012 from:
http://www.decc.gov.uk/en/content/cms/consultatifitss comp_revl/fits_comp_revl.aspx

DECC (2012). Feed-In Tarriff Appeal: Statement BydC Spokesperson. Retrieved
January 2012 from:
http://www.decc.gov.uk/en/content/cms/news/fits esgiffits _appeal.aspx

DEFRA (2009). Perturbed Physics Ensemble. Retrddamember 2011 from
http://ukclimateprojections.defra.gov.uk/conterdivi933/690/

DelLagquil, P., Awerbuch, S., Stroup, K. (2005). AtRidio-Risk Analysis of Electricity
Supply Options in the Commonwealth of Virginia. fPased for by the Chesapeake Climate
Action Network.

DUKES (2010) Digest of United Kingdom energy stats Retrieved March 2011, from
http://www.decc.gov.uk/en/content/cms/statisticblmations/dukes/dukes.aspx

Doherty, R., Outhred, H. & O'Malley, M., (2006).t&slishing the Role That Wind
Generation May Have in Future Generation PortfoliBEE Transactions on Power
Systems, 21(3), 1415-1422. Available at:
http://ieeexplore.ieee.org/Ipdocs/epic03/wrapperdarnumber=1664979

Dudziak G., Simmons J., Irvine 1., (2009). Marineekgy Supply Chain Survey. Scottish
Government — Marine Energy Group. Conducted by iSgnergy. Accessed July 2011
http://www.cambridge-resource-
economics.co.uk/MEG%20Supply%20Chain%20Survey%20Rgolf

222



Duncan, N. (2012) Mapping Scotland's HydropowerdRese. The University of Edinburgh.
PhD Thesis.

EPA (2012). Climate Change — Greenhouse Gas Emissiarbon Dioxide. U.S.
Environmental Protection Agency. Retrieved Jan2ad2:
http://www.epa.gov/climatechange/emissions/co2.html

European Commission. (2010). A Technology Roadmége the communication on
Investing in the Development of Low Carbon Techga@s (Set-Plan). Retrieved March
2011, from

http://ec.europa.eu/energy/technology/set_planAfi@¥ comm_investing_development_lo
w_carbon_technologies_roadmap.pdf

European Photovoltaic Industry Association (EP{2P10a). Set For 2020. Solar
Photovoltaic Electricity: A Mainstream Power Sountdéurope by 2020. Retrieved March
2011, fromhttp://www.setfor2020.eu/

European Photovoltaic Industry Association (EP{2)10b).Solar Europe Industry
Initiative lmplementation Plan 2010-2012.

ETI (2010). Marine Energy Technology Roadmap. Epdigchnologies Institute and UK
Energy Research Centre.

Feng, Y. and Tavner, P.J. and Long, H. (2010).y&=tperiences with UK Round 1 offshore
wind farms.Proceedings of the Ingtitution of Civil Engineers: energy., 163 (4). pp. 167-181.

Florke, M., Barlund, 1., and Teichert, E. (2010}t¢e changes of freshwater needs in
European power plants, Manage. Environ. Qual.822104,
do0i:10.1108/14777831111098507, 2010.

Garg, H.P., Prakash, J. (2000). Solar Energy Fuedtais and Applications. First Revised
Edition. ISBN 0-07-463631.

Greis, S.; Schulz, J. and Miiller, U. (2009): Waiemagement of a Thermal Power Plant —
A Site Specific Approach Concerning Climate ChangeTroccoli, A. (ed.)Weather and
Climate Risk Management for the Energy Sector, NATO Science for Peace and Security.
Series C: Environmental Security, Springer, Dorldtec

Grubb, M., Butler, L., Twomey, P., (2006). Diveysitnd security in UK electricity
generation: The influence of low-carbon objecti\E&sergy Policy, 34(18), 4050-4062.
Available at:http://linkinghub.elsevier.com/retrieve/pii/S0301495002442

Hansen, J., Ruedy, R. & Sato, M.,(2010) Globalaeftemperature chandev. Geophys,
1-29. Available at:
http://citeseerx.ist.psu.edu/viewdoc/download?d06i£11.188.7662&rep=repl&type=pdf

Harrison, G. P., Whittington, H. W. and Wallace,RA.(2003) ‘Climate change impacts on
financial risk in hydropower projectdEEE Trans. Power Systems, 18 (4), 1324-30
Harrison, G. P. and Wallace, A. R. (2005) ‘Climaémsitivity of marine energyRenewable
Energy, 30(12), 1801-17

Harrison, G. P., Wallace A. R. (2005) Sensitivitysave energy to climate chand&EE
Transactions on Energy Conversion, 20 (4) (2005), pp. 870-877

223



Hawkins, S. (2012). High Resolution Reanalysis ant\Speeds for Wind Energy
Integration: Edinburgh Wind Model. The Universityidinburgh. PhD Thesis.

Heptonstall, P., (2007) A review of electricity tindst estimates. Working Paper, December
2006, Updated May 2007. Report for UK Energy Rede&@entre, Reference:
UKERC/WP/TPA/2007/006.

Hulmeet al. (2001)Climate change scenarios for the United Kingdom: the UKCIP02
Scientific report, DEFRA.

IEA (1995) Using Pyranometers in Tests of Solargn€onverters: Step-by-step
insructions. Retrieved January 2012 frdmtip://www.iea-
shc.org/publications/downloads/task 9-

using_pyranometers_in_tests_of solar_energy carggodf

IEA (2009). Solar PV Roadmap Targets. Accessed s8ug0l11 from
http://www.iea.org/papers/2009/PV_roadmap targédsving.pdf

IEA. (2010a). Technology Roadmap. Solar photovol&iergy.
IEA (2010b). Projected Costs of Generating Eleityric

IPCC (2007). Climate Change 2007: Synthesis ReporAssessment of the
Intergovernmental Panel on Climate Change. Acce3aedary 2012:
http://www.ipcc.ch/publications_and_data/publicatioipcc_fourth_assessment_report_synt
hesis_report.htm

Jansen, Jaap C., (2004). Policy support for reneweatergy in the European Union: A
review of the regulatory framework and suggestionadjustment, Petten: ECN-I-03-002.

Jenkins, G.J., Perry, M.C., and Prior, M.J. (200% climate of the United Kingdom and
recent trends. Met Office Hadley Centre, Exeter, Biailable from:
http://ukclimateprojections.defra.gov.uk/imagesis®/trends_pdfs/Trends.pdf

Johns, T. C. et al. (2003). Anthropogenic climdtange for 1860 to 2100 simulated with the
HadCM3 model under updated emissions scenalas. Dyn. 20, 583-612 (2003).

Jones, P. D., Kilsby, C. G., Harpham, C., Glenis,Bdrton, A. (2009)UK Climate
Projections science report: Projections of future daily climate for the UK from the Weather
Generator. University of Newcastle, UK

Kalogirou , S. (2009). Solar Energy Engineeringnd@sses and Systems [Hardcover]

Keeling, R. F., Piper, S. C., A. F. BollenbacherFA S. J. Walker, S. J. (2009) Carbon
Dioxide Research Group. Scripps Institution of Owegaphy (S10). University of
California. La Jolla, California USA 92093-0444.tReved January 2012:
http://cdiac.ornl.gov/ftp/trends/co2/maunaloa.co2

Krohn, S., Morthorst, P.-E., & Awerbuch, S. (200Bje Economics of Wind Energy,
European Wind Energy Association, Brussels.

Li DHW, Lam TNT. (2007). Determining the optimunit &ngle and orientation for solar
energy collection based on measured solar radidetes nt J Photoenergy 2007; vol.
Article ID 85402, 9 pages.

224



Lobell DB, Burke MB, Tebaldi C, Mastrandrea MD, €ah WP, Naylor RL. (2008).
Prioritizing climate change adaptation needs fodfeecurity in 2030&cience 319, 607—
610.

Lorenzo, E. (2005) Energy Collected and Delivergd®kW Modules, in Handbook of
Photovoltaic Science and Engineering (eds A. LuaneeS. Hegedusjphn Wiley & Sons,
Ltd, Chichester, UK. doi: 10.1002/0470014008.ch20

Lowe JA, Howard T, Pardaens A, Tinker J, Holt JKélm S, Milne G, Leake J,Wolf J,
Horsburgh K, Reeder T, Jenkins G, Ridley J, DyBr&dley S (2009) UK climate
projections science report: marine and coastakptigins. Met Office Hadley Centre, Exeter,
UK.

Lui, B.Y.H., and Jordan, R.C. (1960). The intertielaship and characteristic distribution of
direct, diffuse and total solar radiatidnlar Energy 4 (3): 1-19.

