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Key findings

Locational electricity wholesale prices are a well-established feature of electricity
markets and have been widely adopted in OECD countries.

In this report, we set out our findings from our detailed quantitative assessment of the
costs and benefits of Great Britain introducing wholesale electricity prices that vary by
location. This report has been undertaken for Ofgem, and has benefitted from
consultation with industry, policymakers and academics in Britain and globally.

We find that relative to the current market design, locational wholesale electricity
prices could lead to:

!

I

£13bn to £24bn of

societal benefits
in GB between 2025 and 2040
in a nodal market design, and
f6bn to £15bn in a zonal
market design

Consumers in each
GB region benefitting

although the size of benefits differs
across GB due to variation in
wholesale electricity prices
between different regions

«# 65 to 100 MtCO, of
+=” reduced emissions

in GB between 2025 and 2040
in a nodal market design,
equivalent to £12bn to £18bn of
additional benefits

oo £28bn to £51bn of
% consumer benefits

in GB between 2025 and 2040
in a nodal market design, and
£15bn to £31bn in a zonal
market design

Improved utilisation
of flexibility assets

in dispatch, meaning lower spend
on managing constraints and
potential significant savings in
transmission investment

Significant changes
to asset revenues

leading to “winners and losers”
among different stakeholders;
policymakers may wish to consider
transitional or mitigation measures
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Executive summary

1. Driven by concerns over climate change, nearly all countries across the globe are seeking to reduce
the emissions of carbon dioxide and other harmful gases into the atmosphere, albeit to widely
varying degrees. The UK is at the forefront of this ambitdmjng todend its contributiorto
global warming | fiiy albgreenhouse gas emissions to net zero by'2b50

2. This will require decarbonisation across all sectors of the UK economy and radical changes in the
way energy is produced and consumed. Notably, many sectors of the economy that have
historically relied upon fossil fuels, for example transport and doméstating, will need different
sources of energylhese sourcewill most likely be directly or indirectly frothe electricitysector,
which means significant generation will be required froam-carbon emitting source® meet
greater volumes of electrigitdemand than has historically been the case

3. ¢tKS StSOGNROAGE aSOG2NI AY DNBFG . NRGIAY o04aD. ¢
decarbonisation of electricity productionfor example the share of electricity produced from zero
carbon sources, predominantly wind and solar, has doubled since Z8ihaded to a
considerable decrease in carbon emissions, displacing someffedkid thermal generators which
have been the historically dominant sources of electricity generation

4, However, solar and wind generation are, by nature, more intermittent and unpredictaiiaking
the electricity system more challenging to operate. A further complication is that renewables
generation often tends to be more decentralised, in that the new sources of generation are often
sited in locations that have favourable wind and solar conditlmurtsare relatively distant from the
demand centres that they serve.

5. An additional issués that relative to most other commodity markets, electricity has atypical
physical characteristics which complicate how electricity markets function. For example, overall
production and consumption must balance almost exactly across the system on al4Beon
second basisgnd thatthe transportation of electricity from generators to consumers is governed
by physical limitghat make the electricity networks susceptible to bottlenecks. As a result,
electricity markets, unlike markets fomost other commodities, need to be designed and operated
by a central authority to ensure that the physical characteristics are respected while, at the same
time, allowing market participants to compete in a wholesale electricity market.

6. The first wholesale electricity markets around the globe were designed in the 1980s andcE390s
policymakers, initially in the US and UK, sought to drive greater efficiency from the sector relative
to the typically vertically integrated and, in the Gi&e, monopoly statewned industry structures
that had existed for most of the postar period. The initial electricity marketi K S & weht2 f £
live in 1990 but was superseded bythe@d f ft SR bSg 9t SOGNAOAGE ¢ NI RA:
that were devéoped in the late 1990s and went live in May 2001.

7. Since thenthere have been many modifications to the market design, for instance, the geographic
expansion of the market footprint in 2005 to include Scotland as well as England & Wales.
However, the overarching key features have remained broadly unchanged. Tiésl imaany
stakeholders to suggest that the current market design is increasingly out of date and may not be

1 See the BEIS press release announcing the filing of Nee#essions law, 27 June 2019).
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10.

11.

2
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well suited to the continued decarbonisation needed to achieve Net Zero. DESNZ has identified a
strong case for change to the current arrangements in its ongoing Review of Electricity Market

I NN} y3SySyda 6aw9al ¢0d

As part of REMA, one reform option identified by DESNZ is the extent to which the wholesale
electricity market design in GB should include a price that varies by location. The current design
incorporates a single national price that varies for eachr3@ute settlement period; reflecting
prevailing national demand and supply conditions in that half hour. However, wholesale electricity
markets can also be designed so that prices vary by location as well as by time period to reflect
local (rather than natioal) demand and supply conditions for each settlement pefiod.

Afundamentaladvantage of greater locational granularity in wholesale electricity markets is that
the wholesale prices capetter reflect the physical constraints dfe localelectricity systent and

in particular the potential bottlenecks on the transmission netwadrkthe absence of locational
pricing,the national price does not take into account any physical network constraints. Instead,
system operaton & { qwhioh is the central entity in all systems that has ultimate responsibility
for ensuring that demadh for electricity is met, needs to intervene to alleviate bottlenecks that

may ariseln the GB market this is increasingly costhgachingc.£2bnin 2022 up from less than
£200m in 2010, and this cost is borne by GB consufidieover,the Electricity System

hLISNI G6§2NJ 6a9{ hé0 F2NBOI aia U Kdaiatiddndarcelerliggi (i a
rateé Ay UKS Bwekey Berenthy aiséi b additional costs with more granular
locational pricing too: for example, implementation costs will need to be incurred and some
stakeholders suggest that greater locational pricing is more risky and could potentially increase th
cost of financing the new investments needed to achieve Net Zero.

Ofgem is undertaking an assessment of locational pricing to provide insight into the potential

AYLI Ola (2 &dzldld2 NI inékg. BspaitdNBisaSgstnet, OREhas A 2 v

)

engaged FTI Consulting ("FTI"), supported by Energy Systems Cata®ylt{ ¢ 0 = G2 LIS NJF 2 N

guantitative assessment of the costs and benefits of introducing locational pricing into the
wholesale electricity market in GB. This report presents our assumptions, analyses performed, and
keyfindings

In the remainder of this Executive Summary, we briefly outline the approach we have adopted to
perform this assessment followed by a summaryhaf12 key findings of our work.

i S Y Stifelcurréri maiiket design is not fit for purpés8ee the summary of responses to the REMA

consultation (ink).

Many electricity markets across the globe operate in this way already. For example, some mackeding

Norway, Sweden and Itahave adopted sealled zonal pricing, in which wholesale electricity prices can vary
between predefined geographical footprints. Other jurisdictions, such as New Zealand, Singapore and many US
markets, have adopted nodal pricirig which prices are set at each major injection and offtake point (or node) of
the transmission grid. In these markets, wholesale electricity prices are set at hundreds or even thousands of
different nodes in each settlement period.

This figure can be calculated based on the Monthly Balancing Services Summary as published byith¢ ESO (

{SS

G§KS 9{ hQa Nel@srd MaRét RefolRfiase 3/Conclkis®iis k).
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A.

12.

13.

14.

15.

Approach

We have assessed quantitatively the likely benefits and costs of changing the locational granularity
of the GB wholesale electricity market. To do this, we have modelled the GB energy system using
an industry standard electricity market modelling platfornwhich allows us to forecast the likely
evolution of wholesale electricity prices under different locational market designs using

transparent and industryalidated assumptions on the possible evolution of the energy system.

We have augmented our prexisting model of European energy markets by developing a detailed
representation of the GB electricity systathowing us to modelvholesale electricity price based

on supply, demand and transmission capacity dynamics. Our GB model was then integrated with
our panEU model to allow for a detailed representation of crossder electricity trading in our
assessment of locational pmigj. This has allowed us to forecast wholesale prices paid to
generators by consumers under a raragfedifferent locational market designs for GB.

Our assessment has focused on three different levels of locational granularity in the wholesale
market. These are:

< a base case representing the status quo aftonal pricing marke

< azonal pricing marketlesignwhere GB is split into seven distinct price zones with the
boundaries of the zones reflecting the expected incidence of bottlenecks on the transmission
system; and

< anodal pricing market desigin which prices are determined at all of the ¢.850 nodes. This is
illustrated, schematically, below Figure ES.

Figure ES: lllustrative schematic depicting the three different market designs assessed in our work
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Source: FTI analysis

We keep all other input variables, such as the future evolution of generation mix and demand,
constant across the three market designs in order to isolate the impact of more locationally
granular prices on both consumers and society as a whole.
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16. From the outset of our work, we were aware that changes to the locational granularity of the
wholesale market design would have the potential to impact different cohorts of stakeholders
either positively or negatively. As such, we anticipated that thidystuould receive a high degree
of stakeholder scrutiny. We have therefore sought to be as transparent as possible in our approach
to assessing the costs and benefits and have engaged extensively with stakeholders across the
industry throughout our assessme

17. For example, we held three industry wide stakeholder workshops where our methodology and
assessment were explained and feedback was provided by stakeholders, which allowed us to refine
our approach and analysis. We have also held a large number of sstakeholder meetings,
discussed our approach with ESO and validated our approach to forming assumptions with Ofgem.
Our aim has been to allow as much scrutiny as reasonably possible of our methodology, our
assumptions, and our overall approach, in ordeptovide reassurance to Ofgem and stakeholders
regarding the robustness of our findings and our analytical neutrality.

18. Another key element to our approach has been to draw upon-ashblished thireparty sources
of information and of assumptions wherever possible. In particular, we have adopted many of the
input assumptions developed by the ESO from the Future EnergyISé6éA 24 0 G CO9{ € U ® ¢ K
portray four different versions of how the GB electricity system may evolve, in terms of likely
change in the demand for electricity in GB and the sources of generation to meet that demand.

19. For example, the FES Leading the \&&nario envisages a future electricity system that relies on
offshore wind generation and solar generation to meet the majority of our electricity needs by
2040. This is illustrated below hgure ER.

Figure EQ: Installed GB electricity capacity under the Leading the Way scenario
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Source: FES 21
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20.

21.

22.

AsFigure EQ above showsunder ths scenario, in 2025 GB is expected to have ¢.37GW of thermal
generation which, by 2035, will have fallen to 10GW. At the same time, offshore wind generation is
expected to increase by 260% from 23GW in 2025 to 83GW in 2040. After consultation with
stakehdders this scenario, Leading the Way, was chosen as one of our scenarios for the
guantitative assessment. We also assessed the likely impact of locational prices if the GB electricity
system evolved differently under thetatnative FES scenario termed System Transformation,

which forecasts greater reliance on nuclear generation and less offshore wind generation.

{AYAE I NI & ¢6S dzaS GKS 9{hQ&a l&dadzYLlirzya Ay 2NF
RSLIAOGSR FT2NJ GKS bSiig2N] hLI AFRyfeiESbelowSaayYSy d 7

Figure ES: Evolution of the GB transmission grid over the modelling period

Current
)

Legend. == Existing 400kV line === Existing 275kV line === Existing 275kV line Existing offshore HYDC New circuit Circuit uprating

Source: ETYS and NOA7
Note we have fixed the buitdut of the transmission network across the different wholesale
electricitymarket designs

AsFigure ESillustrates,under NOA7transmission capacity increasestil 2041° which is the

forecast horizon for ES@his impacted how we approached our overall assessment, as we were
unable to forecast locational prices past 2040 due to the lack of underlying assumptions regarding
the evolution of the transmission grid. Therefore, after consultation with industry mand i

agreement with Ofgem, our assessment only considers the impact of moving to locational prices
until 2040!

We have fixedhe transmission networkuild assumptionsacross locational market designs assedgeatder to

prevent distortion of our results due to varying levels of transmission between scenarios.

In our assessment, we assume that a locational pricing regime is implemented on 1 January 2025. This allows us to
capture a 16year time period based on the expected evolution of the transmission grid to 2040.
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23.

24,

25.

26.

27.

28.

29.

10

In addition to NOA7, the ESO released an additional network development plan following the start
2F (GKA&a Sy3arasSySydas ({yz2eéy Fa (KS
acceleration of transmission investment relative to the NOA7 planchwisi likely to impact the
evolution of locational prices under the different FES scenarios. As such, in consultation with

stakeholders and in agreement with Ofgem, we also assessed the impact of locational pricing using

the evolution of transmission und@&tND as well.

| 2t AA0AO0 bSi¢

Therefore, we assessed the impact of greater locational pricing to 2040 under three different
a0S YIWNNDA7E 8 X (1 K {

A0Syl NAR2aY (GKS [SFRAy3a GKS 2| &

iKS [SIFRAY3I (KS 218 {OSYlINR2 gAlGK

FYR GKS {28aGSY ¢ NI{yesReaNINotbihAl 2ryD €8 OSy | N& 2

0 K8V (FND&W S NI 1

o d

For the scenarios agreed upon with Ofgem, we calculated in our market model how prices would
be expected to evolve and for each different locational market design (i.e., for national, zonal and
nodal). In turn, this allowed us to assess the expected corsuvelfare and total GB

socioeconomic welfare from transitioning to locational pricing.

Although our electricity market modelling was the focus of our work, we also evaluated a number
of other factors that could impact the overall assessment of costs and benefits of locational pricing.

Specifically, we assessed:

< the likely level ofmplementation coststhat would be incurred both centrally and by market

participants in any change to the design of the wholesale market;

< the potential impact on theost of capitalthat participants incur in financing assets; and

< the potential impact ormarket liquidity.

Summary of key findings

In this section, we set out the 12 key findings from our assessment.

Key findind.: The costs of transmission congestion are likely to continue to increase

significantly under the current GB market design

Since the liberalisation of the GB electricgBctor, a keyobjective of thewholesale market was to
facilitate trading between market participant® encourage competition in the generation of
electricity. To achieve thisa major market design decision was that generators and consumers of
electricity could trade with each otheforming a single price in each perigghardless of each
LI NIi@d Qa 3IS23INI LKA O fAn itnga bf this thafket’dgsigaatiirSis tiat
market outcomes areften inconsistent with the capabilities of the transmission systeim that

the volume of electricity intended to be generated in one locality camuthallybe conveyed to

another region where electricity is demanded becanfémited transmission capacity.

Under the current GB market design, this is resolved by the ESO intervening in the gnarket

w

aeaids)y

typically by instructing specific generators at particular locations to increase output and others,
sited elsewhere, to curtail production. This ensures that, actice, demand and supply balance in

a manner that is consistent with the physical realities of the transmission network. The participants
that are instructed to either increase or decrease productionf@rthe demand side, to change
consumption) recei® compensation from the ES®hecosts of this; known as transmission

constraint management costsare recovered from all consumers.
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30. Historically, these constraint management costs have been relatively low (for example in the
period 2M9/10 to 20L4/15 the costs of congestion weos average €220mn per annum).
However, in recent years congestion costs have increased markeeichingc £1,960mm in 2022
One of the drivers of the increased cost is the roll out of renewables generation, which is often
sited at geographically distant points on the GB network that are far from the centres of demand.
Given the expected magnitude and rate of increase in reftd@gageneration as GB transitions to
Net Zero, the ESO anticipates that this trend in constraint management costs will cohtinue.

31. Our findings support this view. Our estimates of future constraint management costs under a
YIEGA2YyFE LINAROAYy3I RSaA3IYy |NB OoONRIFIRft& Ay ftAYyS 4]
Figure ES.

Figure E4¥: Constraint costs for all three scenarios under a national market design, £bn

GBPbn

2025 2030 2035 2040
—— FTI - LW [NOA7)  ———FTI - LtW (NOA7 Refresh + HND) FTI - SysTr [NOA7)

Source: FTI analysis

32. AsFigure E® indicates, we anticipate that under the LtwW (NOA7) scenario, constraint costs would
increase significantly over the forecast horizon as greater volumes of renewables generation
connect to the grid, and would read£5bnper annum by 2040. This represents aféil increase
to the annual average congestion cost in the period 2010 to 2020. Additional transmasion
represented by the LtW (HND) scenahas the impact of significantly reducing the volume of
generation that needs to be curtad, consequently reducing the cost of constraint management in
the 2025 to 2030 period. However, from 2030, congestion costs begin to rise again under this
scenario as wel] reachingc.£3bn per annum in 2035.

8{SS (KS 9{hQa LlztAOFIGAZ2Y 2y (KS |Im)SG %SNB al NJSG wS¥2N
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33. Under SysTr (NOA7), which has greater volumes of nuclear generation that is located in the
southern part of the country, congestion costs are lower at c.£2bn per annum throughout the
forecast period.

34. As noted previously, these costs are borne by the ESO but are subsequently recovered from all
consumersWe forecast this cost would constitute betweei?4 and 4% of the overall cost of
electricity to consumers, including CfD payments, for the LtW (NOA7Y) scenario under the national
market designSimilarly, under the cost constitutes between 4% and 11% of the overall cost of
electricity to consumers under LtW (HND) and 6% and 10% of the overall cost of electricity to
consumers under SysTr (NOA7?).

Key findin@: Under a more granular locational wholesale market, we find that prices in GB
would vary markedly across the country and would be significantly lower in the north.

35. In contrast to a national market design, a locational wholesale electricity market takes account of
the capabilities of the transmission network when wholesale prices are determined. It does this
either as an approximatignn the case of a zonal market design exactly in the case of a nodal
market design. We modelled prices under the national, zonal, and nodal market designs for each of
the scenarios for each hour of a modelled year. The figure below illustrates the outcome for two
modelled hourg; the 10 December 2040 at 17:@hd 17 January 2040 &7:00¢ for the
LtW (NOATY) scenario.

Figure ES: Example pricesnder LtW (NOAY7) for a national and locational market designs,
10December 2040 17:0énd 17 January 2040 af7:00

10 December 2040, 17:00 17 January040,17:00
National Locational National Locational
- £
'“ * " %"“i?:f"
., }?h::‘h P et
Vw2 S B
2 e
1} L ’ 5 ::”‘
-‘.'\ " Iz%v:\ 'i
}. - .?' ‘o
N - . 2aTSRN
A% 0 Saae st % °.'$%;§«9uo, .
S g0 %9 R ,':, & '_-"2%’"-5 . ;:
.“o"'.'z ' . at:".? o
. N P - N
o I, N s o N T s
£/MWh £/MWh
Source: FTI analysis
36. In the first modelled hour illustrated on the left pane, high wind conditions in Scotland and the

north of England mean that, under a national market design, the market would cle&Cgier
MWh. However,under a locational market (we show a nodal market, but zonal has a similar trend),

9 We have crosshecked our estimates and they are broadly in line with the forecast constraint costs published by
the ESO.

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 13

the price is significantly higher in the sowgln this case around £126 per MWh for this particular
hour, while still very low in the nortf roughly around £0 per MWh in Scotland and £3 per MWh in
northern England. The reason for the price differential between the north and the south of the
country is that there is a transmission bottleneck on the system that means sormeoktw
generation sited in the north cannot serve the demand situated in theétsdnstead, southern
demand has to be met by highenst generation sited in that region which, in turn, sets the price
for that locality.

37. Under the national market the same transmission bottleneck exists, but as discussed above, the
ESO intervenes in the market to resolve the congestiomthis case by instructing generating
plant in the south to increase production and those in the naaleurtail output. In so doing it
would incur congestion costs for that hour that are bornecbpsumers

38. The right pane shows a similar effect for a different hour. The main difference in this hour is that
the national market would clear at a high price but, under a locational market, prices would be low
in the north of the country due to the high wind condits in that region.

39. The above two hours are representative of the general trend observed in locational markets in GB
of lower wholesale prices in the north and higher prices in the sditdnetheless, there are many
hours when prices would be broadly the same under any market desgher generally low (if
there is lot of renewables production spread across the country) or generallihtghre is
limited renewables outpyt We show belown Figure ES$ the dispersion of annual average prices
across the system which ise average for each of our modelled years for all hours of that year.