Mackay, E. B. L., Bahaj, A. S., Challenor, P. QZXQa) Uncertainty in wave energy
resource assessment. Part 1: historic dRer@ewable Energy, 35 (2010), pp. 1792-1808

Mackay, E. B. L., Bahaj, A. S., Challenor, P. Q1Q) Uncertainty in wave energy resource
assessment. Part 2: historic d&enewable Energy, 35 (2010b), pp. 1809-1819

Manwell, J. F., McGowan, J. G., Rogers, A. L. (200%nd Energy Explained: Theory,
Design and Application. New York:Wiley.

Martinez-Lozano, J. A., Tena, F. and Onrubia, J(I284). The historical evolution of the
Angstrom formula and its modifications: review aiblliography. Agric. For. Meteorol. 33,
pp. 109-128.

McLoughlin, E., Bazilian, M. (2006). Application &fortfolio Analysis to the Irish
Electricity Generating Mix in 2020. Working Pap8ustainable Energy Ireland.

Met Office, Hadley Centre. (1999). Climate prediotimodel: HadCM3: Hadley Centre
Coupled Model version 3. Availabe fatp://www.metoffice.gov.uk/research/modelling-
systems/unified-model/climate-models/hadcm3

Met Office (2009a). UKCPO09: Gridded Observationd®&ets. 25 km Gridded Data.
Sunshine Duration Hours. Retrieved October 20@8n fr

http://www.metoffice.gov.uk/climatechange/sciencesnitoring/ukcp09/download/index.ht
ml

Met Office (2006). MIDAS Land Surface Stations déit853-current). British Atmospheric
Data Centre. Retrieved October 2009, from

Met Office, Hadley Centre. (2008). HadRM3-PPE-UK débData, [Internet]. NCAS British
Atmospheric Data Centre. Retrieved September 280@,
http://badc.nerc.ac.uk/view/badc.nerc.ac.uk__ ATOdataent 12178667495226008

Met Office (2011). Met Office Surface Data Usersdgu Retrieved December 2011, from
http://badc.nerc.ac.uk/data/surface/ukmo_guide.html

Mott MacDonald (2010UK Electricity Generation Costs Update. Department of Energy &
Climate Change, London.

225



Murphy, J. M. et al. (2009), UK climate projections science reportnézte Change
Projections, Hadley Cent., Met Off., Exeter, U. K.

OFGEM, (2010). Feed-In Tariff Installation Repod2010. Retrieved March 2011, from
http://www.ofgem.gov.uk/Sustainability/Environmédits/Pages/fits.aspx

Pan, Z., Segal, M., Arritt, R.W., Takle, E. S. (2Dp@0n the potential change in solar
radiation over the US due to increases of atmosphezenhouse gase&enewable Energy,
29(11), 1923-8

Pelamis (2008). Retrieved frottp://www.pelamiswave.com/

Pereira de Lucena, A. F., Szklo, A. S., SchaeRerDutra, R. M. (2010). The vulnerability
of wind power to climate change in Brag#new Energy, 35 (2010), pp. 904-912

Perry, M. and Hollis, D. (2005a), The generatiomainthly gridded datasets for a range of
climatic variables over the UKnternational Journal of Climatology, 25: 1041-1054. doi:
10.1002/joc.1161

Perry, M.C., Hollis, D.M., (2005b). The developmeha new set of longterm average
climate averages for the Ukat J Climatol, 25, 1023-1039.

Phillips, J. L., Cox, S. D., Henderson, A. R., Glll P. (2010). Wake effects within and
between large wind projects: The challenge of stesity and neighbours — onshore and
offshore. GL Garrad Hassan. Retrieved friottp://www.gl-
garradhassan.com/assets/downloads/1067bt58c_%23el-avakes paper%?29 -

FINAL.pdf
Pierson, W. J., and Moskowitz, L. (1964). A progbspectral form for fully developed

wind seas based on the similarity theory of A. Aal§orodskii,J. Geophys. Res., vol. 69,
pp. 5181-5190.

Poyry (2008) Compliance Costs for Meeting the 20% Renewable Energy Target in 2020. A
report to The Department for Business, EnterpngkRegulatory Reform, URN:08/757,
available athttp://www.decc.gov.uk/publications/

PriceWaterHouseCoopers, (2010). On the brink ofghbfuture? Insights on the UK solar
photovoltaic market.

Pryor, S. C., Barthelmie, R. J., Kjellstrom, E. @8@) ‘Potential climate change impact on
wind energy resources in northern Europe: Analysésg a regional climate model’,
Climate Dynamics, 25, 815-835.

Pryor, S. C., Barthelmie, R. J. (2005b). Climatarge impacts on wind speeds and wind
energy density in Northern Europe: empirical dovatisg of multiple AOGCMsClimate
Res 29:183-98.

Pryor, S. C., Barthelmie, R. J. (2009). Climatengeimpacts on wind energy: a review.
Renewable and Sustainable Energy Reviews, 14 pp. 430-437

Randall, D. A., and Coauthors, (2007) Climate me@eld their evaluation. Climate Change
2007: The Physical Science Basisntribution of Working Group | to the Fourth

226



Assessment Report of the Intergovernmental Panel on Climate Change, S. Solomon et al.,
Eds., Cambridge University Press, 589—662.

Reeve D, Chen Y, Pan S, Magar V, Simmonds D, Zamhadaki A (2011) An investigation
of the impacts of climate change on wave energgigdion: the wave Hub, Cornwall, UK.
Renewable Energy 36:2404-2413

Renewable UK. Formerly BWEA. (2011a). Onshore Whiagdlm Statistics. Retrieved March
2011, fromhttp://www.bwea.com/statistics/

Renewable UK (2011b). UK Wind Energy Database. Ased from
www.bwea.com/ukwed/index.asp

Renewable UK (2011c). The Economics of Wind EneRgtrieved December 2011 from
http://www.bwea.com/ref/econ.html

Roques, F. A., Newbery, D. M., Nuttall, W. J. (2D08-uel mix diversification incentives in
liberalised electricity markets: a Mean-Variancetfdtio Theory Approach." Electricity
Policy Research Group Working Paper, Cambridge.

Roques, F., Hiroux, C. & Saguan, M., (2010). Optimad power deployment in Europe—
A portfolio approachEnergy Palicy, 38(7), 3245-3256. Available at:
http://dx.doi.org/10.1016/j.enpol.2009.07.048

SET for 2020. (2009). Solar Photovoltaic Electyicita Mainstream Power Source in
Europe by 2020 (Executive Summary), European Phbdteie Industry Association.
www.setfor2020.eu

Sexton, D. M. H., Murphy, J., (2010a). UKCPQ09: Rxoitistic projections of wind speed.
Hadley Cent., Met Off., Exeter, U. K. Retrieved d2011, from
http://ukclimateprojections.defra.gov.uk/contereivi1202/500/

Sexton, D. M. H., Murphy, J., (2010b). UKCPQ9: Rabitistic projections of wind speed.
UKCPO09 additional product. Met Office Hadley Centegeter. Retrieved July 2011 from
http://ukclimateprojections.defra.gov.uk/imagesis® Tech notes/UKCP09 prob_wind.pdf

Shankleman, J. (2012). DECC lodges appeal agaigkt€burt solar feed-in tariff ruling.
Retrieved January 2012 from http://www.businessgen/bg/news/2135300/decc-lodges-
appeal-court-solar-feed-tariff-ruling

Sharpe ,W. (1964)" Capital Asset Prices: A Thedrylarket Equilibrium under Conditions
of Risk." Journal of Finance, September 1964, @p-442.

Sinke, W. C.gt al. (2007) “A Strategic Research Agenda for Photovol&olar Energy
Technology”, European Photovoltaic Technology Blatf, Office for Official Publications
of the European Union, Luxembourg, ISBN 978-92-79-05523-2.

Skea, J., (2010). Valuing diversity in energy sypghergy Policy, 38(7), 3608-3621.
Available at: http://linkinghub.elsevier.com/retredpii/S0301421510001199.

Solar Access (2011). Accessed framvyw.solaraccess.co.uk

Stirling, A., (1994). Diversity and ignorance ireefricity supply investmenEnergy Policy
22, 195-216.

227



Suehrcke, H. (2000). On the relationship betweeatthn of sunshine and solar radiation on
the earth’s surface: Angstréom’s equation revisi@etiar Energy 68 5 (2000), pp. 417—425.

Sukhatme, S. P. (1996). Solar Energy. PrincipleBhagimal Collection and Storage. Second
Edition. ISBN 0-07-462453-9.

Sari, M., Hofierka, J. (2004). A New GIS-based seo#liation model and its application for
photovoltaic assessmenisansactionsin GIS 8 2 (2004), pp. 175-190.

Suri, M. Huld, T, A. Dunlop, E, D. (2005). PV-Gl&:web-based solar radiation database for
the calculation of PV potential in Europaternational Journal of Sustainable Energy, 2005,
24, 2,55

Sari, M. Huld, T, A. Dunlop, E, D. Ossenbrink, H (2007). Potential of solar electricity
generation in the European Union member statesamdidate countrie§olar Energy 81
(2007) 1295-1305).

Sari, M. Remund, J. Cebecauer, T. Dumortier, D.d)al Huld, T. Blanc, P. (2008)
Proceeding of the EUROSUN 2008, 1st International Conference on Solar Heatingyliaig
and Buildings, Lisbon, Portugal, 7 — 10 October&00

Sunpower (2010). Sunpower 315 Solar Panel datadReetived October 2011 from
http://pdf.archiexpo.com/pdf/sunpower/315-solargladatasheet/Show/54500-12402-
2.html

The Crown Estate (2011a). Offshore wind Energy a#riRis 1 and 2. Retrieved March 2011
from http://www.thecrownestate.co.uk/rounds-one-two

The Crown Estate (2011b). Offshore wind Energy uitb3. Retrieved March 2011 from
http://www.thecrownestate.co.uk/round3

The Crown Estate (2011c). Offshore wind Energy -at\farms in Scottish Waters.
Retrieved March 2011 frofmttp://www.thecrownestate.co.uk/scottish-offshoriaev

The Crown Estate (2011d). Offshore Wind Energy.essed December 2011 from
www.thecrownestate.co.uk/energy/

The Renewable Energy Foundation (REF) (2011). Rebims Obligation Generators
Database. Retrieved March 2011 frottp://www.ref.org.uk/roc-generators/

Troen |, Petersen EL. (1989). European Wind AfRisg National Laboratory: Roskilde.
Twidell, J. Weir, T. (2006) Renewable energy resesar(Second edition), Taylor & Francis.

UKCIP (2002). UK Climate Impact Programme. UKCIROR Climate Projections.
Available at http://www.ukcip.org.uk/ukcp09/ukcipg02

UKCIP (2009). UK Climate Impact Programme. UKCPOR Olimate Projections.
Available athttp://www.ukcip.org.uk/ukcp09/

UKERC (2009). The UKERC Energy 2050 Project. Avalgafrom:
http://www.ukerc.ac.uk/Downloads/PDF/U/UKERCEnNerg9R/0906 UKERC2050. pdf

http://badc.nerc.ac.uk/data/ukmo-midas

228



UNFCCC. (2012). Definition of climate change. Acsed January 2012 from
http://unfccc.int/files/documentation/text/htmlflisearch.php?what=keywords&val=&valan
=a&anf=0&id=10

Usher, W. & Strachan N. (2010), UK MARKAL Modellingexamining Decarbonisation
Pathways in the 2020s on the Way to Meeting th® ZiGissions Target. Accessed October
2011:
http://downloads.theccc.org.uk.s3.amazonaws.cof2@Budget/ CCC%20MARKAL %20
Final%20Report%20-%20UCL%20Nov10.pdf

Vestas (2011). Vestas V90 3.0 MW Wind Turbine Broeh Retrieved March 2011, from
http://www.vestas.com/en/media/brochures.aspx

Vicuna, S. et al., (2007) Climate change impacthigh elevation hydropower generation in
California’s Sierra Nevada: a case study in theddgymerican RiverClimatic Change,
87(S1), 123-137. Available at: http://www.springaklcom/index/10.1007/s10584-007-
9365-X.

Wang, G., (2005). Agricultural drought in a futwienmate: results from 15 global climate
models participating in the IPCC 4th assessn@intnate Dynamics, 25(7-8), 739-753.
Available at: http://www.springerlink.com/index/1007/s00382-005-0057-9.

Wang, X. L., Zwiers, F.W., Swalil, V.R. (2004) ‘NbrAtlantic Ocean wave climate change
scenarios for the Twenty-First Century. Climate. 17, 2368-83.

Wave Hub (2011) Wave Hub Project website. Availaléttp://www.wavehub.co.uk

White, B. (2007). A Mean-Variance Portfolio Optiration of California’s Generation Mix
to 2020: Achieving California’s 22 Percent Renewdbbrtfolio Standard Goal. Prepared for
California Energy Commission.

Winskel, M., Markusson, N., Moran, B. & Jeffrey, 2009).Decarbonising the UK Energy
System: Accelerated Devel opment of Low Carbon Energy Supply Technologies. UKERC
Energy 2050 Research Report No. 2 UK Energy Reséaeatre, London

Woolf, D. K., Challenor, P. G. and Cotton, P. D0@2) ‘Variability and predictability of the
North Atlantic wave climate’). Geophysical Res. 109(C10), 3145-58

229



Appendices

Appendix A

Annual ¢

Spring ‘

Winter f
N 2

wm? wm? Wm
@ 1234-1260 @ 362-374 . @ 1507-1625
@ 1207-1233 @ 3:9-361 & @ 1568-1596
@B 180-1208 @ n5-348 @ 1539-1567
o 153-1179 B 22-334 B0 1510-1538
0 1126-1152 0 2009-321 e 0 148.1-1509
109.8- 1125 206-308 145.2- 1480
107.1-100.7 283-205 1423-1451
104.4-107.0 269-282 139.4- 1422
101.7-1043 256-268 136.5- 1393
90.0-101.6 243-255 1336-136.4
96.3-98.9 20-242 130.7- 1335
93.6-96.2 217-229 127.8- 1306
90.9-935 203-216 1249-1277
0 ss2-908 2 0 190-202 0 1220-1248
B es5-881 W 177-189 8 1e1-1219
W s27-854 @ 6s-178 @ 162-190
@ 200-826 @ 151-163 @ 1133-161
@ 773-790 @B 37-150 @ 104132
8 746-772 @B 24-136 @ 1075-1103
@ 718-745 @B no-123 @ 1045-1074

Figure A-1: Average solar radiation resource on hor

1.075
1.050 +
1.025
1.000
0.975
0.950
0.925
0.900 -
0.875
0.850 -
0.825
0.800
0.775

0.750

w'“q!
@ 2128-2169
@ 2085-2127
@ 2043-2084
@0 2000-2042
) 195.8-1999
191.5-1957
187.3- 1914
183.0- 1872
178.8- 1829
1745-1787 "
1703-174.’
166.0- 170
161.8- 1659
00 1575-1617
B 1533-1574
@ 1490-1532
@ 1448-1489
@ 1405-1447
@B 1363-1404
@ 1319-1362

Summer ‘

4 ‘:.w - 48.7-51.1
. . -

Autumn f

wm?
@ s<0-074
B s23-848
@ 797-822
B 77.1-708
B0 748-770
720-745
69.4-719
66.8-69.3
64.2-66.7
61.6-64.1
50.0-615
56.4-589
53.8-563
) s12-537 L

B ©1-486
@ 5-460
@ «©o9-434
@B 383-408
@B 356-382

izontal plane over the baseline time period.

Optimal Gain for a Fixed Inclination Angle
UK, Shetland and South England

UK
— — —Shetland
South England

0.725 T T
0 3 6

Figure A-2: Gains for different permanently fixed i

9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63

66 69 72 75 78 81 84 87 90

Fixed South Facina Inclination Anale (dearees)

nclination angles at extreme latitudes of the
UK and average UK.

230



Change (%) Annual
@ wo-110
@ ss-99

@B 78-s88
[ A
B s5-66
45-55
34-44
23-33
12-22
01-11
-10-00
21--11
93-173
43--33
54--44
-85--55
76--68
87--77
-98--88

-110--99 10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Change (%) Winter
@ ni-255
@ 20s5-230

@ s0-204
B 154-179
@ n29-153
103-128
78-102
52-77
27-51
01-28
-25-00
50--26
76--5.1
101--77
12.7--102
152--128
178--153
203--178
229--204

-255--230  10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Change (%) Spring

| RE]
|, s
N
@,
| 4

01

IS
o)

-48
33-
25-
17-
09-
-08
07-
5.
23-
31-
-39-
--4.0
55.
63-
4=
80-

80
72
64
56

40
32
24
16

0.0

-0.8
-1.6
-24
-3.2

-4.8
56
-6.4

=12 10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Figure A-3: Solar percentage changes from baseline f  or 2050s medium emissions scenario 50%

(10%, 90%)

231



Change (%) Autumn

@ 130
@ w0s5-17

@ s2-104

o, s
B cs-
53-
40-
27-
14-
01-

12-

-25-
-38-
51-
64-
992
-80-
-103
-1186
-130

91
78
65
52
39
26
13
00
1.3
28
-39
-5.2
-85
78
--81
--104

--11.7  10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Change (%) Summer

B s
B -
-, -

@ 12-130
B 94-111

75-9
57-17
38-5
20-3

01-18

-18-0

-36--19
55--37
73--58
92--74
110--93
-129--111

147 --
186--
185--

Figure A-3 (conti

185
16.7
148

3
4
]
7

0

13.0
148

16.7  10% of Probability Distribution 50% of Probability Distribution

90% of Probability Distribution

nued): Solar percentage changes fro ~ m baseline for 2050s medium emissions
scenario 50% (10%, 90%)