Figure E®: Annual average loadieighted prices for LtW (NOABysTr (NOA&@Nd LtW (HND)
under all three market designs, 2025 to 2040

2025¢ Load weighted annual average wholesale prices, £/MWI| 2030- Load weighted annual average wholesale prices, £/MWh

National Zonal Nodal National Zonal Nodal‘r,
& ' ¥ (4
¥
16
LtW (NOA7) £72.60 £47.40-£79.30 £37.40-£81.30 LtW (NOA7) £23.50 £17.40- £29.20 £13.80- £31.00
Ltw (HND) £72.60 £47.50-£79.40 £37.40-£81.40 LtW (HND) £23.50 £21.00- £24.90 £18.50- £27.40
SysTr (NOA7)  £75.00 £53.90-£76.90 £42.90-£80.10 SysTr (NOA7) £25.70 £20.40- £28.20 £17.20-£31.00

2035- Load weighted annual average wholesale prices, £/MW 2040- Load weighted annual average wholesale prices, £/MW}

National Zonal Nodal National Zonal Nodal
Price (E/MWh)
H , 7 85

LtW (NOA7) £34.10 £31.80- £37.80 £24.90- £43.10 Ltw (NOA7) £50.90 £45.40-£50.90  £37.0-£58.70

Ltw (HND) £34.10 £31.10¢ £37.00 £25.70- £42.30 LtW (HND) £50.90 £43.00-£48.90  £37.50- £56.40
SysTr (NOA?) £29.90 £25.80-£31.40 £22.80- £35.00 SysTr (NOA?) £30.20 £27.60-£32.20  £21.20-£38.40

Source: FEnalysis
Note: The illustrations above depict the prices observed under the LtW (NOA7) scenario.

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 14

40.

41.

42.

43.

GBP bn

This significant fall in annual average price under both scenirite 2025 to 2030 perioi a

result of large volumes of renewable generation coming online and also an assumed fall in the gas
pricel°While renewables generation is assumed to continue to be rolled out at pace over the
period, thereby exerting downward pressure on pricdse demand for electricity increases, as

new sectors are electrified, thereby exerting upward pressure on prices.

For both scenarios, under a zonal or nodal market design, wholesale pritesriarth of GBare
expected to be lower than under a national market design, whidesouth of GBeesan increase

in wholesale prices. As we would expect, there is a wider range of prices under a nodal market
design relative to a zonal market design.

The spread in prices is smaller under System Transformation as prices in Scotland are higher due to
less offshore wind rollout, while prices in the south of GB are lower due to a greater reliance on
nuclear generation. Lower overaémand in this scenario also means that prices tend to be lower
relative to the Leading the Way scenarios.

Key findin@: The overall expected net benefit to GB consumers of a transition to nodal
pricing varies betweef28bn ancE51bn over the §ear modelling period depending on
the scenario. When evaluated on a socioeconomic basis, the expected net benefits of a
transition to nodal pricing are betwegh3bn ancE24bn. Zonal pricing would result in
consumer and socioeconomic benefits at approximately half of the level of nodal pricing.

The prices we forecast for each market design, our forecasts of congestion costs and our
assumptions on implementation costs allow us to calculate an overall measure of the benefits of
transitioning to a zonal or nodal market relative to the status quaamati market design for each
scenarioFigure ES below illustrates the breakdown in costs and benefits in the case of the
transition to nodal pricing under the LtW NOA7Y scenario.

Figure ES: Overall Cost Benefit Assessment for a nodal market design relative to a national market
design (20258040)¢ LtW (NOA7)
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management costs congestion payments Costs consumer surplus payments Socioeconomic
rents (Consumer benefits (Producer Benefits

Impact) Impact)

Source: FTI analysis
Note: The values presented above are the Net Present Value of the relevant costs and benefits over
the 16year modelling period.

10 Qur assumptions on commodity pricing are detaifeoither) in Appendix 1.

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 15

44,

45,

46.

47.

48.

Figure ES shows that the largest benefit to consumers of a transition to nodal pricing is the
reduction in constraint management cosess represented by the red column. Under a national
market design, these constraint management costs incurred by the ESO would be recovered from
consumers. However, under a nodal market design, bottlenecks in the transmission system directly
impact the leel of the wholesale price with those areas that experience surplus energy behind a
transmission constraint, known agort constrained areas, having lower wholesale prices. By
contrast, those areas of the network where there is a shortfall in generatiorport-constrained
areasg tend to experience higher wholesale prices. We illustrated this effect earlier in this
summaryg as set out irFigure ES. One impact of this is that there is, in a nodal market, no
requirement for the ESO to intervene to resolve congestjoather it is resolved by the market
itself 1! Hence, under a nodal market there is no congestion cost to be incurred by the ESO and
therefore no congestion costs to be recovered from consumers. As such, for the LtW (NOA7)
scenario, we estimate this would generate benefits of c.£49bn over the magl@énod.

Under a zonal market, bottlenecks in transmission between zones are resolved by movements in
the wholesale price, but, within a price zone, congestion that arises will still need to be resolved by
interventions from the ESO, with cost recovered froomsumergas per the national design).

A transition to a locational market wouldy designchange thewholesalepricespaid by
consumerswith different consumers potentially facing different prices in any given settlement
period. Under the LtW (NOA7) scenario, the reduction in the wholesale price in the north of GB is
more than offset by an increase in the wholesale costs paid by consumére soutlt, resulting

in a net increase of c.£13bn across the generality of consumers (represented by the light blue
column inFigure ES above). The min driver of this result is that some of the costs that were
previously incurred by the ESO in managing constraints are, by virtue of the market design,
transferred into the wholesale pricgmeaning prices tend to rise in impecbnstrained parts of

the system.

A further feature of locational wholesale markets aangestion rents which are an outcome of

the settlement process. Congestion rents arise because the electricity that is generated in an
export constrained area is paid a comparatively low price yet some of this electricity is conveyed
across the transmission network (albat volumes limited by the capacity of the network) and

then paid for by consumers at the prevailing comparatively higher price in that part of the network.
This creates the congestigent surplus. Under the LtW (NOA7) scenario we estimate that
congestion rent would be c.£27bn (represented by the green colurkigiure ES overthe

forecast period.

For the purposes of thgssessmentye have assumed that this benefit is passed back to
consumersThis is commonplace in most locational markets of the world and occurs either directly,
as a result of the settlement process, or indirectly through receipts from the auction of rights to the
surplus. In the latter case, the rights are often termed FamraTransmission Rights and are used

by market participants and traders to hedge the price risk between two locations.

1 We note that under all market designs modelled, there may be instances where the SO is required to intervene to

account for unexpected changes in supply and demasdvell as unexpected outages of the transmission limes,
reaktime. This occurs under national, zonal and nodal pricing regimes, and we have not sought to model any impact
on the costs that arise from such interventions.
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49.

50.

51.

52.

53.

54.

A further potential use of the congestion revenues would be to fund compensation payments to
generators that are expected to lose out under a transition to locational pricing. We have not
sought to evaluate this as it is a decision for policymakers, bigt that as it is simply a transfer,
any use of congestion rents for this purpose womldst likelyresult in a negative impact on
consumers but an equal and offsetting positive impact on generators. Therefore, the total GB
socioeconomic benefits would benchanged.

A change in wholesale prices would also have an impact on the osepalbrt paymentsmade to
ISYSNY G2NB dzyRSNJ GKS /2y {iNI Ol F2NIS5AFTFFSNByOSa
calculated as the difference between the prevailing wholesale price and the agreed strike price for
the CfD contract, it follows that a move to locatidipaices will result in higher CfD support

payments to generators in regions where wholesale prices are lower than under a national market
design and vice versa for regmthat have higher wholesale prices. Our market modelling confirms
this, as we find that generators located in the north of England and Scotland receive higher support
payments (as wholesale prices fall in that region) while the opposite is true foraengreceiving

support payments in the south of the country. For example, Hinkley Point C located in the south of
the country receives £1bn less in support payments over the forecast period under a nodal market
as a result of an increase of c.£lbninwhal I £ S NB @Sy dzSad® h@SNrffz GKS
change over the forecast period, as it continues to receive revenue in line with the agreed strike
prices.

As the turquoise column indicates, the overall impact is an additional casttsumersf c.£12bn
as the additional support payments to generators sited in the north are greater than the reduced
support payments to generators located in the south.

Implementation costsare, in relative terms, low. Our assessment involved reviews of precedent
from other markets that have transitioned to locational priciag well as discussions with systems
vendors and the ESO. We believe a conservative estimate of £500m is appropriate, which we
assume is all recovered frooonsumersThis might be incurred directly, in the case of the central
system costs incurred by the ESO and other central agencies (such as Elexalireadty if we
assume that all participartdosts incurred in changing systems and contracts are eventually passed
on to consumers.

As the dark blue column indicates, this yieldoaarall expectedconsumer benefit ofc.£51bnfor
the modelling period 2025 to 2040 under a L(MOAT7) scenario. While policymakers employ
different approaches to evaluating the costs and benefits of a particular reform, we note that a
conventional socioeconomic approach would also need to consimeintpact on producers.

In this regard, one impact of nodal pricing would be to reduce the aggregate revenues earned by
generators. In this scenario, we estimate the reductioprioducer surplusthat is the change in
generator revenuego be ¢.£39bn over the forecast period.
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55. There are two main components of this effect. First, under a national pricing regime, generators
are compensated by the ESO for their actions to resolve transmission constraints through the
Balancing Mechanism. Under a nodal market design no compensatiaid (as the market itself,
not the ESO, resolves the constraif@econd, the changes in wholesale prices by location results in
changes in the amount paid to generators. For generators sited in egpodtrained parts of the
network, prices will be Mer in that region relative to under a national market design. These
generators would receive lower infirmarginal rents, that is the difference between the price
received by the generator and the production costs incurred. Conversely, generators sited in
import-constrained parts of the networgould receive higherevenues in the wholesale market

56. The reduction in wholesale revenues to generators is offset to some extent by incre&€s in
paymentsc as the turquoise bar indicates kigure ES above. In the LtW (NOA7) scenario this
represents the c.£12bn additional CfD payments fimonsumergo generators, as discussed above
(which is why it is an equal and offsetting amounFigure ES above).

57. Overall, we find that a transition to nodal pricing from national pricing would deliver
socioeconomic benefits af £24bnover the forecast period.

58. We have undertaken the analysis described above for each of the three scenarios and assessed the
impact of transitioning to zonal or nodal pricing relative to maintaining the status quo national
market design. We present our conclusions in Tabié BE&Sow, presenting both the consumer
benefits and socioeconomic benefits for each permutation.

Table ES.: Expected impact of locational market design options relative to national market design
(GBP bn), 2023040

Zonal Nodal
Scenario Consumer Socioeconomic Consumer Socioeconomic
benefit WEIEE benefit WEIEE
LtW (NOA7) 30.7 15.3 50.8 24.0
SysT(NOA?) 15.2 6.2 28.0 131
LtW (HND) 18.7 7.1 34.2 14.4

Source: FTI analysis

59. As Table E$ indicates, in broad terms a transition to zonal pricivauld deliver about half of the
benefits of a transition to nodal pricing under all three scenariwbether the overall benefit is
assessed on a consumer only or broader socioeconomic perspective. Furthermore, socioeconomic
benefits tend to be between #8and 50% of the benefits to consumers.

60. When comparing the level of benefits between scenarios, we find that the addition of more
transmission reduces the overall benefits of transitioning to locationally granular pricing by
between 40% to 50% depending on which measure of benefit is usedtersniteed by comparing
the LtW (HND) scenario to the LtW (NOA7) scenario. This result is directionally unsurprising as
greater volumes of transmission mean the system is less constrained. It is though important to
note that we have not factored the additiahcost of the transmission assets that are deployed in
the LtW (HND) scenario relative to LtW (NOA7) into our assessment in TabkbB&. We return
to this topic later in this summary.
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61. Finally, the benefits of moving to more locationally granular wholesale prices under the
SysT(NOA7) scenario are roughly half of those observed under the LtW (NOA7) scenario. Again,
this result is directionally as expected given that, under this scenadoe nuclear generation is
deployed in the southern half of the country which serves to alleviate some of the congestion in
the transmission network.

62. Overall, the benefits to consumers fromansitioning to zonal pricingeducesthe wholesale cost of
electricity bybetween 5% and 12%epending on the scenariand whether or not we include CfD
payments in the cost of electricity. Were nodal pricing to be adopted, the overall expected
wholesale cost paid by consumers would fall by between 9% and 20% depending on the scenario
and the inclusion of CfDs in the cadtelectricity, as shown below in Table EBY way of
comparison, we note that the NETA matrkeform was expected by Ofgem to reduce wholesale
prices by 10%?2

Table E®: Consumer benefit relative to the wholesale cost of electri2@252040

Zonal Nodal
Consumer Consumer
S : Consumer benefit relative Consumer benefit relative
cenario benefit relative to cost of benefit relative to cost of
to cost of electricity to cost of electricity
electricity _ electricity _
(incl. CfDs) (incl. CfDs)
LtW (NOAT) 12% 8% 20% 14%
Ltw (HND) 8% 5% 15% 10%
SysTr (NOAT) 8% 5% 15% 9%

Source: FTI analysis

Key findingt: We find that all consumers in all regions of the country benefit from a move to
locational wholesalpricing, under all three modelled scenarios. However, the magnitude of

benefits varies across the country as consumers in the north benefit more than those in the
south.

63. We are able to disaggregate our benefits assessment presented above on a regional basis. This is
set out below inFigure ES for a transition to nodal pricing under the LtW (NOA7) scenario. For
ease of exposition, we have aggregated the nodes present into seven garmmvention we
adopt extensively in this report when illustrating the impact of nodal pricing.

2SS L3S yy 2F hT¥3ISYQa wSoOwds 2F (GKS FANRG @SIFENI2F b9
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64.

65.

66.

Figure ES: Regional distribution of consumer benefits from transitioning tmdalmarket design
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AsFigure ESillustrates, most of the cost and benefits are borne proportionally across all regions
in that the reduction in congestion costs, the benefit of irR@8 congestion rents, CfD costs and
implementation costs are all assumed to be allocated to each remicaper MWh basis.

However, the fact that there are different wholesale prices in different parts of the country means
that the impact of transitioning to locational pricing will vary by region.

Given that, under locational pricing, prices fall in the north of the country, changes in the wholesale
price constitute a benefit to consumecsas indicated by the light blue column having a positive
impact onconsumerbenefits in the northern regions of the country. For instara@sumersn the
northernmost region, GB1, have a wholesale benefit of £2.3bn in addition to benefits of reduced
constraint payments.

By contrastconsumersn the south face higher wholesale prices under a nodal market design than
under a national market design, resulting in a negative impact as a result of wholesale prices
changes (as indicated by the light blue bar being a negative benefit in the soudwgtons of the
country). However, the negative impact of wholesale prices is, for all regions, more than offset by
the positive benefit of reduced constraint management paymeixs, the red columns indicating
congestion cost savisgare always greater in magnitude than the offsetting negative light blue
columns indicating wholesale cost increases).
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67.

68.

69.

70.

71.

72.

We find that the trend described abovd.e., that all consumers in all regions benefit in the
transition to locationally granular pricing, albeit in different proportiayis found for all three
scenarios and for both zonal and nodal pricing.

Key findind: Several stakeholders have argued that moving to locational pricinglesmbld

to greater investor risk and uncertainty which would increase their cost of dAjaitahve

found limited evidence that this would, in practice, be a material cost. In addition, we have
found no evidence of reduced liquidity as a result of locational pricing.

The changing patterns of wholesale prices under locational market designs could affect the level of
uncertainty faced by market participants. For instance, our modelling suggests that locational
pricing would have limited effects on average price volgtiliut would increase the level of price
volatility over time in some locations (while reducing it in others). Depending on the form of
support mechanisms such as CfDs, there could also be increases in vofatditgnuesor

generatorsin certain locabns.

However, standard finance theory suggests that it is crucial to consider whether any such increases
in volatility can be diversified. Significant effects on cost of capital are only likely if investors are
unable to manage their portfolio to take accourtthe increased volatility of one ass@ur

review of experience in other jurisdictions identified little direct evidence on the impact of

locational pricing on the cost of capitalndeed, it might be expected that investors would be

better able to mange risks under locational pricing, for instance by investing in a portfolio of

assets around GB. In addition, we would expect there to be several mechanisms available to help
investors to manage risks in practice, includ@f®s

Ly 2dz2NJ OSYydaNrft Ftylfearar ¢S GKSNBF2NB | aadzys
locational pricing. We hay@dowever, modelled a variant scenario in which higher capital costs
reduce the benefits of nodal pricing by around £7.&fler the LtW (NOA7Y) scenario, and by

around £5.5bn under the SysTr (NOA7) scenario

We have analysed liquidity of wholesale markets in GB and in selected markets with locational
pricing, and found that, if anything, there appears to be greater liquidity in markets with locational
pricing relative to markets with national pricing. We dd see any reasons to expect liquidity to
change significantly as a result of locational pricing, though liquidity might concentrate in practice
at trading hubs, as happens in several North American markets.

Key finding: Historical precedent from other jurisdictions indicates that market participants
may incur implementation costs of ¢.£0.5bn in the transition to locational pricing. We have
found no evidence of an investment hiatus during the transition

Implementing a form of more granular locational pricing in GB would require many parties to
invest in new operational functions and systems to carry out the activities required under a zonal
or nodal market. This may include new computing and softwareesystupdated energy
procurement, hedging and billing processes, and staff training and recruitment, among other cost
elements.
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73. CBAs carried out in other jurisdictions provide a relatively wide range of cost estimates across each
OFGS3I2NEIT 6AGK GIFINRBAYI LINPLR2NIAZ2Yya 2F {h FyR \
CBAwhich estimated costs of £56Qrall implementation cost estimates were below £300m in
2022 valuesBased on historical assessments, and input from market participants, we have
estimated implementation costs of £0.5bn in the transitioning to locational pricing.

74. In our assessment of other jurisdictions that have transitioned to nodal pricing, we have not
observed any material impact on the rate of generation investment. For example, during the
transition in the Texas market between 2006 and 2010, installed genaraapacity increased
from 71.8GW to 84.2GWeven without a capacity mechanisiRather, other policy instruments
couldbe more material drivers of investment decisions. For example, we might expect that the
maintenance of the CfD regime and the capacigrket would serve to maintain a reasonable
degree of investor confidence. Moreover, as we described above, wholesale prices in some regions
are likely to increase relative to a national regime. So, to the extent that there was a slowdown in
the rate of inestment, we might expect it to be focused in areas where priceggpected to be
low, with potentially increased roll out of new assets in regions where pricesxaected to be
high.

Key finding’: A transition to locational pricing leads to a faster reduction in emissions over
the modelling period. Using DESNZ assumptions on the societal cost of carbon emissions
indicates further socioeconomic benefits as a result of reduced emissions.

75. Reflecting Net Zero objectives, emissions fall to zero under all market designs by 2040. However,
we find that emissions fall faster under a GB market with locational pricing. A transition to a nodal
market would result in between 65 and 100 millimmnesof carbon dioxide equivalent
6adail/ huSé¢0 NBRAzOGAZ2Y Ay (GKS LISNAR2R (2 Hannd ¢k
granularity results in less renewables curtailment and better use of interconnectors, which
displaces some thermal generation.

76. While we capture this benefit in the modelling presented above, the value we place on the reduced
carbon emissions is based on market prices. For policy evaluation purposes, DESNZ adopts a
different approach for evaluating carbon emissions which is intdrtdeeflect the full societal cost
of carbon emissions and is significarttigherthan the value we have used in our modelling.
¢CKSNBEF2NBX SGFtdzr GAy3a OFINb2y SYAaairzya 2y (KS
estimate of the benefits of lo¢@nal pricingg with additional benefits of between.£12bn and
c.£18bn over the modelling perioa transition to a nodal market

Key findin@: We find that under a locational pricing regime, wholesale electricity prices fall
significantly in the northern regions of GB. This effect is particularly pronounced under a
nodal pricing regime, where, under the LtW (NOA7) scenario, annual averagalhole
prices in Scotland would be the lowest in Western Europe.

77. As discussed earlier, our analysis shows a significant reduction in wholesale electricity prices in the
north of Britain. When benchmarked against European countries we find that annual average
prices in Scotland would likely fall to the lowest in Europsl@own irFigure ES below.
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78.

79.

80.

Figure ES: Annual average prices for GB and other OECD countpesMaNVh, LtW (NOA7)
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Source: FTI analysis.

Note: This assessment does not include the impact of renewable support mechanisms in any
country, which would also impact the overall prices faced by consumers.