232



Change (%) Annual
@ 27-140
@ 13126
@ o112 ?
@ s5-98
@ 71-84
57-70
43-58
29-42
15-28
01-14
-13-00
27--14
41--28
@ s55-42
@ 63-s56
@ s3--0
@ o754
@ i1-98
@ 2512
[

-140--128 10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Change (%) Winter
@ 3-335
@ x69-302
@ 5-2838
@ »2-235
@ 19-201
135-16.8
102-134
68-10.1

35-87

0.1-34

-32-00

-66--33

99-.67

133--10.1
-18.7--134
-200--168
234--201
26.7--235
-30.1--268

-335--302  10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Change (%) Spring
@ :- 00
@ si-90
@ 71-s80
@ si-0
@ 51-60
41-50
31-40
21-30
11-20
01-10
-09-0.0
-18--10
28--20
-39--30
49--40
-59-.50
-69--6.0
79--70

@ s:-:s0

. -100--80 10% of Probability Distribution 50% of Probability Distribution

90% of Probability Distribution
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(10%, 90%)

233



Change (%) Summer
@ 27240
@ 193-215
@ ©9-192 ?
@ 145-188
@ 121-144
97-120
73-98
498-72
25-48
01-24
-23-00
47-:24
-71--48
@ o572
@ -113-986
@ -143--120
@ 67--144
@ 19o1--168
@ 25192

. -240--218  10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Change (%) Autumn
@ 50-165
@ 133-149
@ 17-132
@ wo-1s
@ s4-99
67-83
51-66
34-50
18-33
01-17
16-0.0
32-417
49--33
65--5.0
-82--66
-98-.8.3
15--99
-13.1--116
-14.8--13.2

-165--148  10% of Probability Distribution 50% of Probability Distribution 90% of Probability Distribution

Figure A-4 (continued): Solar percentage changes fro ~ m baseline for 2080s medium emissions
scenario 50% (10%, 90%)

234



Change in Baseline Solar Resource
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Appendix B
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Figure B-1: UK baseline onshore average wind speed resource at 80m height for Spring and

Summer
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Figure B-2: Seasonal onshore baseline capacity facto  rs for spring and summer
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Figure B-3 shows the percentage of time above autfar winter and summer months.
Winter months, due to the higher wind speeds aneiikely to have a higher proportion of
time above cut out. Many of the locations most ciffd are exposed hilly or mountainous

locations; these are largely in the Highlands ajtaad.

Winter Summer
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Figure B-3: Percentage of time in above cut out stat e for winter and summer months.

Figure B-4 shows the percentage of time belowmrtuivhere wind speeds are too low for the
turbine to generate (below 3 m/s). It shows thabreer months, with least wind resource
have the locations with highest below cut in vallasvlands in the South East and as well

as sheltered locations in mountainous locationsragtly affected
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Figure B-4: Percentage of time in below cut in state for winter and summer months.
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Figures B-6 to B-8 show the percentage of timeatihg, below rating and generating. At
rating is when the turbine is running at its maximcapacity, in the case of the Vestas V90
this is 3 MW. Below rated shows the percentagemé twhen generating at less than full
capacity, which is when the output is on the actualve of the power curve. Generating
shows the percentage of time when generating, dhge\s equal to the sum of the values of
below rating and at rating. It clearly shows thamdvturbines operate for quite substantial

proportions of the year.
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Figure B-6: Percentage of time at full rating forwi ~ nter and summer months.
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Figure B-7: Percentage of time below rating for wint ~ er and summer months.
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Figure B-8: Percentage of time generating for winter

Summer
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and summer months.

Figure B-9 shows the change in proportion of timghe ‘above cut-out’ state for winter

months. It can be seen that there are some losastwowing significant reduction of time in

the ‘above cut-out’ state. The locations are déitrecly windy locations that have significant

reduction in wind speeds projected for the 205@k2080s. Summer months are not shown

as there were not any locations with any significabhove cut-out’ change due to relatively

lower wind speeds in the summer months.

2050s Medium Scenario 50% Probability
Change from Baseline - Above Cut Out Speed

2080s Medium Scenario 50% Probability
Change from Baseline - Above Cut Out Speed

Winter Months Winter Months

Above Cut-Out Change xr Above Cut-Out Change ;C‘
[ JEEREE] ol [ JEEREE] . f
@ 27-30 @ 27-30 .
@ 24-26 o @ 24-26
-, 2123 W -, 2123
18-20 g 18-20

14-17 ’ - 14-17

11-13 | B 11-13

08-10 - B 08-10

04-07 s Ho 04-07

01-03 - 01-03 -

02-00 .“ 02-00 ;i“

06--03 " 3 06--03 _ a4

09--07 g 09--07 R
o 12--10 o 12--10 A
| 1613 | 1613 e F
@ 1917 @ 1917
@ 22-20 @ 22-20 -
@ 25-23 @ 25-23 &
@ 2525 @ 2525
@ 3330 @ 3330

Figure B-9: Projected Winter above cut-out change fo
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Figure B-10 shows the projected change in the ptmpoof time in the ‘at rating’ state for
2080s winter and summer months. The 2050s shovgghe trend but to a lesser degree.
Summer months do not have as large a reductioniakeMmonths and is partly due to the
baseline ‘at rating’ proportions being smaller fre summer months as well as lower wind
speed reductions in the Summer months. The Wintentims show more areas with

significant reduction, especially in North and NoWest coastal areas in Scotland and the
northerly islands (Shetland and Orkney).
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Figure B-10: Projected Winter and Summer at rating ch ~ ange for the 2080s medium scenario

Figure B-11 shows the projected change in the ptmpoof time in ‘generating’ state for
state for 2080s winter and summer months. The 26B0% the same trend but to a lesser
scale. In summer months the vast majority of chaage shift from ‘generating’ to ‘below
cut-in’ due to reduced wind speeds. In winter meralsmall proportion of the change is also
a shift from ‘generating’ to ‘above cut out’ duegome wind speed increases.
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Figure B-11: Projected Winter and Summer at rating ch ~ ange for the 2080s medium scenario
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Figure B-12 shows the projected change in the ptmpoof time ‘generating’ state for
2080s winter and summer months. Most locationsshoeving an increase of 0.1 to 2% of
time in the below cut-in state due to the largelyédr wind speeds. The locations in red are
mainly sheltered locations such as valleys with baseline wind speeds.

2080s Medium Scenario 50% Probability 2080s Medium Scenario 50% Probability
Change from Baseline - Below Cut In Speed Change from Baseline - Below Cut In Speed
Winter Months Summer Months
Below Cut-In Change Below Cut-In Change
@ «s-50 @ «-50
@ «1-45 @ «1-45
@ 36-40 @ 36-40
31-35 31-35
26-30 26-30
21-25 . 21-25
16-20 16-20
11-15 EeAY 11-15
06-10 e Sx 06-10
0.1-05 5 0.1-05
-04-00 -04-00
0.9--05 0.9--05
1.4--10 1.4--10 i i
19--15 19--15 e N
-24--20 24--20 [ K. |
@ 29-25 @ 29-25 .
8 34--30 8 34--30
@ 39-35 @ 39-35 vi
@ <4--40 @ <4--40 $
@ so0--45 @ so0--45 y

Figure B-12: Projected Winter and Summer below cut-in change for the 2080s medium scenario

Table B-1 shows the weighted average capacity fattange values for all included onshore
wind farm locations for the 2050s and 2080s.

Projected Aggregate Capacity Factor Change From Bseline (%) — Assuming No Losses

ANN | JAN | FEB | MAR | APR | MAY [JUN |JUL |AUG |SEP | OCT |NOV |DEC

Baseline 41.9| 49.8) 48.7 48.7 420 3799 364 301.6 .93040.8| 433 46.4| 47.9

2050s 10% 39.6| 47.% 46.0 46.f 40.3 35.2 3B.7 28.46.2 2 37.5| 418 45.2] 469

2050s 50% 41.7| 49.4 473 48.4 4116 3713 36.8 31.79.37 39.7| 433 47.0 48.5

2050s 90% 43.7| 51.0 48y 498 427 396 3p.6 35M@4 3 41.8| 44.8| 487 494

2080s 10% 39.1 474 459 465 395 346 3B.2 2748 2 36.7| 42.020 454 46.2

2080s 50% 41.3| 48.9 47.1 417 4112 37|2 36.4 30.88.62 39.1| 43.7 47.0) 48.1

2080s 90% 43.4f 50.3 48.p 48] 42,7 39.7 3.5 34.@.2

3 41.6| 45.2 48.5| 49.4

Table B-1: Projected Aggregate Capacity Factor Chang e from Baseline - assuming no losses
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Appendix C

Wind Speed (m/s) Wind Speeds at Barrow Offshore Wind Farm Location ( 80m height)
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Figure C-1: Wind Speed Comparison of Barrow Offshore Wind Farm Location

Wind Speed (m/s) Wind Speeds at Scroby Sands Offshore Wind Farm Loca  tion (80m height)
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Figure C-2: Wind Speed Comparison of Scroby Sands Offs  hore Wind Farm Location

C.1 Barrow Offshore Wind Farm

The Barrow Offshore Wind Farm has been operatismale September 2006. It comprises
30 Vestas V90 3 MW turbines at a hub height of 75umich makes it very similar to the

generic parameters used to create the modelledinmsmergy values. The Barrow Wind

Farm anticipates annual energy production to be GUsh (BOW 2008). The modelled

baseline energy data estimates the value at 338 ®ut assumes 100% technical
availability and does not include any losses.
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Figure C-3 shows the location of Barrow Wind Farithim the baseline gridded energy
model showing capacity factor. Each cell is 25Kithe cell which contains Barrow (X) and

5 other adjacent cells are highlighted.

Capacity Factor (%) Annual
527-530 - -

@=

B s524-526 1
- oo
@

Figure C-3: Location of Barrow Offshore Farm on 25k  m baseline gridded capacity factor model.

Figure C-4 shows the capacity factor actual ave(&gal Avg) and model average for the
Barrow site. The actual average is averaged oveetbperational years and the spread over
those years (2008-2010) is indicated by bars. Thdemaverage is the value at location X
average (Model Avg). There are too few samples efsured data for the average to show
any long term characteristics but the modelled Ibes&alues are indicative of the actual
values; the 3 years characteristics approach thged® modelled baseline characteristics.
There have been substantial maintenance issuekingsn reduced output, especially in
2006 and 2007 and those particular years have eeh bincluded in Figure C-4. All
gearboxes were exchanged, pitch systems were mddifid generator bearings and rotor
cables had to be changed to different types. Mdi¢cheohigh level of maintenance work was
further hampered and delayed by excessive bad eeatinditions (BERR 2004-2009).

Capacity Factor (%) Barrow Offshore Wind Farm - Capacity Factor

—Model Avg
+ Real Avg

Figure C-4: Actual capacity factor data and modelle  d baseline capacity factor (REF 2011).
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C.2 Scroby Sands Offshore Wind Farm

Scroby Sands was commissioned in 2004 and is ottieedirst offshore wind farms in the
UK. It comprises of 30 V80 2 MW Vestas turbinesaahub height of 70 m. Figure C-5
shows the location of the wind farm, the grid @efalls within and adjacent cells.
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Figure C-5: Location of Scroby Sands Offshore Farm o n 25km baseline gridded capacity factor
model.

The modelled average capacity factor for the locatind actual observed average capacity
factor over 5 years of operation with spread amwshin Figure C-6. There is again too few
years of real historical capacity factor data tofggen any accurate comparisons of real to
modelled baseline capacity factor. Scroby Sandsates suffered from a high level of

operational issues that have hampered output.
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Figure C-6: Actual capacity factor data and modelle  d baseline capacity factor

C.3 Kentish Flats Offshore Wind Farm
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Kentish Flats has been in operation since late 20@bconsists of 30 Vestas V90 3.0 MW
wind turbines with a hub height of 70m. The locatis shown in Figure C-7 and modelled
and real capacity factor values are shown in Figis#e Kentish Flats has also suffered from
many operational issues that have affected thdzdoility over early years of operation.
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Figure C-7: Location of Kentish Flats Offshore Farm on 25km baseline gridded capacity factor

model.
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Figure C-8: Actual capacity factor data and modelle  d baseline capacity factor
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Name MW Capacity Factors (%)
ANN JAN FEB MAR APR JUN JUuL AUG SEP OCT NOV DEC
ROUND 1
Barrow 90 42.7 55.4 54.0 48.5 39. 29.0 29.4 2.33| 39.3 47.9 51.7 53.7|
Burbo Bank 90 37.9 50.5 49.6 44.3 36 233 .12 26.9 33.4 41.1 45.2 48.4
Burbo Bank Ext’ 234 37.9 50.5 49. 44.7 36, 8 532| 241 26.9 33.4] 41.11 45.2 48.4
Gunfleet Sands | 108 41.0 52. 51J7 4519 4Q. .929.0 25.3 29.8 36.8 44.8 49.2 51.p
Kentish Flats 90 40.8 52.4 51. 45, 39 29.25.1 29.6 36.3 44.5 49.2 52.
Kentish Flats II 51 40.8 52.4 51.4 45.4 39] 2 9.02| 251 29.6 36.3 44.5) 49.7 52.p
Lynn/Inner Dowsing 194.4 41.4 54.2 53.f 48. 41 27.8 23.1 27.2 36.49 45.7 50.4 53/1
North Hoyle 60 40.9 53.4 52.5 47.9 39.6 27.3 6.22| 29.4 36.7 44.9 49.0) 51.6
Ormonde 150 42.7 55.4 54. 48. 39 29.0 20.82.3 39.3 47.9 51.7 53.7
Rhyl flats 90 40.5 52.7 51.8 47.4 39. 278 226 28.8 36.0 44.0 48.0; 50.9
Robin Rigg 180 41.0 52.4] 51.7 47. 41, 28.16.62 28.6 37.0 45.7 49.1] 50.
Scroby Sands 60 40.4 51. 5111 45 4qQ. 29.25.2 28.9 36.7 43.6 47.7 50.
Teesside 90 41.1 53.4 53.1 48. 40 26.8 43.27.7 36.9 45.8 49.8 52.2
Table C-1: Baseline Capacity factors for Round 1 wi  nd farm locations
Name MW Capacity Factors (%)
ANN JAN FEB MAR APR JUL | AUG SEP OCT NOV DEC
ROUND 2
Docking Shoal 500 45.1 56.4 56. 52. 45| 23]. 26.0 31.4 42.1 50.8 54.6 56.1
Dudgeon 560 46.7 56.7] 56. 52. 46 38.4 28.684.8 45.5 53.0 55.5 56.9
Greater Gabbard 504 45, 56.p 55|14 50| 44. D.33.9 29.7 34.7 43.3 51.2) 54.9 55.8
Galloper 504 45.8 56.0) 55.4 50.7 44 339 .72p 347 43.3 51.2 54.5 55.§
Gunfleet Sands I 64.8 41.0 52. 517 4509 4Q. . 29.0 25.3 29.8 36.8 44.9 49. 519
Gwynt Y Mor 750 40.5 52.7 51.8 47.4 39.y 27.826.2 28.8 36.0 44.0 48.0| 50.
Humber Gateway 300 44.9 56. 561 522 45. .0 31 25.9 30.5 41.1 50.3 54.4 55.9
Lincs 270 41.4 54.2 53.7] 48.8 41.9 27.8 28.17.22| 36.6 45.2 50.4 53.1
London Array 630 45.1 55.7] 55.1 49.9 440 32.828.7 34.1 42.2 50.6 54.3 55.
London Arrayll 370 45.1 55.7 55.1) 49.9 44.0 .837 28.7 34.1 42.2 50.6 54.3 55.5
Race Bank 620 45.1 56.4 56. 52.4 45| 3.2 .0 26 31.4 42.1 50.8 54.6 56.1
Sheringham Shoal 317 46.7 56.[7 56{2 52 46. .83.4 28.6 34.8 45.5 53.0 55.9 56.p
Thanet 300 45.4 56.0) 55.2 50. 44 33.1 20.84.7 42.8 50.6 54.2 56.1
Thanet Il 147 45.4 56.0 55.2 50.3 44.p 33.1 .22p 347 42.8 50.6 54.2 56.1
Triton Knoll 1200 45.6 56.8 56.4 53.2 46. 81 26.6 315 42.5 51.3 55.2 56.2
Walney 183.6 42.7 55.4] 54. 48.9 396 29.0 42p. 323 39.3 47.9 51.7 53.7
Walney Extension 183.4 42.7 55.4 5410 4815 39. . 29.0 29.4 32.3 39.3 47.9 51. 537
West Duddon 500 42.7 55.4 54. 48.5 39 2p.29.4 32.3 39.3 47.9 51.7| 53.
Westernmost Rough 240 45.4 56.5 5611 53 46. D.@2.0 26.7 31.5 41.9| 51.2 54.4 56.0