Red portions of the GB wholesale price indicate the congestion cost component. We are unable to
calculate the corresponding cost recovery of constraint management costs for the European nations
shown, as this can be done via a variety of mechanisms arsist®of different components

Intuitively, this result is unsurprisingScotland has some of the best conditions for wind

generation in Europe and, under the FES scenarios, a very significanttroflzero marginal cost
renewables generation in Scotland is anticipated. Combined with the limitations on transmission
build andrelatively low demand (peak demand in Scotland is assumed to be 9GW with generation
capacity between 68BWand 65GW in 2040), this means that prices would be significantly lower
under locational pricing. We obsera similar trend, albeit to differing extents, under the other
scenarios assessed in our work.

This points to a further benefit in locational pricing that we have not sought to capture
quantitatively in this analysis but may be material: the possibility of large users of electricity
choosing to site in Scotland andrthern England to capture the low prices of electricity in those
regions. For example, industrial users may find that the benefits of lower electricity costs justify
siting in these areas (even if other costs are higher). This may apply witlgimGigat some large
consumers that wouldhave sited in the south would now site in the north. Equally, it could also
trigger inward investment into G8in that users may choose to site in Scotland relative to siting in
other countries.

Under a locational pricing regime, a direct benefit to the electricity system of demand diisey

to generationwould be to reducedhe need for electricity transmissionfor the simple reason that
greater volumes of electricity would be consumed close to where it is generated. As we have not
sought to evaluate this benefit, we believe this may represent one element of our assessment
where there are additional potential Ibefits. Furthermore, there are potential implications for
wider government policigg significantly lower electricity prices in the north of Britain which

induce large industrial consumers to site in the area would seem likely to have-&ndmneficial
impacts to the wider regional economy.
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81.

82.

Key findin®: Flows on interconnectors to other European countries change significantly
with more locationally granular wholesale prices in the GB market. Flowsftorand
Norway and France are particularly impacted which, in turn, impact wholesale prices in
those countries.

The direction of flow on interconnectors between GB and European countries is determined by
pricesg with electricity in low priced areas flowing to higher priced regions. A move to locational
pricing in GB would therefore have the effect of, for some tpeeods at least, changing the
scheduled direction of flow on interconnectofsgure EQ0 below illustrates this effect for

9 March 2030 at 08:00 in both the national market design and the nodal market design in the LtW
(NOATY) scenario (a zonal markets a similar impact).

Figure EQ0: Interconnector flows between GB and other European countries, LtW (NOA7)
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Source: FTI analysis

AsFigure EQ0shows, in this hour, under a national price regime, the clearing price would be
£13.9per MWh in GB. Given the prevailing prices for each country in that hour (as indicated by the
grey numbers), the model forecasts flows from Norway and Demark into GB, and flows from GB
out to France, Germany, Belgium, the Netherlands and Ireland. Howevéngfeame hour under

a nodal pricing regime, the bottlenecks in the GB transmission system are reflected in the
prevailing locational wholesale pricesvith prices in Scotland at fer MWh, around £4.9er

MWh innorthern England, and around £81p&r MWh in the south. This impacts on the flows on
the interconnectorg; there is a now a 2.3GW flofsom northern GB to Norway (rather than a
2.8GW flowto northern Britain from Norway under a national pricing markeinplying an overall
change of 5.1W in flows between Norway amatthern GBfor this hour. The opposite effect is
observed with scheduled flows to France in this sample lg@aheduled exportfrom GBto

France of 7.7GW under a national pricing regime are instead, under a nodal regime, itofisBts
from France of 6.1GW implying an overall change in net scheduled flow to France of 13.8GW.
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83.

84.

85.

Over the course of a year, we find that there are significant changes in both imports and exports of
electricity. We show this below figure EQ1.

Figure EQ1: Net change in imports and exports between GB and European countries, LtW (NOA7)
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AsFigure EQlillustrates, the most significant impacts are on flows to and from Frgiveith
between a 20% to 50% reduction in exports from GB over the forecast pgand to and from
Norway¢ with exports to Norway fronmorthern Britain increasing by between 20% and 30%.

Key finding @ Locational prices can significantly alter the charging profiles of electric
vehicles, and thus in turn help alleviate transmission bottlenecks

All of the scenarios we model envisage large scale electrification of the transportation sector and,

AY LI NIGAOdzZ I NE GKS NILAR FR2LIIAZ2Y 2F 9t SOGNRO
constitute a major proportion of electricity demand aatso offer the possibility of providing

flexibility to the grid. Such flexibility can result from charging only when electricity is relatively

L SYGAFdzE = YR Ffaz FNRY dza batkntaittie Betvidik Btlirdes 6 | G { ¢
of relative garcity.Figure EQ2 below illustrates how EV charging would vary for a particular hour

in 2035 in both the national and nodal market designs under the LtW scenario.
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Figure EQ2: EV charging profiles under national and nodal market designs, LtW (NOA7)
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86. AsFigure EQ2illustrates a transition to a nodal price regime would lead to higher prices in this

particular hour in the south of Britain. This leads EVs to cease charging in thisihaxpectation
of lower prices later in the eveningwhich serves to alleviate the transmiss congestion on the

network. By contrast, under a national price market design, the lower price means the EV fleet in
the south of Britain would continue chargigghus exacerbating the transmission congestion. We
find that overall, for modelled year 2035, there is a differemcevhenE\Q & chaNjlBg between a

national and nodal markeh ¢.28% of hour&’ indicating that locational pricing can have a
significant impact on flexible sources of demand.

13

This calculation fixes the amount @énerationcapacity in each node so that the figure will only reflect changes to

wholesale electricity market conditions and not capacity. There might be other factors not related to wholesale
prices that cause EVs to operate differentdyg(,extended periods of £0 prices), but we do not consider them to be

material.
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88.

89.

Key finding 1 Greater locational granularity in wholesale markets has the potential to
reduce the need for transmission investment relative to a national pricing regime. This is
mainly due to improved siting decisions of participants and better use-ofayvassets

such as interconnectors that, everything else equal, reduce the need for incremental
transmission.

As we noted earlier in this summaiige LtW scenario modelledhas two different underlying
transmission scenarios. Our initial scenario uses the NOA7 transmission development plan, whilst
the second uses an updated HND transmission development plan. Although we model the two
transmission grids on a nodal basis, thaimdifferences are represented below in

Figure ES3.

Figure EQ3: Transmission capacity at main congestion boundaries, NOA7 and HND
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AsFigure EQ3illustrates, the HND transmission plan envisages a greater and faster roll out of
transmission relative to the NOA7 transmission plan, particularly in ZB%@n the underlying
generation backgrounds were the same for both transmission plans, we could therefore evaluate
the benefits of the HND transmission upgrade relative to NOA7 under both a national and nodal
market design.

Under a national pricingegime,we found that the benefits of the enhancement would, under the
current ESO methodology, be evaluated&28bn over the &-year modelling period
(undiscounted) This represents the difference between the two forecasts of constraints costs
under the different transmission planasshown above irrigure ES3. By contrast, under a nodal
regime, the same set of transmission enhancements have a benefit of £3bn.
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94.

95.

The drivers of the difference in benefits are a consequence of the operation of locational markets.

First, in investment timescales, locational pricing encourages potential changes in market
participant€xiting decisiong with generation encouraged to consider siting nearer centres of
demand (where prices tend to be highét)Either case would, everything else equal, reduce the
need for additional transmission and therefore the benefits of a given transmission enhancement.

Second, in operational timescales, tm@y assetg, and in particular interconnectorscan

frequently exacerbate constraints in a national market design. As we illustrated above in

Figure EQ1, the wholesale market national price may encourage imports from Norway into GB
and exports from GB to France at times of system constraitiiereby, in practice, worsening
congestionln a locational wholesale market, the transmission constraints are reflected in the
wholesaleprices, meaning that imports into drexports from GB can only work with the
transmission system rather than againstit.essence, locational pricingnd in particular nodal
pricing, allows thavholesalemarket to optimise the use of all the flexibdeneration and demand
assets of the system in a way that national pricing simply car@iven this greater éctivenessn
usage of the current asset base across the entire value chain, a given incremental transmission
asset can only be relatively less beneficial under a locational pricing regime than under a national
market design.

A thirddriver of the differencen benefits of transmission enhancememédates to a technicality
associated witlBalancing Mechanisinids and offers and how these are then used to evaluate
transmission benefits under a national regime, but not under a nodal market design.

Given the substantial expected cost of the transmission upgrade under current plans, locational
pricing maytherefore generate additional material benefits to those identified earlier in this
summaryby optimisingthe transmission network in line with a locational pricing regime

We should emphasise that this conclusion on transmission investment does not suggest that
upgrades to the GB transmission system are no longer required under locational gristegd

our findingsshowthat, alocational pricing regimean be complementary to transmission planning
and investment, reducing the requiremerfte additional transmission.

Key finding 12: Globally, zonal and nodal electricity market designs have become
increasingly prevalent over the last 20 years.

As part of our work, we reviewed the historical and current electricity market designs for other
Organisation for Economic @peration and Developmeri ¢ h 9/ 560 02 dzy i NA Sa &
summarised below ifrigure EQ4, which illustrates the installed capacity by market design in each
of the liberalised electricity markets in the OECD.

1 Largerdemand usersould also be incentivisei site nearer larger, and more remote, generation (whpriees

tend to be lower) This effect is not modelled.
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Figure EQ4: Installed capacity by market design in OECD countries
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At the turn of the century, national pricing was the most common design. GB, much of Europe and
many parts of the US operated on this basis. Some markets operated on a zonal basis, but only two

¢ New Zealand and the New York market (NY{S@perated on anodal basis. Sinaken, zonal

and nodal markets have significantly increased in number so that, by 2020, the share of installed
capacity operating in locational market designs is now significantly greater than the share of

markets that operate under a niahal market design.

A main driver of this trend is that some markets that originally adopted national or zonal pricing

have increased the locational granularity of their markets by switching to either zonal or nodal
pricing. Sweden, for example, adopted zonal pricing anteniS, the markets of Texas and

California switched from zonal pricing to nodal pricifilgis trend is continuing, for example with
hydFNA2Qa GNYYyaAGA2Y (2 y2RFf LINAOAY3I | yR GKS
wholesale electricity market slpatch systemsia the Western Energy Imbalance Market

A secondary driver is that some markets that were not liberalised at the turn of the century
immediately adopted a locational market design. For instance, the market of thevestpart of

the US, MISO, liberalised its market in 2005 and immediately adaptdal pricing.

Locationally granular markets feature a wide range of generation mixes, for instance, among nodal
pricing markets:

< New Zealand features a mix of hydro generation in the South Island and thermal, geothermal,
and renewable generation in the North Island,;

< Singapore features predominantly thermal generation;

< the vast geographic footprint of theortheast US power market (PJM market) includes many
sources of generation, with nuclear and thermal generation in the majority;
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< the Texas market (ERCOT) and the Seesit Power Pool (SPP) have high proportionsiotl
generation; and

< California (CAISO) has recently observed significardublbf solar andcbattery storage.

Conclusions and final thoughts

The UK has set itself the ambitious goal of achieving net zero carbon emissions across the economy
by 2050¢ including plans for electricity sector emissions to hit net zero by 2035. The scale of
ambition raises formidable technical and economic challenggsh will likely increase in

complexityas more sectors in the economy decarbonise. It is against this backdrop that we have
conducted this study to assess the costs and benefits of different designs for the way in which
electricity wholesale prices agetermined.

Ultimately, prices provide signals that convey information to producers and consumers of a
product. When a product is plentifglin that the supply of the product is abundant low price
signals that more of the product can be consumed at relativelydast and that the incremental

value of additional production is low. By contrast, when a product is scarce, price is used to ration
its availability to those that value it the most and to encourage other producers to deliver more of
the product. In thisespect, electricity prices are intended to be no different to the prices of
products in other markets they signal when, and where, the product is relatively scarce and
relatively plentiful.

As we evolve towards Net Zero, the intermittent nature of renewables generation will likely result

in our electricity system rapidly and frequently switching from periods of abundant supplies of
electricity to periods of relative scarcity. We have showthis study that within GB, these

fluctuations will frequently also be regional in natuy@n particular the north of GB will likely have
more periods of relatively abundant supplies of electricity whereas the south of GB will have more
periods of relatie scarcity. The current design of our electricity market seeregilipped to

manage these fluctuations, as wholesale prices do not reflect locational imbalances in demand and
supply.

In our study, we have found that changing the GB electricity market to locational wholesale pricing
would be expected to increase both societal welfare and consumer benefits in GB under all
scenariog; with consumers benefihgin all regionof GB These benefits are significantly more
pronounced in scenarios with a nodal market design than in a zonal market design. Conversely, we
have found that maintaining the status quo would likely impose very significant additional costs on
consumers, and codldelaythe decarbonisation of the power sector.

There would inevitably be challenges in transitioning to locational wholesale pricing in GB.
However, our review of international experience suggests that such challenges can be overcome
with costs that are small relative to the potential benefits. Theegignce of other countries

should provide confidence that locational pricing could play a significant role in facilitating the
more efficient functioning of a decarbonised electricity market in GB.

We trust that our assessment will be informative to policymakers, industry and consgraads
hope that our findings can contribute to delivering Net Zero ambitions on behalf of consumers and
citizens in the UK.
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1. Introduction

1.1. In order to achieve very challenging decarbonisation objectives, electricity sectors across the globe
are undergoing rapid and fundamental change. Increagingortions of electricity are generated
by noncarbon emitting resources such as wind and solar power. Compared to the largecarbon
emitting power stations that prevailed in most of the developed world until recensiych as
those fuelled by oil, coalnal gasc the output from these new renewables resources is more
intermittent and unpredictable. It also tends to be more decentralised, in that the new sources of
generation are often sited in locations that have favourable wind and solar resources but are
relatively distant from the demand centres that they serve.

1.2. Alongside increased decarbonisation of generation, demand for electricity is set to grow
significantly as other sectors switch away from carbon intensive fuels. For example, the increasing
adoption of heat pump§'HPs ¥ 2 NJ KSI 0 Ay3 K2YSa IyR St SOGUNARO O
significantly increase the use of electricity in the economy. Finally, new technologies have the
potential to alter radically the way in which electricity is consumed. Notably, the era of
digitalisation offers the possibilitgf much more sophisticatedonsumerdemand management,
while technologicabevelopmentsallow forgreater potential to store electricity.

1.3. The United Kingdom is one of the world leaders in the decarbonisation of the electricity sector. The
share of electricity produced by zeoarbon resources has more than doubled since 20hile
emissions from the power sector have fallen by more tii&#0 over the last three decadés.
a2NB2@dSNE GKS D2 @S Nyendss/contrikutich to §l@ol WarniidgS RA ¥i @ NB R dzC
legislation that creates a legal requirement tarihg all greenhouse gas emissions to net zero by
2050' and, more recently, committing tdecarbonisehe electricity system by 2038.

1.4. While the ways in which we produce and consume electricity are undergoing radical
transformation, the way in which producers trade electricity with consumers has remained
NBflFdA@Ste dzyOKIyaSR Ay DNBFG . NRGIKetys 0aD. €0 2
designed to enable producers of electricity to compete with each other to sell electricity to
consumers (both large industriasbnsumerand retailers that serve domestic and small business
consumer$. Known as the New Electricity Trading Arrangets€¢tNETA"), the current GB
wholesale electricity market arrangements were developed in the late 1990s, going live in
March2001.18

15 National Grid¥nergy Explaingdlaccessed 24 February 20234). According to National Gridero-carbon sources
provided 48.5% of electricity uséad 2022 up from c.20% in 2.

6 BEI2021),%2020 UK greenhouse gas emissions, provisional fig{ires.

17 BEIS2019),WK becomes first major economy to padet Zero emissions la@(ink). HM Government (2021),
British EnergyecurityStrategy(link). Note, the 2035 decarbonisation targets are subjecemsuringsecurity of
supplyin the GB energy system.

8 NETA replaced the previous market arrangements known as the 'JRuobtuced at the time of privatisation in
1990.
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1.5. The original NETA design (and its predecessor) only applied to the electricity markets of England

and Wales; Scotland sat outside of this market, with its prices administered to match those in
England and Wales. Following its perceived suc@d¢gTA was extended to Scotland in 2005,
creating a single GB electricity market, operating under the British Electrreiting and
Transmissioh NNJ y3SYSyda 6da.9¢¢! ¢0d

1.6. While there have been many market design modifications since 2005, the overarching key features

of the NETA market have remaihbroadly the same. However, in light of the fundamental

changes in the production and consumption of electricity, many stakeholders consider that the
current wholesale market arrangements appear increasiongtgated.2° Without reform, there are
concerns that the costs of achieving Net Zero may be materially higher than they need to be, to the
detriment of consumers and citizens.

1.7. In this context, an area of considerable debate has been the extent to which the design of the

wholesale electricity market in GB should include a price that varies by location. Currently, the
NETA design incorporates a single national price that vaniesafth 3@minute settlement period;
reflecting prevailing national demand and supply conditions in that half hour. However, in many
other electricity markets across the globe, wholesale prices vary by location as well as by time
period. In these electrity markets, wholesale prices reflect local (rather than national) demand
and supply conditions of the electricity system for each settlement period.

1.8. The issue of location in wholesale electricity prices has received further prominence since

19
20

21

March2022 as the National Gridegtricity SystemOperator ("ESO") completed a ifhonth
programmetitled Net Zero Market Reforms. This programme explored how GB electricity markets
may need to evolve to support a carbfmee electricity system by 2035 and to enable whole
economy decarbonisation at an acceptable cost to consumers by 2050. The third phasevofkh
identified a number of significant problems with the operation of the current electricity market
0Kl G afishiyecadse the wholesale market price is missing a key component: dynamic real
time locational signats?®

Ofgem(2002) Weaflet for British Electricity Trading and Transmission Arrangeents.

For example, see ES Catapuit4, Institute For Global Changéf), Policy Exchanger(k), UCL!(nk) and Oxford
Energy [(nk). The recent summary of responses to REMA (published March 2023%howed that 80% of

respondents agreed WitPESNZ K G O dzKISB i YIF NJ SiG | NNY y3ISySyida | NS vy
¢CKS FT2dzNJ A&dadzSa ARSY (A TA &datiwand dedelSratiBgintreage ;NkEnsmiskidn i (i K
constraintmanagementosts despite significant transmission investmeirisreasingly challenging balancing of the
network, with growing levels of inefficiedispatch market signals leading to twavay assets (such as

interconnectors and storage) sometimes exacerbating transmission constraintg)sfficient signals from the

current market design to fully unlock sources of flexibility required to facilitate NetZeee National Grid ESO
(2022F Wb SG ®»SNR al NJ S SH2NXZ tKIFIasS o /2yOftdzarzya
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https://www.ofgem.gov.uk/sites/default/files/docs/2002/04/1105-factsheet0702_15april_0.pdf
https://es.catapult.org.uk/insight/why-we-cant-wait-for-electricity-market-reform/
https://institute.global/sites/default/files/articles/Powering-Ahead-The-Need-to-Reform-UK-Energy-Markets.pdf
https://policyexchange.org.uk/wp-content/uploads/Electricity-Market-Design.pdf
https://www.ucl.ac.uk/bartlett/sustainable/research-projects/2022/nov/reforming-electricity-markets-low-cost-and-low-carbon-power
https://www.oxfordenergy.org/publications/decarbonised-electricity-system-future-two-market-approach/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1140189/review_of_electricity_market_arrangements_summary_of_responses.pdf
https://www.nationalgrideso.com/document/247306/download
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1.9. CAINIKSNNY2NBZ GKS 5SLINILIYSYyd FT2N 9ySNHeE { SOdzNA (
Departmentfor. dza Ay Saa> 9ySNH& 9 LYRdzzaAGNALFE {dNXGS3e
al NJ SG ! NNRBVE ShvASriy 2022 witich seeks texamine potential options to reform
the GB electricity markedesigni 2 Sy & diz¥dBthepiirpoge ®f m@intaining energy security
and affordability for consumers as the electricity sector decarbatéa@sis consultation opened
inJuly 2022ndLJdzi FT2NB I NR (KS D2@SNYyYSyiQa 202S00A@0Sa
an initial assessment of reform options. One of the reformder consideratioris the potential
introduction of more granular locational signals in the electricity wholesale market.

1.10. In paralle] Ofgem is undertaking a Locational Pricing Assessment, which, as its central question,
examines whether introducing locational granularity into thieolesale electricity market would
enable a fullyflexible, lowcarbon, lowcostsystem?? Ofgem is assessing potential alternative
wholesale market arrangements that vary according to the granularity of the locational price of
electricity.