Table C-2: Baseline Capacity factors for Round 2 wi

nd farm locations



Name MW Capacity Factors (%)
ANN JAN FEB MAR APR MAY JUN JuL AUG SEP OCT NOV DEC
ROUND 3
Bristol Channel 1500 44.4 55.3 54.y 51.8 4510 37.833.0 29.7 314 38.7] 48.8 52.4 54.p
Dogger Bank 9000 48.7 56.7 56.6 54.y 4916 433 3(.83.6 384 48.1 54.1 56.0| 56.
Firth of Forth 3500 47.4 56.7| 56.4 54.1 4810 40|18 4.53( 31.2 36.0 46.0 53.4] 55.5 56.p
Hastings 600 43.8 54.0 53. 48. 4410 386 34.0 930.335 38.3 46.3 51.0 53.2
Hornsea 4000 47.4 56.9 56.6 54. 48]0 420 3b.1 6 30.35.2 45.8 53.0 55.6 56.4
Irish Sea 4200 47.6 56.5 56. 55. 49(1 4114 349203 355 45.0 53.1 55.7] 56.4
Norfolk 7200 47.1 56.3 55.9] 52.1] 46. 41.4 356 231. 36.5 45.7 525 55.2 56.2
West Isle of Wight 900 47.2 56.4 56. 54. 48(9 841 36.2 32.2 34.8 41.9 51.5 55.4 56.4
Moray Firth 1300 47.6 56.7 56.6 55.4 50.1 425 34.730.3 34.3 451 53.1 55.5| 56.
Table C-3: Baseline Capacity factors for Round 3 wi  nd farm locations
Name MW Capacity Factors (%)
ANN JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SCOTTISH
Argyll 1500 50.1 56.3 56.7 56.1 52. 45. 39|2 3§.840.3 50.0 55.4 56.8 56.8
Beatrice Demo 10 46.0 56.1 56.p 54.8 4819 40.6 3p.@7.1 30.8 42.4 51.8 54.7| 56.4
Beatrice 920 47.6 56.7| 56. 55.2 5041 42)5 34.7 33D. 343 451 53.1 55.5 56.5
Forth 280 46.6 56.5 56.2 53.9 46.7 39.p 33.0 29.8 493| 450 52.7 55.1 56.2
Inch Cape 905 46.6 56.5 56. 535 46(7 395 3B.0 .8 29 349 45.0 52.7 55.1 56.4
Islay 680 50.4 56.2 56.5| 56.1 52.1 45.6 396 38.0 1.84| 50.4 55.7 56.6 56.7|
Kintyre 378 47.8 56.3 56.2 54.5| 48. 41y 355 33.736.8 45.9 53.3 55.1 56.1

Neart na Gaoithe 300 46.4 56.p 56)2 53/5 4.7 39.533.0 29.8 34.9 45.0) 52.7| 55.1 56.p

Solway Firth 300 41.8 53.1 52.9 48. 420 341 29.127.7 29.7 37.8 46.3 49.6| 51.
Wigtown Bay 280 47.6 56.8| 56.3 54.4 48.[7 412 35.033.1 35.5 45.0 53.2 55.6| 56.
OTHERS
Blyth 4 41.4 52.8 52.7 48.4 41.3 34. 28)2 246 924. 37.8 46.0 49.2 51.5]
Tunes Plateau 250 48.4 56.B 5614 55(0 49.6 48.1 7 36.34.8 38.4 47.1 53.9 55.4 56.2
Aberdeen 150 46.8 56.4 56. 53. 47(6 4015 34.0 2 30.34.0 44.5 52.7 55.0 56.2

Table C-4: Baseline Capacity factors for Scottish Exc  lusivity and ‘other’ wind farm locations
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Name MW Change in Capacity Factor from Baseline -@50 Medium Scenario (50% Probability)

ANN | JAN | FEB | MAR | APR | MAY [JUN |JUL |AUG |SEP | OCT | NOV | DEC
Barrow 90 -0.66| -027| -092 -111 -064 -0.7p 141 -0.87382 | -3.00| -027| 097 0.69
Burbo Bank 90 -0.78 | -040| -1.36 -1.28 -0.9 -1.04 135  -0p4353 | -329| -051 117 0.9
Burbo Bank Ext’ | 234 | -0.66| -027| -092 -111 -06# -07p 141 -0B73.82 | -3.00| -0.27| 0.97| 0.69
Gunfleet Sands || 108 | -065| 043| -112 -07] -036 -1.08 -0.06 -0552.19 | -327| -1.03| 144| 0.6
Kentish Flats 90 -0.65| 043| -1.12 -0714 -0.3 -1.08  -0.06 -0p52.19 | -3.27| -1.03| 1.44 0.61
Kentish Flats Il 51 -0.65| 043| -112[ -071 -0.3 108 -0.06 -0p52.19 | -327| -1.03| 1.44| 0.6
L'y‘nnllr)ner 1944 | -112| 004| -088 11§ 118 205 -0.B2 10)8-314 | -422| -095| 083 05
North Hoyle 60 -0.78 | -040| -1.36 -1.28 -0.9 -1.04 135  -0p4353 | -329| -051 117 0.9
Ormonde 150 | -0.66| -0.27| -0.92] -111] -064 -0.7p 141 -0B7-3.82 | -3.00| -027| 097 0.69
Rhyl flats 90 -0.78 | -040| -1.36 -1.28 -0.9 1o 135 -0p4353 | -329| -051| 1.17| 0.1
Robin Rigg 180 | -1.41| -044| -094 -1.42 -16p -20p -0.23 -157-514 | -3.69| -0.66| 037 0.4§
Scroby Sands 60 -0.68| 034| -100 -062 -0.12 -106 007 -0p9 .322| -3.8 | -0.71| 1.34| 0.68
Teeside 90 -0.82| -057| -174 -094 -1.2 144 027 028 .762| 2.9 | -065| 092 094

Table C-5: Change in

Capacity Factor from Baseline
Medium Scenario with 50% Probability.

for Round 1 Wind Farm Locations - 2050s

Name MW Change in Capacity Factor from Baseline -@50 Medium Scenario (50% Probability)
ANN | JAN | FEB | MAR | APR | MAY |[JUN |JuL |AUG |SEP | OCT | NOV | DEC

Docking Shoal 500 | -1.12| 0.04| -098 -1.1§ -11p -206 -0.32 -081-3.14 | -422| -095| 0.83 0.5
Dudgeon 560 | -0.98| -0.16| -0.62] -0.9| -0.84 -1.4p4 o017 -0l6 .373| -3.92| -0.94| 059| 0.27
Greater Gabbard| 504 -0.76 | 006| -068 -058 -025 -0.86 0B  -0p4245 | -357| -0.85| 0.92 0.27
Galloper 504 | -0.76| 0.06| -0.68 -058 -025 -0.85 -08 -0B4245 | -357| -0.85 092 0.27
Gunfleet Sands Il| 648 | -0.65| 043| -112] 074 -036 -1.08 -0.06 -0552.19 | -3.27| -1.03| 1.44| 061
Gwynt Y Mor 750 | -0.78| -04| -1.36 -1.28 -0.9 10t 135  -0p4353 | -329| -051| 1.17| 0.9
Humber Gateway] 300 | -1.06| -02| -095 -1.05 -1.1] -1.78 -048 -0p83.28 | -348| -0.81| 061| 0.4
Lincs 270 | -1.12| o0.04| -098 -1.15 -1.19 -2.06 -0.82 -0B13.14 | -422| -095 0.83 0.5
London Array 630 | -065| 043| -112 -07] -03p -1.08 -0.06 -0552.19 | -327| -1.03| 144| 0.6
London Arrayll 370 | -0.65| 043 -1.12 -0.74 -0.36 -1.0B -0.06 -0p52.19 | -3.27| -1.03| 1.44| 0.6
Race Bank 620 | -1.12| 0.04| -098 -11§ -1.19 -2.0p -0.82 -081-3.14 | -422| -095| 083 050
Shiringham 317 | -098| -016| -0.62 090 -08% -1.4 o047 -0p03.37 | -392| -0.94| o059 0.27
Thanet 300 | -065| 043| -112 -071 -03p -1.08 -0.06 -0552.19 | -3.27| -1.03| 1.44| 0.1
Thanet Il 147 | -065| 043| -112 -071 -03p -1.08 -0.06 -0552.19 | -3.27| -1.03| 1.44| o0.61
Triton Knoll 1200 | -123| -023| -073 -1.2§ -158 -202 -0.63 410 -3.42 | -415| -0.65| 046 0.38
Walney | 1836 | -0.66| -0.27| -0.92 -1.11 -06¢# -0.72 1.1 70{3-3.82 | -3.00| -0.27| 0.97| 0.69
EV\{aIney 1836 | -0.66| -0.27| -094 -1.11] -064 -0.72 161 70/3-382| -3.00| -0.27| 0.97| 0.6
West Duddon 500 -0.66 | -0.27| -0.92 -1.11] -0.64 -0.7R 141 -087382 | -3.00| -0.27| 0.97 0.69
Wegtern[‘nost 240 | -1.06| -0.20| -0.95 -104 -1l -178 -048 -0p83.28 | -348| -081| o061 046