1.11. ltisin this context that Ofgem has engaged FTI Consulting ("FTI"), supported by Energy Systems
[ FG1F Lz & 0a9{/ 0 G2 LISNF2NXY |y FaaSaayvySyid 27
pricing into the wholesale electricity market in GB. This refoour independent assessment of
the expected costs and benefits, informed by substantial stakeholder engagement-dagtm
modelling of future electricity market developments.

A. Purpose and objectives of this report

1.12.  We have assessed the expected costs and benefits of changing the design of the electricity market
in GBby comparing a market with a single national wholesale price of electticitye in which
the wholesale price of electricity can vary by location, depending on local demand and supply
conditions as well as the available transmission capaditycontrast to many other studiesehe
net benefits oflocational pricing? we have carried out a quantitative assessment of the benefits
and the costs under a range of different possible scenarios. This allows us to estimate the
economic impact on consumers of different market design options. We also estimate the impact
on prodwers and the ESO to derive an overall economic assessment of the costs and benefits to
societyin GBas a whole.

1.13. Introducing wholesale electricity prices that vary by location meansghaerators at different
locations wouldikely be paidiifferent prices for electricity. It also means thanhder some market
design options, consumers in different parts of the country could pay different prices for electricity.
Therefore, he impacts on different groups generators andonsumers could vary, and we have
alsoassessed the expectadgionaleffectsof different locational market design options.

1.14.  Finally, we have considered some possible transitional meash@ésnayaccommodatehe shift
from the current market design to a locational market desiyml assessed how these might affect
the overall expected costs and benefits.

22 BEIS2022),'Review of Electricity Market Arrangememt€onsultation Documei|ink).

23 Ofgem (2022)¥ocational Pricing Assessméfit1k). This assessment arose fraghe Full Chain Flexibility Strategic
Change Programme.

2 C2N) AyaidlyOSs (KS 'Y 9ySNHe wSaSINOK /SyiNBQa NBLRZNI

St SOGNROAGREQ & Lzof)AAKSR 2y n hOG206SNI HAHH O
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1.15. The findings in this report are intended to provide Ofgem, and in tenGovernmentwith an
objective and welkvidenced economic assessment of #féectsof locational pricing.

B. Process

1.16. In December 2021, Ofgem publishedlawitation To Tenderto undertake a technical assessment
of introducing locatioal pricing? FTI, supported biSCsubmitted a proposal and, after being
shortlisted and interviewed by Ofgem, were selected to undertake the assessment in R#22h
The FTI teafi comprises UK, Europe and US experts with bimaskd and irdepth global
experience in both the design of electricity markets and modelling of these marKete ESC
team members bring additional insights on the socioeconomic landscape of the GB electricity
sector?®

1.17.  We were aware from the outset of our assessmemnbt least from our experience from other
electricity markets that have transitioned to locational wholegafiee<® ¢ that any change to the
design of the GB market has the potentiaktifect different stakeholders positively or negatively.
In this context, it is understandable that any assessment is likely to be critically examined and
subject to a high degree of stakeholder scrutiny.

1.18.  We have therefore sought to be as transparent as possible in our approach and have engaged
extensively with stakeholders across the industry throughout our assessment. Our aim has been to
allow as much scrutiny as reasonably possible of our methodologyssumptions and our
overall approach to provide reassurance to Ofgem and stakeholders of the robustness of our
findings and of our analytical neutrality. To this end, we have:

< used an industry standard modelling tool, Plexosjt@ntitativelyassess different possible
designs of the GB electricity market;

< sought, wherever possible, to use thighrty publiclyavailable information as inputs into our
modelling. In particular, we have used widelycepted, industnstandard data produced by
ESOand KS 9dzNRBLISFY bSGg2N] 2F ¢NIYaYENTEERY { &4/
for potential scenarios dhe evolution ofelectricity generation, demand and transmission
components of the electricity sector over the forecast period. Furthermore, we have sought
advicefrom industry stakeholders as to which sceioarare most appropriate to use in our
modelling;

Z HFIASY 6HnHMmMO W5Saidy GBATdHiYaaAsSsNent Gomtriadt ReferddceNuryii@ 202y
MpoQ

26 The FTI experts involved in the report include Jason Mar),(Joe Perkinsi{ik), Martina Lindovskali(ik),
William Hogan!(nk), Scott Harveyi(1k), Susan Popéylitch DeRubignd Fabien Roquesi{k).

27 Previous work includedResource Adequacy Mechanisms in the National Electricity MZB@20) (ink); Essential
System Services in the National Electricity Magi2220) (ink).

28 The Energpystems Catapult experts involved were Glgyvey(link), BenShafrarand GeorgeéDay.

29 Members of the FTI team have been involved in the transition to more granular locational market designs in several
energy marketsn North AmericancludingOntario (ESQ, California CAISQand Texas ERCOT
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https://www.fticonsulting.com/experts/fabien-roques
https://www.fticonsulting.com/insights/reports/resource-adequacy-mechanisms-national-electricity-market
https://www.fticonsulting.com/insights/reports/essential-system-services-national-electricity-market
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1.19.

1.20.

1.21.

1.22.

< conductedfive industrywide workshop¥ attended bya total ofover500industrystakeholders
with the aim of seeking feedback on our approach, data sources, and emerging results;

< held bilateral discussions with a wide range of GB industry participaetsding investors in
windfarms and battery storage, as well@bter market participants who provide demand
flexibility;

< supported Ofgem in publishing a Frequently Asked Questions document responding to queries
on our modelling assumptions and methodology;

< presented our initial findings to the Eurojpéde industry group, the European Federation of
Energy Traders;

< held meetings with senior executives of-b&ed power exchanges to understand the impact
on liquidity of trading in locational electricity markets;

< engaged extensively with ESO to clarify details of the proposed enhancements to the
transmission network over the modelling periaghich includedmeetings withsenior
management and control room personnel,

< discussed several specific issues with academic experts on electricity markets in the UK, Europe,
Australia,and US;

< met DESNZequently to discuss our approach, assumptions and emerging results; and

< discussed our emerging findings and approach regularly with the Ofgem working team, as well
as periodically with senior Ofgem staff.

Our hope is that all stakeholders that have engaged with us are aware of the methodology we have
used and the assumptions we have adopted and, as far as is reasonably possible given the
polarised nature of views on the issue, are assured by the robusamesanalytical objectity of

our approach

Restrictions
This report haveen prepared solely for the benefit of Ofgem for use for the purpose described in
this introduction.

FTI accepts no liability or duty of care to any person other than Ofgem for the content of the report
and disclaims all responsibility for the consequences of any person other than Ofgem acting or
refraining to act in reliance on the report or for any dgans made or not made which are based
upon the report.

Limitations to the scope of our work

This report contains information obtained or derived fromaaiety of sources. FTI has not sought
to establish the reliability of those sources or verified the information provided.

30 Qur first workshop in May 2022 discussed our proposed modelling approach and keyptiess (ink); oursecond
workshop in August 2022 provided an initial overview of our emerging assessment rgsulis0d our third
workshop in October 2022 set out an updated view of our assessrneijt (h June 2023, we conducted two
further workshops in London and Glasgow to present a summary of our findings to stakeholders.
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1.23.

1.24.

1.25.

1.26.

No representation or warranty of any kind (whether express or implied) is given by FTI to any
person (except to Ofgem under the relevant terms of our engagement) as to the accuracy or
completeness of this report.

This report is based on information available to FTI at the time of writing the report and does not
take into account any new information which becomes known to us after the date of the report.
We accept no responsibility for updating the report or infonghiany recipient of the report of any
such new information.

Structure of this report
This report is divided intelevenfurther chapters. These are:
< Background and context:
T Chapter2 describes the background of locational wholesale electricity market design.

T  Chapter3 explores market design in practiasgvering theexperiencesn GBand in other
developed countries

< Assessment approach and methodology:

T Chapter4 sets out our overall approach and methodology for the assessment of potential
design options for locational wholesale markets.

T Chapter5 details our power market model and the assumptions underlying it.
< Modelling outputs and assessment results:

T Chapter6 sets out the capacity and generation outputs from our assessment.

T Chapter7 sets out the pricing and financial outputs from our assessment.

T Chapter8 describes our assessment of the wider system impacts of locational wholesale
market pricing changes.

T Chapter9consolidatesouy 2 RSt f Ay3a NBadzZ Ga Aydz2 | [/ 24ad
expected impacts on consumers and GB as a whole.

T ChapterlOsets outour indicative assessment of the benefits of incremental transmission

T Chapter 1lsets out the results of our sensitivity analysis.

< (onclusions of our analysis and final remaskkich isset out inChapterl2.

Additionally, this report includes the following supporting appendices:

< Appendix 1provides further detail on our modelling assumptions.

< Appendix 2sets out our modelling results for the System Transformation scenario.

< Appendix3 sets out our modelling results for the Leading the Way (HND) scenario.
< Appendix 4sets out furtherdetail on our assessment on the impact on cost of capital.

< Appendix 5sets out a glossary to the report
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2.1

2.2.

2.3.

2.4,

Background: locational options for electricity market design

From the 1980s, policymakers in numerous jurisdictions across the globe wished to reduce the role
of the state in many sectors of the economy, believing that privad@iped businesses were more
likely to be efficient and deliver better service to votehan stateowned monopoly businesses.

This led to avave of privatisations and liberalisatioris,whichGBwasat the forefrontg

successively privatisirity telecoms, gas, water and electricity sectors between 1984 and 3991.

In the electricity sector, GB policymakers were concerned that the -stateed Central Electricity
DSYSNI GAy3 ,tieatoNded andidp@died &llthe electricity generators and the
transmission network in England & Waless inefficient in both its planning and development of
the sector and its operatiof? As well as harnessing the perceived efficiency benefits of private
ownership, policymakers were keen to introduce competition into the sector. This was in contrast
to the earlier privatisation of the gas sector, which transferredbticallyintegratedgas

company, British Gas, directly into private ownership while retaining its monopoly status.
Competition in the electricity sector would reward and therefore incentivise efficient production of
electricity ¢ ultimately to the benefit of consumers throhdower electricity prices.

While the transmission and distribution networks that conveyed electricity from power stations to
end-users were considered to be natural monopolies that could not be opened to competition,
electricity generation was judged to be potentially competitive. The proliferation of electricity
generators adopting different technologies of varied vintages (tylyicalal and oifired thermal
generation, nuclear, hydro and pumped storage) afforded policymakers the opportunity to develop
competition in the generatio of electricity®®

CKSNBEF2NBE:Z GKS /9D. 61 &d& RADGARSR Ayd2 bl aA2yl €
the transmission network, which was subject to monopoly regulation, and twenuatear
privately-owned electricity generating companies each owning a portfdlipawver stations

(PowerGen and National Power). To bring about competition between the generating companies, a
wholesale electricity market was developed. Known as the Pool and operated by the now
separated NGC, it provided the platform for generatorsampete3*

31 Armstrong, Cowan and Vickers (199®egulatory Reform: Economic Analysis and British Expefte Press

(

). The government sometimes retained a significant stake in these sectors beyond 1991; for instance, it sold its

minority stakes in nomuclear electricity generators in 1995.
82 Armstrong, Cowan and Vickers (199Regulatory Reform: Economic Analysis and British ExpefitE Press

B LSS blLGA2ylLf DNARQA ONAST 2. (KS WIA&ai2NE 2F 9ftSO
BEBOHNHANUVLI WD. LYLXSYSyidlaAaz2y ttFyQ@unksSEaONRLIIAZY 2

S i NR& G
T 0K
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2.5. Some parts of the US adopted a similar approach. While US electricity producers were often
privately owned, they were mostherticallyintegratedmonopoly providers of electricity. Unlike
GB, policymakers typically chose not to separate (or unbundle) the transmission business from the
generating companies. Instead, to introduce competition between generators, policymakers
separated out the systemperator part of the electricity companies into an independent entity.
¢KS LYRSLISYRSY G { &)aas tBey wdrdtiBnmel, iverd\dspoasible {ormopetating
(but not owning) the transmission system and ensuring that all generators in their region had non
discriminatory access to the network through the operation of a wholesale electricity market.

2.6. It is the details of how these wholesale markets for electricity watthe design of the markeg
and how they allow electricity to be traded between producers, consumers and storage providers
that is the subject of this study. This background chapter considers, in turn:

< the main variants in wholesale market desigparticularly with respect to locatiorSgction A;
and

< the expectedeffects from a theoretical perspective, of different locational market designs on
different electricity market participantsSgction B.

Wholesale electricity market variants

2.7. At the outset, we make the observation that regardless of the commercial, market, institutional
and regulatory arrangements in place in an electricity sector, the physical operation of electricity
systems, consisting @btentiallythousands of generators, tens of thousands of kilometres of
transmission and distributionablesas well asnillions of consumers, is ultimately governed by the
laws of physics.

2.8. Two physical constraints are particularly relevant in this context:

< Law 1:First, the supply and demand of electricity must balance on a sebgisgcond basis at
all locations on the power gridAny deviation between demand and supply results in
fluctuations away from th@ominalsystemfrequency (in GB and in Europe this is 50Hz, in some
other countries it is 60Hz). The safe tolerance around the central frequency is very narrow
(+/- 1% is the allowed tolerance in GB). Deviations beyond these thresholds resktot the
entire system blacking out.

< Law 2:Second, in Alternating CurrerdXQ&) systemselectrical current is distributed over all
possible pathways in inverse proportion to their impedanéa implication of this is that a
power statiolA Yy 2SOl Ay 3 LR oSN 2yi2 I YSakKSR aidl yRINR
the current to a particular locatiog rather the electricity flows so that impedance is equalised
across all possible lines.

2.9. These are laws of physics akin to gravity. They cannot be overridden by political or social
preferences and the operation of the electricity sector ultimately must be consistent with them.
While several different wholesale market design approaches have deeeloped across the
globe, the laws of physics mean that there is one common theme across all market designs (and all
market structures either liberalised or ndiberalisedici KS Yy SSR F2NJ I addadsSy :

2.10. The need to balance on a secebgsecond basis across the entire network (Law 1), taking into
account the way that electricity flows around the system (Law 2) means that, in practice, a central
entity is required to cenrdinate the output (or dispatchas it is most commonly termed) of all
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2.11.

2.12.

2.13.

controllable plans on the system at the moment of delivery (known as +&xake).>® Moreover, the
SO also has to prepare additional bagkresources (known as reserves) so that output can come
online immediately if there are unexpected changes in generation (e.g. due to breakdowns or
fluctuations in renewables output), outages of transeion cablesor unexpected changes in
demand. Increasingly, the SO may also have a role in encouraging dsmarftexibility, which

can play a similar role in enabling the system to respond to unexpected e¥fents.

Ahead of dispatch, electricity systems need to plan for-tiead by identifying the combination of
controllable plans and demaneside flexibility that will enable supply of electricity to meet the
demand in the forthcoming period. This is known as scheduling. In the context of this study, we
discuss, first, the approach to developing the schedule and, second, the apgmprcing within

an electricity market.

Scheduling

The scheduling of generation can either be centralised, in which case the SO is responsible for
organising the intended running profiles of plants for the forthcoming-tiza¢ period, or sel
scheduled, in which case the owners and operators of power plants make decisions on their
intended operating profileg’

< Centralised schedulingllows the SO to schedule the intended running profile of @ahtead
of reaktime ¢ typically at the dayahead stage; on the basi®of offers(and usually other
technical information) submitted by generatot&The SO uses this information to develop an
operationally feasibleunning profile of the plargon the system that takes account of the need
to balane supply and demand (Law,1he physical limitations of the transmission network
(Law 2) and the physical operating parameters of the resources

< Inselfschedulingmarkets, individual market participants inform ti&©of the intended
running profile of their power plant (or consumption of their customers) in the coming period at
a point in time ahead of real timén GB, this point is known as gate closu#er gate closure,
the SO takes control of the system, whinight involve adjusting the output of some plant
away from its intended operating profile to ensure compliance with the physical realities of the

systemThe SO hasarangeoftoolstbh S (1 KSaS | Ra2dzadySyida G2 LI

N

running profilecy 2 i 6f 82 Ay (GKS D. O2yGSEGT GKS . ILfly

contracts with market participants (known as ancillary services).

We briefly discuss each approach in turn.

35 We define controllable (or dispatchable) plant as a generating resource that can respond with relative short notice
to changes in market conditions or instructions from the SO. This can include, for instance, storage providers and
interconnectors.

3 TheESO launched a demand flexibility service in winter 2022&8eb | GA 2yl f DNARQ& ONAST 2y
Flexibility Servicei(1k).

37 We describe these different approaches as centralised os€fK SRdzf Ay3Id ¢KSe IINB 2FiGSy
dispatcké 2 NdlispaicE @iF this terminology can be misleadingdispatchis in practice centralised for all
controllable plansin all markets. Rather it is the scheduling of ptaatiead of real time that is either centrally or
selfscheduled depending on the design of the market.

38 Other technical information may include starp costs and ties, minimum load costs and levels, incremental energy
offers, and ramp rates among others.
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Centralised scheduling

2.14.  While the SO may release advance warning of certain system stress conditioresyarthoose to

defer transmission or generator outages, the role of the SO in determining the schedule typically
beginsat the dayahead stagé® At the dayahead stagethe SO typically operateséday-ahead
market and receive®ffersand technical information from market participants, allowing it to
develop & operationally feasiblechedule that sets out the intended running profile of all the
plantson the system for the following day (including storage and derrsidd response).

2.15.  While this schedule is designed to select the lowasdt resource profile to meet demand, the SO

cannot always select the lowepticed offers. Rather, the SO has to consider a large humber of
other factors in choosing which offers to select and therefotgch plant to schedule to run. These
include incremental energy offers of power plants (particularly thermal generatosgstem
stability requirements, and the finite capacity of the transmission netwbek,the need to respect
Law 2 above Where there are transmission constraigteneaning that there is insufficient local
demand to consume the output of local power plants, and insufficient transmission capacity to
convey that output to other parts of the systeqithe SO will often chooseffersfrom relatively
costly plant in areas thatre not impacted byransmission constraints, in order to meet the
geographical pattern of deman@he term for this scheduling is securitgnstrained economic
dispatch which is used in the dagheadstageas well as in real time

Selfscheduling

2.16. In seltscheduling marketghe design of thevholesalemarketplays a key rolén incentivisng

marketparticipantsto schedule the intended operation of plant in line with tbeerallintended
consumptionof market participantsOne of the pioneering seffcheduling markets was th¢ETA
designin England & Wales, which went live in 2001, and was extended to include Scotland in 2005.
Similar market designs have been adopted throughout Europe and form the basis of the current EU
Target Modef!

2.17. Under selfscheduling, market participants are incentivised to balance production and consumption

39

40

41
42
43

over a set time period known as a balancing period. In the GB market, the current duration of the
balancing period is 30 minuté$Market participants are charged an imbalance price if the

metered output or consumption in a given-8dinute period is less than or greater than the

LI NI AOALI yiQa 02y i NI Othéribalaheetprican&eforeTedebtively Kdtsias LIS N
a penalty for a failure to contract accurately ahead of gate closure, and it is ideally set to encourage
market participants to ensure that the contracted volumes are equivalent to the anticipated

For instance, based on information about which plants are likely to be available to generate and which transmission
lines are likely to be available to convey electrigitather than, say, being scheduled for outages to allow for
maintenance.

In the case of storage, the SO would take account of rdtipcefficiency (losses) and operation and maintenance

costs in scheduling the resources.

European Commissiq2017),' Establishing a Guideline dhf SOG NRA OA D, .t FyOAy3IQ o

The EU normally requires dbinute balancing periods, under its 2017 guideline on electricity balaning (

The imbalance price has evolved over time, and GB curreatlg single imbalance price across the country faced

by all market participants, whether long (ovgenerating / undeiconsuming) or short (undegenerating / over
consuming). Until 2015, there were two separate imbalance prices, with a higher price pa&thst participants

who were short than those who were long. This provided particularly strong incentives to avoid the imbalance price.
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metered output or offtake of the market participaft This means that electricity consumers and
their suppliersare incentivsed to contract to buy éctricity from generators ahead of rediime in

a way that best matches their expected consumption in a future pefiederators for their part,

are incentivised to honour the contracts by producing in line with the contracted volumes due to
the same incentive to avoid the imbalance price.

2.18.  This approach isomewhatconsistent with respecting Physical Law 1, in that there are incentives
on individual participants that encourage the aggregate balancing of supply and demand every
30 minutes**However, Physical Law 2 is entirely ignored in the current GB wholesale electricity
market. This has the potential advantage that market participants do not need to consider their
respective locations when contracting with each other. However, it hasigsldantagehat
when participants notify the SO of their intended running profiles at gate closure, there is a risk
that, due tothe finite capacity of the transmission netwgtke output from generators that is
contracted for delivery will ngin aggregatebe able to be conveyed to the demand on the system.
Where there are transmission constraints, therefore, the maidettermined schedule is highly
likely to be operationally infeasible in the sense that the notified intended running patterns of
power plant will not actually be able to meet systadtemand

2.19. As aresult, the SO makes adjustments to the nominated running profiles after gate closure to
ensure that Physical Law 2 is respected in real time. To do so, it contracts with market participants
in the BM (and potentially other contractual tools) in a pess often termed redispatch, to either
increase or decrease intended output (or consumption) from the notified oufputonsumption)
profiles submitted at gate closure. The costs of these trades by the SO are recovered through a
charge across all eleatity consumerg?®

4 The design of an imbalance price can highly challenging and contentious as can produce distortionary incentives for
market participants to keep the system balandedach locationSome of theséssues are raised in this paper
Chaved @At S Ffd® dnHnmold WEKS AYyiUSNLILFIE o0SigSEAnalysi¥ol £ Iy
2T GKS DSNXYIYy SHSOGNROAGE YIFINJSGQ o
4 This is obviously some way from the secdmyesecond balance needed to respéttysicalLawl fully, which is
partly why the SO takes control dispatchr ¥ G SNJ 31 G§S Of 2adz2NB (G2 aFAYyS {GdzyS¢ A
46 The Balancing Services Use of SystiB(Jo§ charges.
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Box 21: The origins of the New Electricity Tradidgrangements

NETA were based on arrangements developed for the GB gas market earlier in the 1990s. The
physical properties of the gas system approximate those of the electricity system in that there is a
need to balance injections of gas onto the network with offta&egas (as per Physical Law 1) and
gas tends to flow around the gas network from areas of high pressure to low pressure to equalise
pressure across the system (as per Physical Law 2).

However, the similarities between the two systems are only very approximate. Notably, there|is a
very significant tolerance in the need to balance gas injections and offtakes, with no requirement
for secondby-second balancing. For example, the gas nafionall NI y A YA aadAz2y agadas
operate at pressures between 40 bar and 90 tarhe electricity sector equivaleqgtfrequencyc

has a tolerance of +/1%.

Furthermore, while gas does flow around the system to equalise pressure (akin to Law 2 of the
electricity system), it does so very slowlat about 30 mpH?& Combined with high tolerances, this
means that, in contrast to the electricity system, there can be material variations in pressure i
different parts of the system at the same point in time. Furthermore, compressus/alvesan
0S dzaSR (2 AGRANBOG¢ 3IFa Ay OSNIIAY RANBOUGAZ2YyA:

=]

Pricing
2.20. A further fundamental market design decision is the extent of locational granularity of prices across
an area.There are three broad optionthat electricity marketdave adopted:

< Nodalpricingo £ a2 1y2¢6y Fa €20 (A2 gdcinodelorNERA Yy I f LINR C
transmission system (typically defined as each injection point, offtake point and transmission
line intersection at transmission substations) can face a different price. Examples of markets
with nodal pricing are New Zealand, Singapore @yashyall organisednarkets in the US (such
asCAIS®9w/ he¢X {2dziKgSaild t26SNIt22f -KEahdPIML I bSe

< National (or uniform) pricingthere is one electricity price across the whole of the electricity
market. Examples of markets with national pricing include GB, Germany, France, Spain as well
as Pennsylvaniblew Jerseya I NB f | Y R 0 & indafzesdént Sysfet Opekatr New
QY At I yIROSGLIET2NE (UNF YyAAGAZ2YAYy3I G2 |+ y2RIf Yl

< Zonal pricing The market is divided into several different pricing zones. Within a zone,
electricity prices are identical, but they can differ between zoEesmples of markets with
T2yt LINAOAYy3I AyOftdzRS ! dzZaGNF f Al O0AYy GKS Dbl dA:
{6SRSy® '{ YIN)]JSG& &dzOK Ia GKS /FEATFT2NYAL Ly
9t SOGNRO wStAFIOATL AGE hadzdayl Pricing befdfe tranSitiohing to@ & 9 w/ h
nodal market.

2.21. We discuss these in more detail below.

47 National Grid GSO (2018pperational Overvie@(ink).
48 The actual flow rate varies and is a function of a number of factors such as upstream and downstream pressures,
friction of pipelines, and gas flow temperaturehe panhandle equation is used to calculate flow rate (detailed in

).
9 ¢KS 3IS23INIF LIKAOIE NBFOK 2F /! L{hQa ¢K2tSartS St SOGNROA
do so) into neighbouring regions, collectively known as the Western Energy Imbalance Makket (
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Nodal pricing

2.22. Undernodal pricingthere are individual electricity prices for eatlajor injection or offtake point

on the system. The price at each node reflects the cost of meeting an incremental unit of demand
at that specificnode in thatspecificbalancing period?

2.23.  Since the cost of meeting an incremental unit of demand at a point on the system is dependent on

the capacity of the transmission system and thermal losses, as well as the cost of generation, the
price at each nodeariesby location. Prices will usually be low in areas Watige surplus of
relativelylow-cost generation and limited demand, and high in areas Wiginerdemand and

limited low-cost generatior?! The extent of price differences will depend in particular on whether
there are transmission constraingsf the transmission network is built extensively relative to
generation and demandeggionalprice differences will usually be low, driven primarilyteghnical
losses in transmitting energy across the counitrf.there are significant transmission constraints,
there will also be significant price differences, reflecting phgsicaimpossibility ofconveyng
electricity from areas with surplus generation to those with high demand.

2.24.  Typically, nodal prices are set initially in a-@wead market which is used to derive the

centrally-determined schedule. With nodal pricirgypply and demand are cleared with reference

to transmission and other security constraints to produce an initial schedile intended running

profiles of generators are in line with expected demand on the system (Law 1) and the intended
running profiles of generatoralsoNS & LISOUG G KS UGNl yavyAiaaizy ySias2N]
(Law 2)2

2.25. The prices set in the deghead markets that determine the schedule are financially firm contracts

50

51

52

53

and settled on that basis. After the schedule is set, the SO refines it in the run up-tomreah
light of improved information as to the actual likegvel of demand and updates to generator
availability and transmission capability.

The duration of balancing periods in many nodal markets has reduced over time. Mampamte 5minute

balancing periods.

Low demand areas with high levels of renewables can also experience high prices if there is limited flexible

resources with ramping capability.

Losses arise as a result of thermal impedance, meaning that some of the electricity generated at a node is dissipated
or lost as heat as it is conveyed along a transmission line.

The schedule can also be developed in a way that builds in contingencies in case of unexpected outages in
generatonandi NI yaYA&d&4A 2y 2NJ dzy SELISOGSR ¥t dzOiidz GA2y-4a Ay 3ASy:
2LIAYAAlLGA2YE 2F | yOAfftlNRE aSNBAOSa a2 GKFG LINRPGARSN
intended outputs in the energy market.
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2.26.  Afinal set of nodal prices is therefore set in reale. These prices reflect actual observed demand
and the actual generation used to meet that demand given the capability of the transmission
network at that time. The reaime nodal prices are used to settle deviations between the volumes
determined in he dayahead market and the metered volumes for each participant at each node.
Hence, a participant that is shortg., has undergenerated or oveconsumed relative to its day
ahead contract volume) dhat node pays the reaime nodal price for the volume of the
deviation. Converselyhose participantghat are longi(e., have overgenerated or under
consumed)re paid the reatime nodal price. Criticallyhis reconciliatiorbetween metered and
contracted positions is calculated for each node and each node is settled at the price specific to
that node.

National pricing

2.27. National pricing is the current pricing approach in GB. There is a single wholesale electricity price
across the entire geographic footprint of the market.

2.28. Inanational pricing market such as @t wholesalemarket operates througlparticipantto-
participanttrading either as bilateral trading or through exchanges. The wholesale price is
therefore presented as the clearing prices by the marginal plant in auctions (typicalhday
auctions) conducted by power exchanges. Market participants are not requiregbmitany
financial informatiorof these trades to the ES{hstead,they arerequired to submit their physical
notifications to the ESO up to gatlosure As noted above, the incentives inherent to the national
market design are intended to encourage participants to align their physical notifications to their
respective contractual positions.

2.29. After gate closure, th&COrelies on the BM; which is a locational market in which the SO is
counterparty to all trades. Market participants can bid in the prices specific to each unit and
location that they will accept to be constrainedf (for their generation to be turned dowror
demand increased) and offer the prices that they will accept to be constraindgbr their
generation to be increased, or demand reduced). The SO then chooses the combination of bids and
offers that it determines will miniise system costs, taking into account the locational constraints
on the system, as well as other factors such as the need to procure ancillary services.

230. ¢KS . a-a&®iA RELI &YSEyAy 3 GKFG adz00SaafdzZ @i RRSNA
opposed to a payasclear pricing market).

2.31. Aswell as the setting of prices within tB&, aher important choices in thpostgate closure
process include questions such as whether to maintain a strategic reserve (and how to call upon it
if so), how much information to gather from market participants, and which market participants
are able to participaté?

>4 Previous work for Ofgem has found limited participation in the BM by providers of Demand Side Response, for
instanceg CRA(2017)W! 44SaaYSyd 2F (KS SidedsfitRipation in heé BadeBing2VEchahiSny | v R
FYR Fy S@Fftdzr A2y 2FinB.LIiA2ya (G2 AYLNRGS | 00SaaqQ 6
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Zonal pricing

2.32.  Under a zonal price structure, tmearketis divided into several differemiricezones. Each node
within a zonehasthe same price, but prices can differ between zones. As with nodal pricing, the

extent of price differentials will depend in particular on the balance of supply and demand across

different zones, and the capability of the transmission sysbetween the price zoneshe
number of zones could in principle be large (up to the number of nodes on the transmission

system), but in practice countdehat have adopted zonal pricing typically operate fewer than ten

zones.

2.33.  Zonalpricing marketancombinedwith a selfscheduling desigras is the case in the NordPool
system across Denmark, Finland, Norway, Sweden and the Baltic couddliessheduling such as

the NordPool system typically occurs within the zdme¢hesemarkets, there are two broad
approaches to allocating transmission capagitparket participants could either book crezenal

transmission capacity or be subjected to a margetipling algorithm that incorporates the value

of transmission capacity intiie zonal spot pricé®

2.34.  Alternatively,zonal price markets can etegratedwith a centraliseescheduling design, operating
a securityconstrainedeconomicdispatchwhich determines dispatch outcomes considering the
technical feasibility of generation units and transmission lines. Prices, and the related balancing
paymentsare thencalculated on a zonal basis, and subsequently settled in the settlement process.
2.35.  While zonal markets introduce stronger locational signals than national pricing, they can face some

55

56

57

additional issuesparticularlywhencombined with selscheduling. This includefifficulties in

determining the zones, and in altering zonal boundaries as both the transmission network and
patterns of generation and demarelolve over time® Moreover, there will usually remain some

need for the SO to carry out redispatch within zones to reflect intnaal transmission
constraints>’

ly SELXFYLFGA2Y 2y RAFTFSNBYG FLILINRIFOKSE G2 ff20FdAy3
2y WOELX AOAG YR K. DheNOriodl sySteni alloSaked ttanshidsdnl caphghusidg implicit

auctions, see Nof®®2 2 f DNR dzLJQa oOoNRBT 2y W/ I LI OAGASEAQ o

See, for instancegickle and Schittekatte (2022, aitical assessmendf arguments against nodal electricity prices

in the EuropeaR S 6 I(iil& Q

Significant redispatch costs can arise even in a zonal market. For example, Italy has one of the highest redispatch

costs in Europe despite having seven zoges®n 1 6y AY HAHAO® {SS ¢l 6fS wm
Monitoring the Internal Electricity and Natural Gas Markets in 20EGectricity Wholesale Markets Volume ().
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https://www.nordpoolgroup.com/en/trading/Day-ahead-trading/capacities/
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Box 22: Selfscheduling in nodal markets

While one of the key features of nodal markets is the use of a centradisieelduling system to
facilitate efficient scheduling, commitment and dispatch across all of the nodes in the market, most
nodal market designs (such as in the US) allow marketggaatits to choose to both setommit
and selfschedule resources as an option.

In these designs, market participants choose, at aalead stage, and again in reahe, whether
to selfcommit and/or selschedule their resources. Resources that-sethmit in the dayahead
market will have financialthinding schedules like otheesources, covering the sedlbmmitted
and/or =lf-scheduled output. The SO then optimises the schedules for individual resources, while
taking the minimum load schedules of setfmmitted units and seléchedules as a fixed input in
the optimisation. The resulting hourly schedules represent binding filmhcommitments to
YIENJ] SG LI NI A OA LI y lsare paid Re deérihg pack (the No8aNgide)sderikad |y (
from the SO clearing algorithm. A key difference from the-seieduling in GB markets is that
these commitments are specific to each node at the-dagad stage and settled at the dapead
nodal prtce.

Any deviations from selcheduled volumes would be exposed to the #ixale price and may be
subject to deviation charges.

Resources that do not setbmmit in the dayahead market can choose to setfmmit their
resources in reaime, selling their output at redime nodal prices. Equally resources may choose
(or need) to recommit in real time relative to their dajpead conmitmentsc in this case the
deviation between dayahead volumes and redéime volumes are settled at the retime nodal
price.

The ability to selschedule also allows for the possibility of market participants entering in ex ante
physical contracts similar to the GB market. In this case, matched physical contract volumes jare
nominated into the settlement process (for both prodiset and consumption) and only deviations
between the metered volumes and the contract volumes are settled at thetiraal nodal price. A
key difference to the GB regime, however, is that the matched physical contract volumes are
settled at a specific lo¢@mn. To the extent that the seller and consumer are at different locations,
the seller is responsible for paying the difference in the nodal prices between its supply sourge and
the trading point and the consumer is responsible for paying the differamtieei nodal prices
between the trading point and the location of its load.

However, it is important to note that sellers do not have toseliedule their resource to cover

adzOK I & LK @ @heybuld allowv tifeir iedodde ®de economically dispatched by th
system operator and cover their bilateral contract by purchasing power from the grid when th
LMP price is lower than their incremental cd3ecause all contracts are ultimately financial in LMP
markets, much forward contracting in LMP markets is structured as contracts for differences
settling at trading hubsStructuring forward contracts to settle at a trading hub allows the parties
to the contract to trade around their contractual position on commodity exchanges to cover plant
outages, changes in load obligations and other factors.

CBLIAOFEteY avYdzad NHzy/léw casSoyfitBuNdndiad Mabilitytd fallSnddispatt
instructions) such as nuclear plantsuld choose to selfommit and sekschedule their output in
the dayahead market, while thermal units with long start up times may-sethmit their
minimum load block to ensure that they are online but allow the SO to dispatch them economically
based ortheir offer pricesOther types of resources, such as run of river hydro, mayssbédule
their output in realtime based on realime river flows.

[¢)
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B. Theoretical impacts of different market design approaches

2.36. In this section, we briefly consider some of the potential impacts of differing locational pricing
approaches. We consider in the following ssdrtions:

< the shortterm impact in terms of financial flows to market participants and overall incidence of
costs toconsumers

< the longerterm impact on market participants; and

< other potential impacts that arise under locational pricing.

2.37. In each suksection wecover bothquantifiable and qualitative impact$hese are theoretical
impacts designed to illustrate how different approaches could affect different grdlpsalso
briefly outline the approach we have adopted in this study for assessing the quantifiable impacts
that is the focus of this reporOur modelling work, described in later chapters, provides an
in-depth assessment dhe expected impactef locational pricing in the GB context.

Shortrun impacts

2.38.  We might expect limited effects ¢tdcational pricing on overall efficiency in the short rue.(
when assuming fixed capitamix across different market desighsThis is because, as emphasised
above, ultimately all systems need to be centrdligpatchted. With the same patterns of demand
and generation capacity, we might expect the market and SO to optimise the system similarly
across different market structuré§ However, financial flows will be different, resulting in changes
to the distribution of costs and benefits among and between generators, storage providers and
consumers.

2.39.  First, we use a simple twaode example to explain how the financial flows vary between market
designs. In this setting, there is no difference between zonal and nodal pricing, so we only consider
the difference between any form of locational pricing ankdoly national pricing. We then discuss
how efficiency oflispatchcouldin practicechange across different market designs.

Differences in financilbws in different markedesigns

2.40. Figure2-1 shows a simple two node (or zone) electricity system, with generation and demand at
both nodes.

58 We discuss this assumption later in this sgution.
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Figure2-1: Simple two nodevorkedexample

Area A: Lowdemand

Demand A = 250MW

G1 Generator 1 G2 Generator 2

Capacity 200MW; Capacity 300MW
Cost of production Cost of production
£20/MWh £25/MWh

Transmissiodine limit i 50MW limit

Area B: Higkdemand

Demand B = 550MW

G3  Generator 3 G4 Generator 4
Capacity 300MW Capacity 200MW
Cost of production Cost of production
£45/MWh £50/MWh

Source: Styded example, FHnalysis

2.41.  For the purpose of this stylised example, we consider aolye onehour period.The setup of the
worked example involves the following assumptions:

< System demands assumed to be 800MW, with 250MW in Area A and 550MW in Area B.

< The fourgeneratorshave different incremental costs of generating.

T Generators at Node A are relatively low cost (costs are £20 per MWh for Generator 1 and
£25 per MWh for Generator 2)vhile

T those at Node B are relatively high cost (costs are £45 per MWh for Generator 3 and £50
for Generator 4).

< Thetransmission systentan convey a maximum of 50MW between Node A and N&xde

< We assume that there are no transmission losses, perfect foresight (so that there are no
unexpected generator or transmission outages and no changes in the expected level of
demand), and that each generator bids at its marginal cost and has no techmitabln its
operation>®

Worked example:ational price market outcome

2.42.  With national pricing, the 800MW of demand can be met by the loweest Generators 1, 2 and 3,
with Generator 3 setting the market price of £45 per M\Whis is the price paid by the 800MW of
demand and received by all three generating units. Therefore, Generators 1, 2 and 3 earn £9,000,
£13,500 and £13,500 respectivéRand the demand side pays £36,000.

%9 Such as costs of ramping up or down generation.
60 200MW*£45 = £9,000 and £300MW*£45 = £13,500.
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2.43.

244,

2.45,

2.46.

2.47.

2.48.

At gate closure, the generating units notify the SO of their intended generation profiles, and
consumers or their suppliers would also submit thieiended consumption profiles (totalling
250MW and 550MW in Area A and Area B respectively).

At this stage, the SO assesses the schedule against the actual physical capability of the system. In
this case it finds the intended schedule is not consistent with the physical reglégerators at

Node A wish to generate 500MW in aggregate. But oBBMMW is demanded at Node A and only
50MW can be transported away to Node B. Therefore, there is a 200MW excess of generation at
Node A. The opposite is true at Node BOOMWis committed tobe generated (by Generator 3)

and 50MW can be imported, yet 550Mi&/demanded.

This is the transmission constraint tia®Oneeds to intervene in the market to resolve. It does so
through theBM. By assumption, Generator 4 will be prepared to submit an offer intdiiie
expressing a willingness to generatéhat is, to sell to the SQat £50 per MW for up to
300MW 6t

As Generators 1, 2 and 3 intend to operate at full capacity, they cannot, in this period, offer to sell
further electricity to the SO in the BM. They can, however, bid to reduce their output. The
generators in this example incur a cost in generating. For example, Generator 2 will incur a cost of
£25 per MW in meeting its contractual volume of 300MW, for which it will receive the market

price of £45 per MW. It will therefore be prepared to pay up to £25 per M\\ér not being

required tomeet its commitment tqknowing that it will receive £45 per MiWrom the wholesale
market in any case).