Table C-6: Change in Capacity Factor from Baseline
Medium Scenario with 50% Probability.
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Name MW Change in Capacity Factor from Baseline -@50 Medium Scenario (50% Probability)
ROUND 3 ANN | JAN | FEB | MAR | APR | MAY |JUN | JUL |AUG |SEP | OCT | NOV |DEC
Bristol Channel | 1500 | -0.93| o0.04| -0760 -081] -058 -1.04 025 -0483.90 | -3.88| -1.30| 0.92| 0.32
Dogger Bank 9000 | -0.74| -0.02| -0.220 044 -09p -0.97 044 -05563.47 | -2.77| -043| 026 0.24
Firth of Forth 3500 | -0.68| -0.10/ -0.27 -0.64 -0.86 -0.74 -0.18 00 -3.35| -1.76| -0.08] 0.30| 0.1d

Hastings 600 | -055| 019| -069 -074 -0.78 091 017 029 .6rl| -257| -157| 1.19| 0.42
Hornsea 4000 | -1.03| -0.05| -037 -0.74 -07p -168 041 -1]30358 | -3.81| -0.66| 0.39| 0.1d
Irish Sea 4200 | -1.98| 002 -032 -1.13 -1.78 -318 -1.45 -3111-6.69 | -5.12| -1.21| 0.11| 0.02
Norfolk 7200 | -0.75| 0.07| -049 -051 -005 -0.86 042 -1[142.81 | -3.74| -0.63| 081| 0.2§
W(‘?Aslt_ |ile of 900 | -1.06| 0.22| -039 -074 -09p -1.3p -050 -0p83.79 | -368| -1.57| 0.56| 0.05
Moray Firth 1300 | -1.24| -0.08] -050 -0.8q -1.68 -221 -0.63 411 -377 | -243| -1.04] -041 -02

Table C-7: Change in

Capacity Factor from Baseline

Medium Scenario with 50% Probability.

for Round 3 Wind Farm Locations - 2050s

Name MW Change in Capacity Factor from Baseline -@50 Medium Scenario (50% Probability)
SCOTTISH ANN | JAN | FEB | MAR | APR | MAY |JUN |JUL |[AUG |SEP | OCT | NOV | DEC
Argyll 1500 | -1.14| 042| 001 -04q -0.78 -1 -1.09 -1B44.75 | -256| -0.51 -0.21] -0.1]
Beatrice Demo 920 -1.24| -0.08| -050| -0.80 -1.68 -2.201  -0.63 -114-3.77 | -2.43| -1.04| -041 -0.24
Beatrice 10 -1.24 | -0.08| -0.50 -0.80 -1.6 220 -063 -1[14377 | -2.43| -1.04| -0.41 -0.24
Forth 280 -1.24| -0.08/ -050 -0.80 -1.68 -2.21  -0.63 -1f143.77 | -2.43| -1.04| -0.41 -0.24
Inch Cape 905 -0.68| -0.01| -037] -0.82 -09p -1.0p -0.13 -0p33.23 | -1.79| 0.01| 043| 014
Islay 680 -0.99| 044 o026 -041 -126 -245 -046 -1134.16 | -245| -0.40| 0.03 0.01
Kintyre 378 -1.30| -0.03| -022 -0.93 -15f -2.8¢ -0.28 -1f164.21 | -3.37| -1.11 0 0.11
Neart na Gaoithe| 300 -0.82| -0.35| -1.37] -1.1 -11p  -1.3p 0 0.07 234 -245| -049| 083 0.63
Solway Firth 300 -1.41| -0.44| -094 -1.42 -16p -2.0p -0.23 -157-514 | -3.69| -0.66] 037 0.4§
Wigtown Bay 280 -1.77| -0.23| -0.38 -1.1§ -208 -2.8% -0.46 -257-554 | -429| -1.36| -0.14[ -0.21
OTHERS
Blyth 4 -0.82 | -035| -1.37| -1.16] -1.1 -1.32 0 047  -3.12-2.45 | -049| 083| 0.63
Tunes Plateau | 250 -125| 011 -042 -099 -1.36 -3.08 -0.09 -1p44.34 | -31 | -091| -0.08 0.19
Aberdeen 150 -0.68| -0.13| -0.60 -0.6 -0.7# -0.39 033 -0753.27 | -1.79| -0.18| -0.03] 0.07

Table C-8: Change in Capacity Factor from Baseline
Locations and others - 2050s Medium Scenario with 5
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Scenario | Projected Aggregate Capacity Factor Change From Badine (%) — Assuming No Losses
ANN | JAN | FEB | MAR | APR | MAY |JUN |JUL |AUG |[SEP | OCT |NOV |DEC
Baseline | 46.82 | 56.23| 55.94] 53.14 47.38 40.86 349 31|07 4435 44.85| 52.21| 54.89 5594
2050s 50%| -0.97 | 0.01 | -0.47| -0.72| -0.89 -1.43 008 -1.04 736 -3.32| -0.68 0.47 0.22
2080s 50%| -1.58 | -0.18 | -059| -1.61| -1.5 -1.53 099 -2.64 565.| -412| -0.39 0.34 -0.04
2050s 10%| -3.55 0.67 | -1.42 -2.36 -2.61 -4.59 -4, -6.94 494 -665 | -235| -0.73| -0.34
2050s 50%| -0.97 0.01 -0.47 -0.72 -0.84 -1.42 -0.08 -1.04 73.6 -3.32 | -0.68 0.47 0.22
2050s 90%| 1.30 0.22 0.16 0.61 0.71] 1.4 3.90 4.7 1.40 -0/330.73 1.21 0.46
2080s 10%| -4.48 | -1.02 | -1.69| -3.05| -4.3§ -5.11 572 -878 .491| -856 | -2.30| -0.67| -0.79
2080s 50%| -1.58 | -0.18 | -0.59| -1.61| -1.5§ -1.52 -0.99 -2.64 565. -412| -0.39 0.34 -0.04
2080s 90%| 1.01 0.18 0.13 -0.35 0.89) 1.78 3.48 3.40 0.15 -0/191.20 1.03 0.40

Table C-9: Projected Aggregate Capacity Factor Chang
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Appendix D

Baseline Wind Speed Comparison - Orkney Location
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Figure D-1: Comparing Wind speed data for Orkney Lo

Baseline Wind Speed Comparison - Hebrides Location
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Figure D-2: Comparing Wind speed data for Hebrides

Baseline Wind Speed Comparison - Cornwall Location
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Figure D-3: Comparing Wind speed data for Cornwall
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Significant Wave Height (m)
BERR Actual BERR from HagiRMs from
wind speed wind speed

Annual 1.99 2.11 2.21

January 2.79 3.07 3.46

February 2.64 2.86 3.31
March 2.23 2.38 2.71
April 1.96 2.04 2.08
May 1.58 1.39 1.53
June 1.38 1.32 1.2
July 1.15 0.94 1.1
August 1.35 1.22 1.27

September 1.72 1.68 1.78
October 2.07 2.53 2.33
November 2.61 3.04 2.67
December 2.52 2.83 3.1

Table D-1: Orkney location significant wave height

(Hs) comparison

Significant Wave Height (m)
BERR Actual BI_ERR from Ha(_jRMS from
wind speed wind speed
Annual 2.71 2.64 2.35
January 3.91 3.88 3.6
February 3.53 3.55 3.4
March 3.04 3.07 2.78
April 2.6 2.26 2.13
May 2.1 1.67 1.64
June 1.94 1.81 1.34
July 1.68 1.41 1.24
August 1.87 1.69 1.42
September 2.43 2.31 2
October 2.88 3.19 2.57
November 3.42 3.53 2.87
December 3.31 3.27 3.24

Table D-2: Hebrides location significant wave heigh

t (Hs) comparison

Significant Wave Height (m)
BERR Actual BERR from HagiRMs from
wind speed wind speed
Annual 2.09 2.07 2.05
January 3.07 3.26 3.18
February 2.62 2.6 3
March 2.38 2.26 2.44
April 1.82 1.64 1.87
May 1.83 1.61 1.46
June 1.45 1.24 1.24
July 1.36 1.14 1.1
August 1.35 1.19 1.17
September 1.7 1.65 1.48
October 2.47 2.65 2.12
November 2.51 2.66 2.61
December 2.58 2.92 2.95

Table D-3: Cornwall location significant wave heigh  t (Hs) comparison

252



Wind Speed (m/s)

Wind Speed (m/s)

Wind Speed (m/s)

Orkney Location Wind Speed - Baseline, 2050s and 20  80s
For Medium Emissions Scenario with 50%, 10% and 90% Probabilities
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Figure D-4: Orkney location - Projected Wind Speed ¢ hange from baseline
Hebrides Location Wind Speed - Baseline, 2050s and ~ 2080s
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure D-5: Hebrides location - Projected Wind Speed change from baseline
Cornwall Location Wind Speed - Baseline, 2050s and 2080s
For Medium Emissions Scenario with 50%, 10% and 90%  Probabilities
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Figure D-6: Cornwall location - Projected Wind Speed change from baseline
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Appendix E