Therefore, in this example, at the time of gate closure, Generators 1, 2 and 3 submit bidsite

their generation in the BM at their prevailing marginal casts £20 per MW, £25 per MW and

£45 per MW respectively. Given this structure of bids and offers into the BM, the SO can ensure
that the overall output of the generating units reflects the physical realities of the network. To do
this, it buysan incrementaROOMW from Generator 4 at £50 per MWThis ensures that demand

in Area B will, in agggate, be met with 300MW and 200MW being generated by Generators 3 and
4 respectively, and 50MW being conveyed across the transmission line from Area A.

In Area A, the SO must reduce the output of one of the generators by 200MW to ensure system
balance in that part of the system. It therefore chooses the most favoulzitljevhich is the
highestpriced bid to reduce generationin this case from Generator@of £25 per MW. The SO
therefore accepts £25 per MiMrom Generator 2 for it to reduce its generation by 200MW,
meaning that Generator 2 pays £5,000 to the SO.

61 In principle, demand response providers could also offer to reduce their demand; we ignore this in this example.
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2.49,

2.50.

2.51.

2.52.

These transactions by the SO have now ensured that the finalised schedule respects the physical
laws of the system. Generators 1, 2, 3 and 4 will generate 200MW, 100MW, 300MW and 200MW
respectively to meet the demand of 800MW in that period. Overall, tieding financial flows

have occurred:

<

Generator 1 receives £9,000 from the contract market and generates 200MW to meet that
commitment (and incurs a cost of £4,000 in so doing).

Generator 2 receives £13,500 for 300MW in the contract market but buys back 200MW from
the SO in the BM at a cost of £5,000. It therefore receives a net amount of £8,500. In real time it
generates 100MW (and incurs a cost of £2,500).

Generator 3 receives £13,500 for 300MW in the contract market and generates 300MW to
meet that commitment. It incurs a cost £13,500 insodajigdi A& GKS aYIF NBAYI .
the national markethis period that sets the marketlearing price.

Generator 4 receives £10,000 for 200MW in the BM (and generates 200MW at a cost of
£10,000).

TheSOpays out £10,000 and receives £5,@0nplying a net cost of £5,000.

Demand pays out £36,000 in the contract market. However, it also must fund the SO costs of
£5,000, so that the overall cost tmnsumerdor the 800MW of electricity demanded is
£41,000.

A point worth emphasising here is that the cost incurred in resolving the transmission constraint is
Ffglea | O02ad Ay GKIFIG GKS {h YdzadG &aodzz KAIK |y
generator that is located in a higfemand locatiorbut is too highcost to be competitive in the

national market. It sells back at a low price to a generator that was competitive in the national

market but is located in a part of the network where there is insufficient demand and insufficient
transmissiorto allow its output to be consumed. This is the cost of the transmission constraint that

is then recovered frongonsumers

Worked exampleotational price market outcome

Under locational pricing, the marketdesigned in such a way that the physical laws of the system
are (in broad terms) respected. Assuming as before that market participants submit their bids in
line with their marginal costs, the SO can optimise which bids to select to meet the demand (of
800MW) given the configuration of the transmission network. The lowest cost outcome is to select
200MW, 100MW, 300MW and 200MW respectively from Generators 1, 2, 3 and 4.

The price is set at each location to reflect the incremental cost of meeting a unit of demand at each
node on the system. At Node A, were demand to increase from 250MW to 251MW, Generator 2
would need to increase output from 150MW to 151MW at a cost of @25MWh. Therefore the

price at Node A, in this example, is £25 per M\At Node B, were demand to increasedme unit

to 501MW, Generator 4 would need to increase output from 200MW to 201MW. Note in this
example that Generator 2, although it is lesstiyand has available capacity, cannot serve the
demand at Node B as the transmission line is already operating at full capacity.
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2.53. These priceg of £25 per MW and £50 per MW for Nodes A and B respectivejyare used to
clear the dayahead market. Hence Generators 1 and 2 are paid £25 peh fY\their output of
200MW and 150MW respectively and demand at Node A pays £25 pdr. MV ode B,
Generators 3 and 4 are paid £50 per M¥gr their output of 300MW and 150MW respectively and
demand pays £50 per MV

2.54. In this simple setting, there is no need for the SO to make any further refinements to the schedule
in the run up to real time and hence each generator proceeds to generate in line with the day
ahead schedule.

2.55.  The financial flows under this market design are somewhat different from those in the national
market:

< Generator 1 receives £5,000 for 200NIW

< Generator 2 receives £2,500 for 100NMW

< Generator 3 receives £15,000 for 300MW
< Generator 4 receives £10,000 for 200\¥nd

< in aggregate, therefore, the four generators receive £32,500.

2.56. In contrast to the national pricing regime under a more granular locational market, demand pays
for its consumption at the prevailing price at each node. In this case, therefore, demand at Node A
pays £25 per M\WWfor 250MW, totalling £6,250, while demand at Node B pays £50 peh KW
550MW, totalling £27,500. The total payment by demand is therefore £33,750.

2.57. Note that, in aggregate, the amount paid out by demand is £1,250 greater than the amount paid to
generators. This arises because 50MW of the output that is generated at Node A is paid the nodal
price of £25 per MW but is conveyed to Node B on the transmission line where the nodal price
paid by demand is £50 per MWIn most locational markets, this surplus is passed back to
consumersso that in this exampleonsumersvould in aggregate pay £32,569.

Worked example:otnparison of financial flows between national and locational markets

2.58. Table2-1 below compares the financial flows and outputs under each market design

52 This surplus is the genesis of many hedging instruments used in locational markets. Often referle@Rs as
market participants can acquire a right to the financial surplus generated by the price spread of two nodes in the
settlement process. This creates the potential for a market participant to hedge the price risk at the node it is
located to the extent thathe volume of transmission is available. In the context of the stylised example, if
Generator A were to acquire tHeTRor 50MW of the spread between Node A and Node B, this effectively means it
can sell 50MW of its output at Node A for £25 and receive a further £25 for the spread between Node A and Node
B. Effectively, therefore, Generator A receives the Node B priEBGper MW for that 5S0MW of output. It acts as
a hedge in the sense that, were the price to fall in Node A or increase in Node B then the price spread would widen.
For example, should demand drop to 100MW in Node A (rather than 250MW), the nodal price would28ll(ts
only 150MW of Generator 1 output is required to meet the 100MW of demand and the 50MW that can be
conveyed to Node B). However, the spread between the nodal prices would widen to £30 so that Generator A still,
in effect, receives £50 per Mifor 50MW of its output (£20 per MWfrom selling into the power market at its
node and £30 for the value of tHeTR. While a number of allocation approaches are conceivable, in many markets
the rights to the surplus are auctioned to market participants with the auction receipts passed hawkstoners
Given our highly stylised assumptions regarding perfect foresight, we assume that the auction for 50MW of
transmission rights between A and B would clear at the value of the congestion rent that arises in settlement
(£1,250). Hence, the £1,250 in thisaexple is still received by consumers.
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2.59.

2.60.

Table2-1: Financial flows and outputs in our illustrative worked example

National market

Output /

consumption

Revenues/
payments

Locational market

Output/

consumption

Revenues /
payments

52

Percentage
change in
revenues

(MwW)

(Mw)

Generator 1 200MW £9,000 200MW £5,000 -44%
Generator 2 100MW £8,500 100MW £2,500 -71%
Generator 3 300MW £13,500 300MW £15,000 +11%
Generator 4 200MW £10,000 200MW £10,000 0%

Total revenues 800MW £41,000 800MW £32,500 -21%
Demand A 250MW £12,813 250MW £5,859 -54%
Demand B 550MW £28,187 550MW £26,641 -5%

Total payments 800MW £41,000 800MW £32,500 -21%

Source: FTI analysis

because, first, the whekale price received is lower and, second, those generators that were
| SyO0Ssz Ay 2dz2NJ SEIFYLX Sz DS

constrained off are no longer compen$aR ®
71% under locational pricing relative to national pricing. By contrast, generators in the import

As Table-1 indicates, the outputs by each generator are the same in this stylised example. There
is no difference in the efficiency dfspatchas the leastost plant is used to meet demand given

the transmission constraints. However, the financial flows are very different. Generators in the
export-constrained part of the system receive lower revenues under locational pricing. This is

constrained part of the system under a locational market now receive a clearing price set by the
& OFLfftSR o0& GKS

geneNJ 2 NJ GKI G

gl & LINBOA 2 dzaf
revenues increase by 11% under locational pricing. Generator 4, as the marginal plant on the
system, receives the sanagt is either called in the BM (in the nationalarket design) or sets the

clearing price in the locational market design. Overall, the amount paid to generators isfower.

There is also a change in the payments by dermgindhis example, the amount paid by demand
in Node A falls by 54% as it can now access the less costly generation in its location without
needing to pay the national price, and it does not need to pagdmstraintmanagement Demand

in Node B pays a higher nodal price (up from £45 pertMMESO per MWh), but in this example
also pays less because it no longer needs to pay its portion of the constrairsgementost
chargeandit receives congestion rent revenués.

{h

53 This might be expected to be typically the case, because inframarginal rents will typically be lower as a result of a
closer match between local demand and supply. However, it need not always be so. For ins@®gg,3fNJ (G 2 NJ n Q&
costwas£79 per MWh or higher, the total amount received by generators would risthe reduction inthe amount
paid by consumers node A would be outweighed by an increase in node B.
Note thatcongestion costs, constraint management costs emglgestiorrentshave different meaningdVe have
adopted the following convention in this repo@ongestion costefer tothe additionalcoston the electricity
systemarising frominsufficienttransmission capacity between two points on the systestricting flows from
lower cost supply to meet deman@onstraint management costsfer to thespecificcosts incurred by the Si@
the BMto addresgsheseconstraints Congestion rentsefer the financial surplus from revenue collected from
demandlesspayments to generators driven Ipyice differentials between two pointsn the system
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2.61.

2.62.

2.63.

2.64.

2.65.

2.66.

In general, we would expect financial flows between the two market designs to change as in this
stylised example. Generators sited in expoonstrained parts of the system will (by design) always
receive lower revenues in a locational market design thagen a national pricing regime, while
those sited in imporconstrained parts of the network will always receive either higher or the
same revenues.

The demaneside effects are more nuanced. Demand in the exjgoristrained part of the network

will (by design) always pay less in a locational market (as it can now pay the low local price rather
than the national price). Demand in the impanstrainedpart of the network could either pay

less, the same, or more. In our stylised example, it pays less because the increase in wholesale
prices in its area (from £45 per MWo £50 per MW) is more than offset by a decrease in

constraint managementosts andhe incremental revenue passed back to it in congestion rénts.

Overalltransitioning to locational pricing withangethe direction ofpayment flowsto generators
Generators in exportonstrained areas receive lower payments, generators in impanstrained
areas receive the same or higher payments. We can also say definitively that demand in export
constrained parts of the network will pay less. There is nactiveal certainty, however, on

changes in payments by demand in the impoonstrained parts of the network. Whether it is
higher, lower o the same, wildepend on the prevailing marginal costs of generation in that part of
the network and the extent of transmission constraints.

Our approach to assessing financial flows

This is a very simple example to illustrate potential changes in financial flows. In our modelling, we
assess expected financial flows in the context of the GB market whéehreedifferent market
designs, based on a wide range of assumptions about factors such as the costs of different
technologies, the configuration of the transmission network and the evolution of fuel pfitese
assumptions are discussed furtharChapter 4.

Practical considerations

In our simple example, while the payment flows are different, the amount generated by each unit
is the same; hence the overall cost (for instance, the fuel costs incurred by generators) of meeting
demand in the different market designs is identical. Th&n abstraction from reality; in practice,
where there are more than two zones or nodes, we would usually extisgatch and therefore
generation, to differ between market designs with locational pricing and those without. This is
because a system witlbcational pricing can optimisgispatchsimultaneously across all locations.

In general, locational pricing should therefore enable more effiaispatch that is theleast cost

set of resources is utilisethan systems with national prices only.

Moreover, our example included the assumptions of perfect foresight and of no technical
limitations on the output of generating units. This meant that in the national market example, it
was possible for the SO to use the BM to balance the system efficiarttiat it could call on a
generator in the exportonstrained part of the system (Generator 4) to increase output after being
notified at gate closure of the intended outputs of each unit on the system, and it could also turn
down Generator 2.

8 Total payments by demand in node B would riggSfy’ S NJ (i 2 Was£6039peONBN dr higher

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 54

2.67. In practice, relaxing those assumptions potentially presents a challenge for the SO. In the period of
one hour between gate closure and commencement of real time, it must resolve the infeasible
aggregate schedule notified by individual participants by apieg in the BM so that the final
generator schedule is compliant with the technical limitations of the network.

2.68.  This short time duration raises the possibility that the SO might not be able to draw on the most
efficient plant, relative to a situation in which it was aware of intended running profile further
ahead of time. For example, suppose that Generator 4, dutsttechnical characteristics, needs
AAE K2dNBEQ y2GA0S KSFR 2F O02YYSyOAy3I 2LISNI Az
the import-constrained part of the network (Generator 5) that could respond in the foogr
timescale albeit with ailgher marginal cost of, say, £100 per MWh this case, the SO would not
be able to calbn Generator 4 to operate, but would instead need to take the offer of Generator 5,
incurring higher costs in doing so. Had the SO been aware of the intended outputs of the
generators earlier (ithis case 6 hours earlier) it may have been able to call upon the loostr
but slowerresponding Generator 4.

2.69. By contrast, in a locational market, it might be expected that thealagad market wuld be
broadly compliant with the constraints imposed by the transmission system. In our stylised
example, Generator 4 would have been scheduled at theattesad stage, ensuring that it had
sufficient time to prepare to meet its requirements in real time.

2.70.  National market designs have developed a number of mitigations to try to resolve thig;itsue
example, participants need to provide an earlier indication of their intended outputs to the SO
(termed Initial Physical Notifications) that are periodicalbgated as gate closure approaches.
However, these are not financially binding so there are no financial implications of changing
intended running profiles ahead of gate closugimilarly, the SO has a range of tools that it can
deploy ahead of gate close, such astart-up contracts, which allow it to contract with plant
located in importconstrained regionsi K i Y SSR Y2 NEB { K| afeurtikéi$to Be2 dzNI &
economic to operatén the national market.

Our approach to assessing potential differences in dispatch

2.71. Inour indepth modelling work, we analyse the impact changedo dispatchoutcomesas a result
of the ability to optimise across all nodes or zones in the system. This is compared to the national
pricing market system which determines a single uniform price at every location, and then alters
dispatch to reach a feasible schedule. Therdifiore captures some of the expected change in
efficiency of dispatch under locational pricing.

2.72.  In practice in nodal markets, balancing in reale is based on securitgonstrained economic
dispatch, unlike in a national or zonal marReEorward commitments in nodal markets are based
on a combination of securitgonstrained economic dispatch in the dalgead market and in intra
day scheduling. In addition, the elimination of constrairedtipayments would be expected to
eliminate any incetive for market participants to commit unnecessary resources in order to
increase their constrainedff payments.

8 SecurityO2y AGNF AYySR SO2y2YAO RAALI GOK 6a{/ 9560 NBFSNA (2
determines optimal dispatch outcomes whilst considering the operational limits of both generation and
transmission facilitiesSee Federal Energy Regulatory Commission (2@8@@)rity Constrained Economic Dispatch:
Definition, Practices, Issues and Recommendafiping).

P 7 FE.T I

Energy Systems CONSULTING


https://www.ferc.gov/sites/default/files/2020-05/final-cong-rpt.pdf

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 55

2.73.

2.74.

2.75.

2.76.

2.77.

However, our assessment does not capture the full effects of locational pricing on dispatch as we
do not assesall ofthe potential impacts of centralised scheduling relative to-setfedulingFor
instance, his means we do not take accounttbE potential benefits such as:

< improved dispatch resulting from the SO having broader and deeper information about plant
capabilities, meaning that, for instance, it can better optimise across the wholesale market and
the market for ancillary services

< the potential benefits of centralised scheduling within an hour
< the ability to ceoptimise energy and reserves more easily than in ass#leduling marketand

< iYLINP PSR RA&LI G§OK NBadz (A ywih fiRad@avunipedic { h Qa NER f
commitmentsat the dayahead stage (versus gate closure one hour beforetied).

Conversely, there could BEenarios with more efficient dispatch under a salheduled market

design than a centralgcheduled design. For instance, if the SO lacks the depth of information held
by market participants, it may be unable to forecast variations in load or intermitessource

output as well as market participants in making its scheduling decisions. As another example,
difficulties in incentivising the SO could mean that it does not make optimal use of the information
it receives, suggesting that dispatch could berenefficient when it has a more limited rotéSuch
potential effects of central scheduling are also not included in our assessment.

Longerrun impacts

As well as shotterm effects, locational pricing may have impacts on the electricity market in the
long run. These could arise as the differences in financial flows set out above may induce
differences in where on the electricity system market particigattioose to locate and, potentially
also, closure decisions. This might apply to both generators and to demand. We discuss each in
turn and thenalsobriefly considethe impact on transmission investment.

Generation siting decisions

Under a locational market design, the wholesale market provides locational signals and therefore
offers thepotential to affect siting decisions, based upon expected wholesale prices at a given
location over the lifetime of the assdtor instance, investors ageneration plant might invest in
areas where they expect future prices to be high.

Of course, expected energy prices will not be the only factor driving siting deciBmrsxample, a
wind generator may prefer to site in an imparpvnstrained area that is less windy but has a higher
expected price than an expeconstrained area of the network with high wind resource but an
expected lower price. Furthermore, planning mestions may significantly limit the range of sites
available in any case, so locating inigh-pricedarea may, in practice, be more diffici.

67 Such considerations were important drivers of the NETA refo8as Ofgem/DTI (1999Fhe New Electricity
Trading Arrangemen€®ink).

68 A study on the 2011 Swedish electricity market splitting reform shows evidence of wind invesfmoading to a
locational wholesale price signal. In the case of Sweden, the shalysgreater investments in higher price zones.
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2.78.

2.79.

2.80.

2.81.

2.82.

2.83.

Under national pricing, the wholesale market, by design, has no impact on siting decisions. This is
because the same price is received for a marginal unit of output from a generator regardless of its
location. Furthermore, by virtue of the operation of tB&, generators also receive compensation
for not generating if the physical realities of the transmission system prevent them from doing so.

As a result, under national pricing, investment in new generation capacity can increase rather than
reduce consumer costs. For instance, in our stylised example, suppose that a new generator enters
in Node A with a marginal cost of £30 per MAhd a capacity of L00MW. The cost of this

generator is below the national price of £45, so it is scheduled to generate at gate closure. But it
cannot generate in practice, given transmission constraints. It bids not to generate in the BM, and
pays £3,00@£30 per MW*DO0) not to do so. There is ho change to the actual pattern of generation
and demand, but consumer costs increase by £1,500 (the £4,500 paid to the new generator in the
wholesale market minus the £3,000 received from it in the BM).

Overall, therefore, under national pricing, the wholesale market does not influence siting decisions
of market participants. This runs the risk of encouraging generators to site in areas of the network
that are not beneficial to the energy system as a vehblecause the transmission system limits the
extent to which they can produce. This could increase costeisumersas the SO needs to take a
greater volume of actions (and therefore incur greater cost) in the BM.

Storage siting decisions

Storage providers, such as battery owners, earn revenues in the whotdeatecity market

primarily through variability in priceshey rely on buying electricity when prices are low, and
selling it when prices are high. In addition, they can earn revenues from some ancillary services
(such asshort Term Operating Resenaasd Black Starfs well aghrough the BM.

This means that a key consideration in the siting decisions of storage providers under locational
pricing is the extent of expected price volatiltStorage providers could expect to earn higher
revenues where expected price volatility is high and so, to the extent that they are able to move
their plant, might be expected to locate in such areas. By locating in areas with high price volatility,
storageproviders should reduce such volatility over time, with potential system benefits as a

result.

Under national pricing, the wholesale price does not provide any locational signals for storage
providers. This means that, as with generat@t®rage providers havénited consideation forthe
locational constraints on the system when choosing where to lodatsome circumstances, this
means thatadditional storage assets fail to mitigate constraints on the network and could make
them even worse, as we discuss further in Bdx 6

59 Pumped hydro storage facilities face similar considerations to battery stonagesver,their siting decisions are
limited to geographical resources.
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Demand siting decisions

2.84. The same logic that applies to generators applies to the siting decisions of the demand side too

due to different locational wholesale pricésced byconsumersin a locational market, a new
consumercould choose to site in a part of the network with lower prices (at Node A in our
example) and therefore access the lower cost generation available there. Conversely, it could
choose to site in the imporftonstrained area, albeit facing the high price of that electricity. That is
to say, it too will need torade off the benefits of being inlaw-pricedarea (that is perhaps less
conveniently sited) with a high priced area (that perhaps is more converifent).