Oykel

Oykel

Ewe

Ewe

Cree

Cree

Irvine

Irvine

Deveron

Deveron

Table E-1: Hydro Plant baseline and 2050 medium emis

Capacity Factor

baseline mean + 2 * std dev
baseline mean

baseline mean - 2 * std dev

future mean + 2 * std dev
future mean

future mean - 2 * std dev
Ewe

baseline mean + 2 * std dev
baseline mean

baseline mean - 2 * std dev

future mean + 2 * std dev
future mean

future mean - 2 * std dev
Cree

baseline mean + 2 * std dev
baseline mean

baseline mean - 2 * std dev

future mean + 2 * std dev
future mean

future mean - 2 * std dev
Invine

baseline mean + 2 * std dev
baseline mean

baseline mean - 2 * std dev

future mean + 2 * std dev
future mean

future mean - 2 * std dev
Deveron

baseline mean + 2 * std dev
baseline mean

baseline mean - 2 * std dev

future mean + 2 * std dev
future mean
future mean + 2 * std dev

Jan
0.92
0.88
0.83

0.93
0.89
0.84

0.92
0.85
0.77

0.96
0.89
0.82

0.91
0.86
0.82

0.93
0.88
0.83

0.97
0.94
0.91

0.98
0.95
0.92

0.98
0.95
0.91

0.99
0.95
0.92

Feb
0.86
0.80
0.75

0.87
0.81
0.76

0.87
0.79
0.71

0.92
0.83
0.75

0.85
0.79
0.74

0.88
0.82
0.77

0.94
0.90
0.87

0.94
0.90
0.86

0.95
0.91
0.86

0.97
0.93
0.88

Mar
0.85
0.79
0.73

0.84
0.78
0.72

0.84
0.76
0.68

0.89
0.80
0.72

0.81
0.75
0.68

0.80
0.74
0.68

0.86
0.80
0.74

0.84
0.78
0.72

0.90
0.83
0.77

0.90
0.84
0.78

Apr
0.66
0.58
0.50

0.65
0.57
0.50

0.65
0.57
0.49

0.68
0.60
0.52

0.63
0.55
0.47

0.61
0.53
0.45

0.68
0.58
0.48

0.65
0.55
0.45

0.74
0.65
0.57

0.71

0.63
0.54
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May  Jun
0.39
0.32
0.24

0.37
0.30
0.22

0.46
0.37
0.28

0.47
0.38
0.29

0.44
0.37
0.30

0.42
0.35
0.28

0.38
0.31
0.23

0.35
0.27
0.20

0.53
0.44
0.35

0.50
0.40
0.31

Jul
0.44
0.35
0.26

0.40
0.31
0.22

0.44
0.35
0.26

0.43
0.34
0.25

0.44
0.36
0.28

0.35
0.27
0.19

0.33
0.25
0.16

0.24
0.15
0.07

0.40
0.31
0.22

0.32
0.23
0.14

Aug
0.45
0.38
0.30

0.39
0.32
0.24

0.48
0.40
0.31

0.42
0.33
0.25

0.51
0.43
0.34

0.39
0.31
0.23

0.42
0.33
0.23

0.32
0.23
0.13

0.37
0.28
0.19

0.28
0.19
0.11

Sep
0.55
0.48
0.41

0.44
0.37
0.30

0.55
0.46
0.37

0.46
0.37
0.28

0.64
0.56
0.48

0.46
0.38
0.30

0.58
0.49
0.40

0.39
0.29
0.20

0.49
0.38
0.27

0.36
0.25
0.15

Oct
0.74
0.66
0.58

0.71
0.63
0.55

0.75
0.66
0.58

0.75
0.66
0.58

0.78
0.71
0.64

0.71
0.64
0.56

0.83
0.76
0.69

0.73
0.66
0.59

0.64
0.53
0.42

0.54
0.43
0.32

Nov
0.88
0.82
0.77

0.86
0.81
0.76

0.90
0.83
0.75

0.91
0.84
0.77

0.88
0.83
0.78

0.86
0.82
0.77

0.95
0.90
0.85

0.91
0.87
0.82

0.84
0.76
0.67

0.81
0.72
0.63

Dec

0.96
0.92
0.89

0.96
0.92
0.89

0.93
0.87
0.81

0.97
0.91
0.85

0.93
0.90
0.87

0.95
0.92
0.89

0.98
0.96
0.93

0.98
0.96
0.93

0.96
0.91
0.85

0.97
0.92
0.86

sions Capacity Factors (Duncan 2012)

0.93
0.89
0.85

0.95
0.91
0.87

0.92
0.87
0.82

0.97
0.91
0.86

0.91
0.87
0.83

0.93
0.89
0.85

0.95
0.92
0.88

0.97
0.93
0.90

0.99
0.96
0.92

1.00
0.96
0.93
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Introduction

Solar energy is the most abundant renewable ersengsce available on Earth. It presently
counts for a very small proportion of generatedrgynebut growing concerns over climate
change have helped stimulate a marked growth iteimgntation over recent years. This is
set to dramatically increase as solar technolagiasire and costs reduce. However, climate
change will affect seasonal cloud cover and imphet available solar resource on the
Earth’s surface. This study assesses the seasulaalresource of the UK and investigates
the impact climate change could have on the resolircises probabilistic regional climate
change scenarios released as part of the Unitedyddin Climate Projections study
(UKCPQ9).

Data and Methods

A UK solar radiation resource baseline model waseliped to represent the present
climate. The main data source is 30 years of hestbmonthly averaged sunshine duration
data (Met Office 2009). All sunshine data was ficenverted to solar radiation using a
method described by Suehrcke (2000) then averagerdine 30 year period. Figure 1 shows
baseline monthly average radiation resource fomsermmonths (June, July and August).

Validation of the conversion method (Suehrcke 20@@d the baseline model were
performed by identifying UK Met Office weather steits measuring both solar radiation and
sunshine duration parameters (Met Office 2006), t@nverting sunshine duration to solar
radiation and comparing it to the actual measucdar sadiation. Eighteen weather stations
were found to meet these requirements and the aisopa were found to be very good.
Data for locations on the baseline model where wieather stations are situated also
compared well.

The UKCPO09 climate change projections provide phodisdic projections for a wide range
of climatic variable including ‘total downward sade shortwave flux’ which is good
indicator of solar resource. There are projectionseven 30 year time periods ranging from
2010 to 2099, for three future emission scenariow,(medium and high) representing
alternative climate responses to levels of futummissions, as specified in the
Intergovernmental Panel on Climate Change (IPC@ctpReport on Emissions Scenarios
(SRES). The probabilistic projections give relatprebability of different outcomes and are
designed to capture modelling uncertainty. Thigiwtwill adopt the probabilistic climate
change method used by UKCP09 where the centrahatsi(50% probability) is followed,
in brackets, by changes very likely to be exceattativery likely not to be exceeded at (10
and 90% probability). This study focuses on outfmut the 2050s. It was generated by
projecting the UKCPO09 climate change anomalies tr¢daseline solar radiation model.

Results

All ranges have been examined and one is preséeted By the 2050s, under a ‘medium
emissions’ scenario, summer months (Figure 1) smer radiation increases of up to 7.9%
(-0.2% to 18.1%) in the south west, these reduddu north with decreases of up to -2.9%
(-10.8% to 1.8%) in the north of Scotland. Wintesnths show a reduction throughout the
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UK with extremes of -7.6% (-25.2% to 10.1%) in mwest Scotland. This shows that most
parts of southern UK will get sunnier and benatfin increased solar energy resource in
summer, while the relatively poor resources inrthgh will decrease slightly. All regions in
winter will have increased cloud cover and slightdgluced solar energy resource. The UK
will see an overall annual increase of 2.6% (-119%.5%), which is positive news for the
viability of solar technologies, particularly inighern regions and would correlate well with
increased use of air cooling systems due to thee&sed temperatures. However, the
resource will be more seasonally variable and rejioesource differences will be further

reinforced.
UK Present Solar Resource and Future Climate Impact

Baseline Solar Radiation Solar Radiation Change from Baseline in 2050
(Wm-2) Summer Average (Jun, Jul, Aug) (%) Summer Average (Jun, Jul, Aug)
213.9-2296 74-79
206.8-2138 62-70
201.6-206.7 53-6.1

196.2-2015 ‘ 44-52
35-43
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Figure 27. Present UK average solar radiation regoier summer months (jun, jul, aug)
and a future climate change projection for the 2050

Conclusion

Accurate estimations of mean monthly solar radmtesource have been generated from
mean monthly sunshine duration measurement daig agsinethod described by
Suehrcke(2000). A baseline model of present clirhddesolar radiation has been developed
and validated. UKCPO09 climate change projectiong lteeen used to show climate change
impact in percent change relative from baseline.
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