2.85.  Of course, this siting decision is unaffected in the national market as demand pays the same price

wherever it locates which is the wholesale price plus the uplift charge needed to recover the costs
of constraint managementn the context of our stylised example, the impact of 200MW of new
demand siting in Node B would beincrease the clearing price to £50 per M\ahd therefore
increaseboth the payments by atonsumergregardless of location) and the revenues to
generators. If it were to site at Nod¥, then the price would also increase to £50 but, importantly,
the cost ofconstraint managemenwould reduce (as now Generator 2 has less volume that needs
to be constrained).

2.86. In practical terms, many demargideconsumergnotably domesticonsumer$ will consider a

whole range of other factors in their siting decisions (and the cost of electricity is unlikely to be a
major determinant)’* But this might not be true of all demand; there is potentially a cohort of
large energyintensiveconsumerghat may be attracted by differentials in wholesale prices and
choose where to site on the basis of the expected difference between prices in eaclt area

Transmission development decisions

2.87.  While nodal pricing regimes offer the theoretical potential of merchant investment in transmission,

70

71

72

73
74

in which private investments in transmission assets that connect two nodes earn the congestion
rents created by the new transmission asset, it is geneagjiged that market failures make this,

in practiceunlikely to beviableexceptin unigue conditiong? For this reason, regardless of

whether the market has a national or a locational pricing regime, investment in transmission tends
to remain theduty of a monopoly transmission operator as the sole provider of transmission assets
over a defined geographical footprirgnd in which the amount of revenue it can recover from
consumerss restricted by regulatiort!

A study of the manufacturing industry in the US shows enargnsive industries concentrating in areas with lower

St SOGUNROAGE LINAROSad {SS YIKY>X alyadaNJ 6Hnmo0X W52 f 20l
O2yOSYGNF GA2Y I2F SYLX 28YSyiKQ o

For example, the cost of electricity may have a negligible impact on deciding where to build new residential

buildings across GB

LOStlyRQa t2¢ StSOGNAROAGE LINAOSa IINB aSSy a | 1Se& NB
data centres. FraunhofdR020) W9 f SOGNA OAGE O2ada 2F Syl@NHe AydiSyairgsS |
Joskow and Tirol@005)Wa SNOKI yi (N} yaviaairzy Ay@SadySyidQ o

We note that there have been some attempts to introduce competition into the transmission sector in recent years.

Seeg for example Ofgem(2016 W v dzAuidg tottiz CATQv S 3 A(Y1/§, & National Grid ESQ021) Early

Competition Plaf{ink).

P 7 FE.T I

Energy Systems CONSULTING


https://www.sciencedirect.com/science/article/abs/pii/S0047272713000509
https://www.stjornarradid.is/library/01--Frettatengt---myndir-og-skrar/ANR/ThKRG/Report%20Iceland-FINAL.pdf
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.0022-1821.2005.00253.x
https://www.ofgem.gov.uk/sites/default/files/docs/2016/11/quick_guide_to_cato_-_nov_16.pdf
https://www.nationalgrideso.com/document/191251/download

ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 58

2.88. The difference in market design has the potential to influence the business case for new

transmission investment. This is because the way in whicle¢b@omicbenefits of an investment
in transmission assets manifest differ. In a national market design, the benefinkumersof an
upgrade to the transmission network will result in reduction in constraiahagementosts that
are incurred by the SO (and ultimately fundeddoynsumers.

2.89.  With locational prices, the incremental transmission will have two types of impact on consumers.

These are:

< First, incremental transmissiamill change wholesale prices at nodaszoneson the system.
Typically, prices in expoedonstrained parts of the system will rise while those in import
constrained parts of the network will reduce.

< Second, the amount of congestion rent will change, albeit the direction of change will depend
on each individual case. This is because the volume of congestion rent will increase (as there is a
greater volume of flows across the transmission line) butgtiee spread between the two
nodes will likely narrow, leading to congestion rent with lower prices. Hence congestion rents
could either increase or decrease.

2.90. It will also impact producersthose in export constrained parts of the network will be able to

produce greater volumes and at higher prices. Conversely, those in iropoestrained regions will
experience price reductions and, likely, reduced output as a result of the addigtataticity
conveyed on the incremental transmission lines.

2.91. Inanodal or zonal market there is the additional possibility that participants opt to site in a

different location as a result of changes in wholesale prilsasoccur as result of the#zansmission
investment. This effeatvould also need to be taken into account in an evaluatidmrerewould be
no such change in sitirdgcisions in aationalwholesalemarketas result of transmission
investment’

2.92.  Overall therefore,the methodology for assessing the economic mesitsew transmission will

75

76

7

vary depending on which market design is in plate:

< For national market designan economic assessment ofransmission investmenvould
evaluate theexpected reductions inonstraint managementoststhat would otherwise be
incurred by the SO in the Biythe costs of which would ultimately be recoveridm
consumers; and compare these to the costs of the proposed investniént

Two caveats, albeit at a conceptual level, are warranted to this. First, it is theoretically conceivable that some
generators that would have opted to site in an impodnstrained area of the netwoiik anticipation of earning
revenues through constrainedn payments in the BM would be deterred as a result of new transmission
investment. Second, it is alsimeoreticallyconceivable that transmission charges may be adjusted to account for the
impact on participants of the new transmission investment and so influence siting dediséensul discussion of
TNUoSransmission charges below).

We should note that an economic needs case may not be the only factor motivating incremental transmission
investment. TSOs often cite the reliability benefits arising from increased transmission and incremental transmission
investment is often justifiedn account of meeting wider public policy objectives (such as connecting renewables
generation).

See for example National Grid ESO (2020)etwork Options Assessmeltethodology(/ink), that describes the
approach that ESO take to assessing the benefits of network reinforcements.
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< For locational market designs, the costs of new transmission investments (between nodes in a
nodal market and between zones in a zonal markeiyld be evaluated against the resulting
socioeconomitbenefits, which woulde the aggregateof three components

T  First, thechangein wholesale prices paid by consumers (noting that some consumers at
some location would see prices rise and some €alis is the change in the consumer
surplusthat arises because of the increased transmission

T  Second the change in the wholesaéeenuesreceivedby producers (again notirgbme
experience higher revenues and some lowdhjis is the change in the producer surplus;
and

T Third,the aggregate change the congestion renearned by virtue of thehanges in the
pricedifferentialsand volumes that are conveyduktween noas(or zores).”

Locational signals in nationalicing markets

2.93.  While nationalpricing markets lack locational signals in their wholesale prices, they can include
locational signals through other mechanisms, including:

< transmission charges;
< decisionmaking on connections; and

< BM payments.

2.94. In GB, the transmission network use of system chafi8lfo$0 A & aSié (2 LINREe& {F
YENBAYFE 02a0Gé¢ 2F (NI} yaYAadairzyd ¢KAa YSItya (KI
network that tend to be distant from main centres of load (and therefore more likely to be behind
transmission constraints) a@rlower (or even negative) for generators that are sited close to load
(and therefore are determined to use less of the network). $&meis true for charges levied on
demand; they are lower in areas of the network close to generation and higher inthetase
distant from generation. In turn, this is intended to influence siting decisions of new entrant
participants.

2.95. Relative to locational wholesale pricing, there may be some potential benefits of providing
locational signals through transmission chargesh as TNUo# particular, because the price is
fixed on an annual basis, therepgedictabilityof charges to participants (and new entrants),
potentially making siting decisions more straightforward and therefore lowering the risk to new
entrants. Against this, however, locational transmission charges are unable to reflect theghort
costs that narket participants cause, since the charge is set on an annual basis ashdoreflect
the actual conditions of the network and flows. This means that there will inevitably be some
inefficiencies to siting decisionsloreover, the evolving nature of the GB energy system rsean
that the optimal transmission charge is likely to change significantly over time. This can be
problematic where decision making is lengtlyr instance in the determination of the
administered TNUoS chargnd subject to renseeking behaviourypaffectedstakeholders

8 This assessment processuldbe, in many ways, similar to the approach adopted currently by Ofgem and the EU for
assessing the socioeconomic value of interconneators., transmission assets that connect two price zones, See
for example FTI Consulting and Compass Lexecon (2825 dz/ 2 Y Y-SOBYy A¥ 0O 246 StnHF NB A Y LI (
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2.96. Second, the approach to obtaining a connection to the network can influence siting decisions. One
approach is simply to restrict access to the network for thgseeratorsthat wish to connect in
export-constrained parts of the networlor conversely to restrict access to the network for
demand in importconstrained parts of the networkAdditionally, connection charges can
potentially be used to influence siting decisions by reflecting the cost of network reinforcement
associated with the new entrant (smlled deep connection charging). In principle, such connection
charges can therefore influence siting decisions so that generation and demand is encouraged to
locate where it imposes limited costs on the system. However, suchuirniag by administrative
fiat is difficult in practice.

2.97. Third, theBM can provide at least some locational signals. Generators may have an incentive to
locate in importconstrained area# they expecto be paid to generate at a price above the
national price. To the extent that they are able to offer to generate at a price above their marginal
costin the BM this could make investment in impecbnstrained areas more attractive than in
export-constrained area$’ Equally, it is conceivable that some large consumers could choose to
site in exportconstrained regions of the network and bid to buy electricity in the BM below the
prevailing national wholesale market price.

Our approach

2.98. In our modelling work, as we discuss further in Chapter 4, we allow for locational pricing to have
somelimited impact on the siting decisions of generators and storage providers, while reflecting
likely reatlworld constraints on the extent to which capacity could move in practice.

2.99. We adopt a conservative approach to demand portability, and do not allow for locational pricing to
have any effect on the location of demand.

2.100. We do not explicitly moddlransmissiometwork and connectiorharges but in practicecurrent
expectations about the impacts of charging on the location of demand and generation are
accounted foiin the Future Energy Scenariosi C ¢hét felat the core of our modelling\lthough
TNUoS charges are nexplicittymodelled as part of the FES process, these are assumed to
implicitly influence developers' investment decisions ard therefore implicitly considered in the
siting of future generation whemdividual connection locationsken into account

Other potential impacts

2.101. Having considered the potential different outcomes from the structure of locational pricing in the
short and long term, in this section we consider some wider potential impacts of a move to
locational pricing in the GB context. In turn, we briefly disss:

< trading liquidity;
< cost of capital,
< the exercise of market power; and

< interactions with other policies.

® We note that someénvestors may find it challenging to rely on BM revenues for financing given their limited
tradability and the potential for regulatory interventions.

8 Eicke and Schittekatt@022)W CA IKGiAy3a GKS gNRy3a ol Gidf SK | ONRGAOL €
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2.102.

2.103.

2.104.

2.105.

2.106.
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Liquidity

One potential argument in favour of national markets over locational markets is that national
pricing allows significant volumes of electricity to be traded between market participants. This is
because buyers and sellers of electricity can trade in etggtiinarkets unfettered by the physical
realities of the transmission network. Larger volumes of trading between a greater number of
market participants can aid price discovery, provide greater confidence to all market participants in
the prices they areraiding at and reduce the volatility of prices to the benefit of consumers.
Moreover,higherliquidity could reduce uncertainty and risk, and thus stimulate investriient.

By contrast, locational markets are often perceived to lead to reduced liquidity relative to national
markets as trading between market participants must be in keeping with the physical realities of
the transmission network. By design, this must limit thember of buyers and sellers and the
volume of trading relative to a national market that does not constrain trading. In turn, this
potentially increases the volatility of prices and the risk to market participants. Returning to our
earlier example, a gemator sited at Node A can under national pricing sell to a market with an
aggregate demand of 800MW, but in a locational market the market available to it is only 300MW
in size.

However, this isnisleading sincéhe higher potential volume of trades may not in reality be
deliverable. In our example, a liquid forward market might trade on the basis of a market size of
800MW, but in practice, only 300MW of demand can access the output of a generator sited at
Node A Hence, as we discussed earlier, the SO will need to unwind many trades in a national
market after gate closure, with an associated cost to consumers.

A related argument is that the complexity of locatiopaking markets could reduce liquidity. We
believe that this is something of a misconception regarding nodal pricing. Over the last 20 years,
there have been significant developments to make trading in nodal markets easier, such as the
creation of tradinchubs to allow market participants to trade at a hub price (the weighted average
price for a predefined set of nodes on an electricity syst&m®)large number of buyers and sellers
can trade at the hub and in so doing increase market liquidlity.

We discuss the potential impacts of locational pricing on liquidity in nodal markets in greater detail
in Section 8C.

AAAAA

8 Mathiesen(2011)Wa I LILJA y 3 2 F a S in&i& priSimy onsimiNd s@stesms Aastrali® New Zealand and
b2NIK ! YSNAOFY L3EYSNI YINLSGaQr Lbor 6

83 This doeshowever, leave a market participant exposed to the difference between the hub price and nodal price.
Typically, variation between the nodal price and the hub price is relatively low, since the nodes selected for a hub
tend to be in close proximity with few if atsansmission constraints. Market participants can hedge this risk
throughFTRsWenote concerns about how far forward these contracts might be availablédence from the US
shows relatively low demand from market participants for contracts further than five years out.
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Cost of capital

2.107. A further concern raised by several stakeholders regarding locational pricing is that locational
markets may be riskier for investoggarticularly those in generation assets. This could be as a
result of greater uncertainty about future prices at a peautar location, or because of uncertainty
about whether generation will be dispatched. Moreover, some stakeholders have raised concerns
about increased uncertainty during the transition to a new market design.

2.108. On this basis, some stakeholders have argued that increased uncertainty could lead investors to
demand a higher return on new investments, increasing the cost of financing new assets. This
would likely need to be recovered from consumers, for instanceuiohigher wholesale prices or
through the higher cost of policy support mechanisitigis reducing the benefits to consumers (or
increasing the costs) of locational pricing. Whether there is an impact on the cost of capital might
though depend on whethenvestors are able to diversify any increased risk through a portfolio of
other investments. In the canonical Capital Asset Pricing Model ! tused by many regulators
around the world, including Ofgem, risks that are diversifiable typically do not result in any increase
AY AYy@Sai2NRQ O02aid 2F OFLRAGHE @

2.109. We discuss potential impacts of locational pricing on the cost of capital of investment in greater
detail inSection8Band Appendid.

Market power

2.110. Third, different market designs could in principle affect the ability of market participants to
exercise market power. For instance, it could be argued that because a national market has a larger
number of market participants than any individual zonal odal market, it is less likely that any
individual market participant will be able to exercise market power.

2.111. However, ve considerthat this argument is somewhat specious. Market power under either
market design is a locational phenomenon that is driven by the physics of the network rather the
design of the marketThe design of the market simply changes how market power can manifest
itself:

< In a locational market, a market participant that has a limited number of competitors could
potentially exert market power through its bidding in the wholesale market. For generators, this
would most likely be in impoftonstrained areas, while for consunsdt would most likely be in
export-constrained areas.

< In a national market, a market participant can potentially exert market power througBkhe
For instance, in impoftonstrained parts of the network, the SO will often have a limited
number of market participants to choose between if it needs to increase generation or reduce
demand. Market participants can therefore exert market power by makigh offers to
increase their generatioff:

84 Ofgem has recently expressed concerns about BM bidding in its call for input on possible options for iferm
h¥F38200%/ | £t F2NJ LyLlzi 2y 2LIA2yida G2 | RRNBaa KAIK ol fl
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2.112. In both market designs, regulators have developed mechanisms to try to limit the exercise of
market power:

< In more granular locational markets, in particular nodal markets, measures in€lude:

T ExlydiS YSIFadaNBa G2 adasSaa oKSGKSNI ISYSNI (2N
9w/ he¢ YR tWao 2N 2GKSNJ 6Sada F2N 6KS SESNJ
AYLI OG GSaaéd RAZRSRI ANYS y{it tLY RS LIS MIB& yNYISQ and G S Y
ISONB). In these cases, bids into the market have restrictions placed upon them under
certain market conditions.

T Expost measures based on analysis of the conduct and impact of market participant
behaviour.

< In national markets, measures include:

T  Secific restrictions on bidding behaviour to prevent abuse of a pivotal position. In GB,
these include the Transmission Constraint Licence Condition, which limits the ability of
participants in exportonstrained areas to earn excess proffts.

T Market monitoring to identify potentially problematic behaviour, with enforcement tools
AyOt dzZRAY3a GKS wS3dzZA I GA2y 2y 9y SNHZBandl NJ Sid |
general competition powers.

2.113. Based on the evidence from international case studies available to us, we do not expect to see
significant differences in the exercise of market power across market designs. We therefore do not
explicitly incorporate market power in our assessment of lmesl pricing. However, as we discuss
in Chapter 5, our modelling of BM pricing could in practice include some element of market power.

Interactions with other policies

2.114. A move to locational pricing would have many interactions with other policies. It is beyond the
scope of our work to analyse these in detalil, let alone to recommend how those policies might
change if locational pricing wete be implemented. But we highlight here some areas where
interactions might be most relevant:

< Support for lowccarbon generatioX F2NJ Ayaidl yOS GKNRdAK / 2y {iN¥ C
Current CfDs do not incorporate locational signals, and strike prices are based on the national
wholesale price. This means that, if left unchanged, CfD holders would have limited incentive to
chang their siting decisions under a locational pricing regime (such incentives would only apply
at the end of the typically 1gear CfD contracts). However, there are several options for
altering the design of CfDs so that théo include locational signals, for instance by basing
strike prices on the node at which a generator is baaed allocating CfDs to minimise the
expected level o§upportpayments®

8 DNI'F SiG Ifd ovnumOX WalN] SO LR2oSNI YAGAIIGAZ2Y YSOKIYAA
OKIFff&yasaQ o

8 Ofgem(2017)W¢ NI} yaYAaaArzy /[ 2yaA0NI Ayiik. [ AOSyOS / 2yRAGAZ2Y DdzAF

8 {88 hT¥3aASYQa YIFGSNAFE NBIFNRAy3InN¥w9ale FyR 2K2fSalfsS a

88 Alternatively, reference prices could be linked to the tradmdp, so they are exposed to locational risk.
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< Transmission charginginder alocational pricing wholesale market, therdéssneed to
configure transmission charges to send locational signals to influence siting decisions
explicitly(locational transmission chargasuld potentiallystill be required within zones in a
zonal markebut not in a nodal markét Hence, for the mainon-locationalpart of
transmission chargesecoveingthe costs of the existing grid can be relatively simplistic (a
flat rate per MWh charge, for exampléjow charges arkevied to fund the cost of new
investment in transmission is more nuanced and there has been considerable research on the
G2LIAO Ay NBOSyld &SIkNRER® Yy 2 Bgx23bdlowproddesiad Sy STA O,
brief summary of the latest thinking on transmission planning and charging in some LMP
marketsc notably New Zealand.

< Distribution network charginglor locational pricing)locational pricing at the transmission level
has often been seen as a prerequisite for locational pricing at the distribution level (or perhaps
for stronger locational signals in distribution network charging). Distributional locational pricing
would howeve be significantly more complicated than transmissiewel locational pricing,
and has not yet been implemented in any other jurisdictions.

Box 23: Transmission planning and charging in nodal markets

Transmission planning amtélivery ofinvestments

In locational market designs, price signals patentially support the planning and deliveof
transmission investment. For example, a large price differential between two zones or nodes jwould
be some measure dhe value of a transmission asset that connects the two polnttheory, this
could lead to more markebbased transmission investments apdtentially eveninvestmenton a
merchant basis

While perhapsintuitively attractive,it is generally agreed by academics teath an approach

would lead to inefficient investmenh transmissiorf® The principal arguments against merchant
transmission investments financed by congestion rents relate to two specific market failures in
transmissionCANB 0 X GKS FIFOG GKFEG GNIXyavYAaairzy Ay
very large economics of scale (in that doubling size does not double @&odgecond, it also
exhibits large economies of scope in that a given transmission investment serves many parties and
at many locationsThe latter effect means that the congestion rent earned is tkéty to bea
proportion of the overall socioeconomic benefit of a given transmission investment.

As such, transmission investmemtentinue to require regulatory planningentralised co
ordination and a cost recovery mechanigmvenin amore granular locationgdricingmarket.

Transmission chaigg in nodal markets

Given that congestion rent is only a proportion of the overall benefit of a given transmission
investment, it follows that an additional revenue recovery mechanism is likely to be required to
fund the overall costs of the transmission gl his is invariably a transmission charge that is

89 See for example Joskow and Tirole (2003Merchant Transmission Investmeiiink).

% This is discussed Rivier et al(2013) Electicity Transmissiéh>  LOdkH Alttiough in an optimally developed
grid revenues would recover 100% of total transmission costs, this holds only under ideal grid investment
conditions. In reality, such recovery is not achieved due to factors such as the discrete nature of transmission
investment, discrepancies between static and dynamic expansion plans, and unavoidable planning errors. This
means that the fraction of network costs recovered by network revenues is typically around 20%.
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levied on grid users. Given that locational signals are sent through the wholesale price, there|is
potentially less need to send locational signals through a transmission charge (as per the TNUoS
style charging methodology in GB). However, as noted eati@rsmission investment between
nodes or zones impact the level of prices at those locations, implying that some market
participants on the network are likely to benefit more than others from a given investment. Far
example, transmission enhancements tlalow greater volumes of electricity to flow from expornt
constrained parts of the system are likely to increase prices in that region and therefore benef
generators in that part of the network.

This issue has led to the€bl f f SR GRSy S FAIONK WBALIX S 6SAy3a AyoO2l
transmission charging regime in some nodal markeis indeed for some transmission upgrades
within the EU electricity markeét For example, in New Zealand, the Electricity Authority has
recently implemented a new regime of transmission charges which apply the principle that
GOKIFNBSE F2NJ I INAR Ay@SadaqyYSyid akKz2dzZ R | ffR2OF
GAYS Ay LINPLRNIAZ2Y G2 GKS 0SySTAGa (KPThisaINRAR
therefore implies there may bsome limited need for locationally varying transmission charges
even in a nodal pricing market.

it

o (N

2.115. Inour modelling work, we have not assumed radical changes in policy direction beyond policies

91

92

already announced by Ofgem or DESNZ. However, as we discuss fu8hetiam 5Dwe have had
to make several assumptions on future CfDs given the growing magnitude-bacikBd
generationto allow locational pricing tinfluencesiting decisions to an extenfFor examplen
locational market designsye assume thaawards forfuture CfDs for generatortsike account of
the expected path of locational wholesgieces in different areas

Inthe EU, crosé 2 NRSNJ O02aiG | t€t20F0GA2Yy 6a/ . /!0 FNNIYy3aISYSyGa 3
investments between Member States. In some cases, ACER will decide on how costs will be allocated, placing the

cost burden on entities that anesponsible for the area that the project is sited in (reflecting the beneficigpags

principle). However, in cases where the asset is not physically located in a particular region, but the region is a net
beneficiary of the asset by more than 10%, tegion may still be allocated some of the investment coSte ACER
OHNAMpPU W5S0AaAzy 2F GKS ! 3Syo0eée F2N (nk&nd Ee@ycdmduiity 2y 2 F
GHAMCU WOELX FYIF(2NE b2i0Sa 2y (KScal YIFHSORBRW @iy sy px F pI!
may be the case for example where a neighbouring region could benefit from arstatesinvestment in

transmission capacity.

| 23Fy O0HAMYyOX WE¢NIryavYAaairzy Ly@SaaySyid .SySTAOAINRSa

t NP LIZEH YR d 231y OoHamMyO0I W tNAYSNI 2y eI yayYArAaarzy . Sy
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3.1

3.2.

3.4.

3.5.

Market design in practice: the GB experience and global trends

In the previouschapter, we explained that two key differences between market designs are how

67

different electricity markets schedulesourceg2o meet demand ahead of redilme dispatchand

the extent of locational variation of wholesale electricity prices. Markets can bedwsifduled or

centrallyscheduled, and can have national, zonal or nodal pqaesh the current GB market

design as an example of a ssetheduled national pring market. We discussed, from a theoretical

perspective, how these défences could have both shemin and longrun impacts on the

efficiency of operation and the payment flows between and among consumers, generators and

storage providers.

In thischapter, we now considethe experienceof market design in practice. We divide our

considerations into two parts:

< First, given it is the subject of this report, we discuss the development of the GB wholesale

electricity market $ection A.

< Second, we briefly discuss global trends in electricity market design since 2000

(Section B.

The GB wholesale electricity market

As we noted in Chapter 2, the NETA market design, which went live in England & Wales in 2001,
was pioneering in implementing a sslfheduling market. Seen as radical at the time, we consider

in this subsection

< Hirst, the experience of NETA since 2001 and whether it has functioned as initially intended

particularly with regard to the subjects that are the focus of tiigort.

< Second, important recent policy developments relevant to locational pricing.

Experience of NETA since inception

¢KS 20SNI NDKAY3I AY 2F b dntplace mérketiaSed tradiig § K S

iAYS

arrangements more in line with those being adopted in other competitive commodity and energy
markets *#As described iKhapter 2, it did this by creating a set of incentives to encourage
ex-ante contracting in forward markets between consumers and generators, who would be subject

to imbalancepaymentsif they did not consume or generate in line with their contractual volumes.

This regime was expected to lead to substantial benefits relative to the existing pool design,

Ay Of deiér griges fiom more efficient and more competitive trading; greater choice of
markets; more scope for demand management; sharper incentives to manage risks; transparency

from simple bids; forward price curves to facilitate new entry; avoidance ofrdisation against

fuel sources by acknowledging the value of flexible pliad competitive market; more liquid
contracts markets; scope for greatar-ordination and consistency with gas; and more flexible and

93 Office of Electricity Regulation (1998 eview of Electricity Trading Arrangements Framework Docuffigr.
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3.6.

3.7.

3.8.

68

effective governan@e®#Estimates prior to NETA implementation expectgublesaleprices to
decrease by.10% as a result of the change in the design of the market re§ime.

Central to this was the idea that the aggregate schedule of planned generation, as created by the

interaction of market participants, would ensure that the system was roughly balanced in each
(hal-hour) settlement period against which contracted and metévolumes are measured. Of
course, this does not imply that demand and supply are balanced on a sbgesgtond basis, so
the SO was expected to firtane the intended outputs to ensure the system remained secure.

Additionally, the SO would reduce or increase generating output (or demand) to meet unexpected

shortfalls or surpluses (for instance, due to generator outages or unexpected changes in demand).
The costs of these interventions would be recovered from paudieviating from their contractual
volumes through the imbalance pricing regime as part of the settlement process (in line with the

soOF f f SR &Lt f dziSNJ LJ &@&¢é

LINAY OA LX S0 @

Under NETA it waby designnot necessary for market participants to consider the physical

realities of the transmission network when contracting and scheduling their intended production
and consumption. To the extent that the transmission network capacity was, in reality, insufficie

to convey the aggregate scheduled generation to the intended consumers, the SO would intervene
by increasing and decreasing the output of some generators in specific locations of the network to
ensure overall system balane&s achieved in real timélnlike the polluter paysnbalance

charge, the cost of interventions to resolve transmission constraints was recovered from all market
participants through a charge levied on all generators and consumers connected to the

transmission system.

3.9. 2KSY bo9¢! gl a SaitlofAaKSRI Al
intended generation and consumption would roughly equal out across the geographical footprint
of the market, meaning that the cost incurred by the SO in resolvangiission constraints

would be relatively low. Furthermore, policymakers believed that they could resolve any problems
by adjusting the market design and the arrangements for access to the transmission network after

94

95

96

97

NETAgo-live %67

gl a

K2LISR GKIF Gz

Office of Electricity Regulatiqi998) ‘Review of Electricity Trading Arrangements: Working Paper on Trading Inside

and Outsidehe Poof!ink).

Office of Electricity Regulatiqd998) ‘Review of Electricity Trading Arrangements: Working Paper on Trading Inside

and Outside the Pofylink).

See for example Ofgem (2001)Y¢ N> yaYA aaAzy

1 00 S & &K & phtifishddsmer2Sriontidzy R S NI b ¢

after NETAyo-live. The consultation document describes some of the issues associated with firm transmission
access that might lead to shednd longrun inefficiencies. It explains how a new regime of auctioning transmission
access rightdi K I (i capabl&ofailecting effectively the underlying physical characteristics of the transmission

YySGUG62Nl T FYRXd GKS GSYLR2NI ¢

by R, 68 La SRYF 460 ¥ 6 of daNabiBg2 ¥ & & NI

its aims of nordiscriminatory access to the network. It goes on to note that should the reforms of transmission
FOO0Saa oS AYlm& YvSapprdpriate i keuyge odremove the locational differentiation in TNUoS

charges and to move to a per MWh charging arrangement for all generation and dénsand

Again, as with the design of the NETA electricity market itself, the parallel was the GB gas market. During the early
period of operation of the gas market, significant transmission bottlenecks oNTt@neant that some entry

terminals access to the network needed to be restricted (nhotably at the St Fergus entry terminal in the summer of
1998). This led to the introduction of entry capacity auctions that effectively price rationed the availability &6 acce

to the gas transmission network. Seef 3 S Y
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https://www.ofgem.gov.uk/publications/transmission-access-and-losses-under-neta
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3.10. Overall, therefore, the role of th8Owas intended to be that of eesidual balanceiin that it was
only expected to carry out a relatively small volume of trades compared to the large volume of
electricity traded between market participants in a competitive electricity market.

3.11. Inthe initial phase of its operation, the NETA market design appeared to perform as policymakers
hoped, in that the SO did indeed play only a residual role in balancing the system and the cost of
resolving transmission constraints was relatively low.dx@mple, in 2008, after some seven years
of operation, the SO needed to intervene in the market for volume equivalent to only about 5% of
demand anctonstraint managementosts were ¢.£150m per annuth.

3.12.  However, this picture has changed dramatically in the last decade as the share of renewable
generationin GBhas increased. The SO now has a very material, and apparenthesidnal, role
in balancing the system. Notably, as indicate&igure3-1 below, the SO now takes balancing
actions that regularly exceed 50% of GB demand.

Figure3-1: SO balancing as proportion of national demand vs renewable share of generation
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Increasingly wide variations in SO 25%
balancing requirement (~0 - 65%)...

~—C .
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Source: ESO Net Zéflarket Reform, Phase 3 Conclusions, March Z0232.

3.13. InFigure3-1 above, the blue pixels represent the lefkis, that is the proportion of the SO
balancing activities relative to total demaftiA darkershade of blue relates ta higher frequency
of actions of a given siz&he grey line represents the rigaxis, that is the proportion of
renewable generation in the GB energy systdime figurellustrates that contrary to the aims of
NETAopver the last decadthe SO has had to play an increasingly large role to ensure the system
remains balanced in real time.

3.14.  Mirroring this rise in interventions by the SO has been aftdd increase in the cosif resolving
transmission constraintsetween 2@0and 22 ¢ as illustrated irFigure3-2.

% Derived from Figure-2 and Figure 2 below.
9 Balancing activities include Bids and Offers, trades and instructions issued B$ @ Electricity National Control
Centre (ENCE) to keep the system in balance
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3.15.

3.16.

Figure3-2: GB historical constraimbanagementosts (12month rolling average, £nty
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Thereare manypotential drivers of the increase in the volume of SO interventions and
consequently theeonstraintmanagementosts, with no definitive view on the relative importance

of each particular factor. However, four key drivers of the trend towards greater SO intervention
are:

<

<

increasing volumes of renewable generation;
expansiorof the NETA market design footprint to include Scotland in 2005;

implementationof the Connect and Manage policy for access totthasmission network in
2010; and

z

FYFOGSNAFE aK2NIFIEE Ay GNIyavYirAaairzy ySi
ambitions.

We briefly discuss these factors in the following-sefstions.

g2 NJ

100 These costs represent an increase in both volume of trades as well as on prices as more expensive units need to be
redispatched. Additionally, in 2022, prices were also elevated due tRtissiadJkraine crisis.
101 To address the incentive to place higher bids, the Transmission Constraint Licence Condition was introduced in 2012
with the intention of reducing the costs of resolving congestion.
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Increase in renewables generation

3.17. Increasing consensus on thmaplicatiors ofclimate change, expressed through international
commitments such as the Kyoto protocbgs resulted imapid decarbonisatiotbecominga public
and policy priority. This priority was crystalised in 2008, when the Climate Change Act was
introduced, introducing legalipinding decarbonisation targets to cut greenhotgses emissions
across the economif? This was accompanied by energgctor specific targets, such as the 2009
EU Renewable Energy directive, which established a target for 20% of energy to come from
renewable sources by 2026

3.18.  As well as highlighting the increase in SO interventibrggjre3-1 above also shows that the share
of renewables in GB transmissionnnected generation grew from 2% in 2008 to over 20% in
2019. Combined with the shift of thermal generation from efi@d to gasfired power stations,
this had a transformational impaco D. Q& OF NB 2y SYAaadA2yas gA0GK 3
energy supply falling by half between 2010 and 2&18.

3.19.  Most renewables generation comes from wind and solar ganhich haeinherently more
intermittent and unpredictable output than conventional sources of generation. In the context of
the GB market design, this means that, everything else held equal, we would expect there to be
more interventions by the SO near to real tinfig; instance due to changing weather conditions
outside the control of either generators or the SO itself.

Expansion of NETA market to include Scotland in 2005

3.20. The expansion of the NETA market geographic footprint to include Scotland in 2005 is likely to have
increased the extent and cost of SO interventions. This, by design, allowed a greater number of
market participants dispersed over a much wider geograptee & trade with each other at a
single price. Therefore, despite there being relatively limited transmission between Scotland and
England at the time, market participants across England, Scotland and Wales could trade with each
other entirely unfettered by the physical realities of the network.

3.21.  Everything else being equal, this change would be expected to raise the potential for greater
volumes of congestion and greater costs of constrainhagement

Connect and Manage policy in 2010

3.22. A further potential driver of the increase @onstraint managementosts was the implementation
of the Connect and Manage policy in 2010. Policymakers were concerned that the paceof roll
of renewablegeneration was being delayed by the access arrangements to the transmission
YySGig2N] GKIFIGZ Fd GKS GAYSI-O2LYSENT FSREM jARNIASYRE
practice, this meant that in some parts of the country access to the network waly filgited and
dependent on the construction of new transmission assets before new generation could connect to
the transmission network.

102 YUK Governmenf2008)\@imate Change ACElink).

103 European Commission (2009)Wirective 2009/28/EC of the European Parliament and of the Council of 23 April 2009
on the promotion of the use of energy from renewable sources and amending and subsequently repealing
Directives 2001/77/EC and 2003/30/EC k).

104 Ofgem(2019)W{ G S 2F GKS ,FigeNdHE).al NJ Si HamdpQ
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3.23. By contrast, the Connect and Manage policy implemented a new connection approach in which
generators received a fixed connection date and were entitled to use the system from that date.
Enabling work is considered a prendition for generators to connect, whilst wider works are not
required¢ generatorsare able to connectegardless of whether thransmission network had, by
that time, actually been reinforced to support the connecting generatféivhile this change
might have accelerated the growth of renewables generation, it ran the risk that transmission
network build would not keep pace, leading to more transmission network constraints and
increased SO interventions.

3.24. The impact assessment that accompanied the policy decision recognised that the policy would lead
to an increase in constraimanagementosts that would be socialised acrosscalhsumers
Forecasts undertaken fahe DS LJ- NI YSy & 2 F 9y S NH &CE #eore¢utsdr YI 4GS/
organisationto DESNYexpected that constrainnmanagementcosts would total c.£1bn in Net
Present Valu® a b tterndswver the 16/ear period between 2010 and 2020, of which about 20%
(c.£200m) was attributed to the Connect and Manage policy. In practice, this was a very significant
underestimate of the overall constraimanagementosts incurred in the period constraint
managementosts were around 3bn between 2010 and 2020 in NPV texHY That is, the cost of
constraintmanagement ultimately recovered from consumers, was arouhckee times higher
than expected by the forecasts that informed the policy decision to implement Connect and
Manage!®®Indeed to the extenthat a large proportiorof the £2bn additionakonstraint
managementostscan be attributed to renewables generation that was able to connect the
network as a resulbf the Connect and Managmlicy, it follows thatpolicymakersanay have
underestimatedhe cost toconsumerf the policyby up to a factor of ten.

Lower than expected levels of new transmission network capacity delivered in 2010s

3.25.  While the roll out of renewables generation has been relatively raptthsarguablybeen more
challenging to deliver new investments in transmission network capdggyre3-3 illustrates
planned and actual rethut of boundary reinforcement projects over the price control period 2013
to 2021.

05088 h¥3aSyYyQa 3IFdARIYyOS 2y (&S /2yySOdG FyR alyl3dS NB3IAYS
WSS 59/ /Qa LYLIOG !'3aSaayYSydSaAWRPWYONRLIZAlIt A& T2N AYLNEC
107 Calculated using009 pricegusingthe GDPpricedeflator) and in 2010 PV ternisased on a discount rate of 3.5%.

108 Forecasts undertaken in 2009 by consultantsiicF 3SY ¢SNB f Saa &l y3adzAiyST aSS CN2
W 3aSaaySyid 2F GKS LRAIGSYGAFfT AYLI OG 2y ndZTielediredadth 2 F C
were dismissed by DECCpage 12, on the grounds that the assumptions of relatively low network investment and
NEfFGA@Ste KAIK FYzdzyda 2F gAyR ASYySNridAzy O2yySOilAy3
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3.26.

3.27.

3.28.

3.29.

73

Figure3-3: Comparison of cumulative planned vs actual delivery of boundary reinforcement projects

in GB over RIKD price control
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Sources: OfgemmRIIO1 Performance summary documen@s Annual Performance Reports; FTI

analysis.

The actual delivery of new transmission investment lagged by 32% relative to plans set out at the
beginning of the period. While we have not studied the reasons for this shortfall, factors frequently
mentioned include difficulties in planning, consentinglaonstructionof assets, imparticular
technological challenges of incorporating new offshore transmission assets into the existing

network.

Clearly, undedelivery of transmission network capacity relative to expectation (and relative to the
roll-out of generation in exportonstrained areas dhe network) would be expected to increase

constraintmanagementcosts, other things equal.

Emerging issues and developments

In addition to the above,es/eral recent developmentsrovideimportant context when considering
the case for and against greater locational pricing

In 2020, the government announced that it would phase out the sale of new petrol and diesel cars
by 2030'°° While Evs still represent a minority of new cars, their numbers have risen rapidly in
recent years, and there are now around a million Ultra Low Emission Vehicles on the road in the
UK EVcharging is likely to represent a rapidly increasing proportion of total electricity demand
in coming years. This creates potential costs, including the risk of increasing transmission
constraints because of a geographical mismatch between demand antys&op it also increases

the opportunities for greater flexibility of demand, for instance through flexible charging and
Vehicleto-Grido & + HdoRndlogies that provide energy from vehicles to tiréel.

109 Just prior to publication of this report, the GB government adjusted the date of this phase out to 2035.
110 House of Commons Librag023), w9 t SOG NR O f

+ SKADHSA
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3.30. In April 2022, the flagship UK Government energy policy (British Energy Security Strategy, or
G. 9{ {0 FNIAOdzZA FGSR | LXFy F2NJI NILAR I O0OSt SH
included, among other elements, a significantly more ambitioudaepent of offshore wind
across GB than previously envisaged, reaching 50GW by 2030. This ambition posed a potential
concern as to how such a large volume of offshore wind would in practice be delivered to
consumers.

3.31. Asaresult, in July 2022, the ESO announced its plattsefbtolistic Network DesigrINLCE) for
transmission networklevelopment!!! This set out an ambitious vision for how the transmission
network (both offshore and onshore) would need to evolve in the coming years to accommodate
the increased volume of offshore wind in GB. Critically, the HND has sought to consider
simultaneously hw offshore wind farms could be connected to the GB transmission network and
how the power could be transported to where it would be consumed. The ESO also pultished
NOA2021/22 Refresh, which sought to take into account the HND policy and to articulate the
implications for GB transmission network investments. In total more than £53.7 billion worth of
new grid infrastructure will be required to meet the government 203Bldire wind target!?
Figure3-4 shows the scale of the expected increase in transmission network spend planned to
deliver HND in coming years. The annual rate of investment in transmission will need to increase
eightfold from 2022 for the rest of this decade relative to the spend in the previous decade if the
HND target is to be met.

Figure3-4: Comparison of average annual expenditure to deliver HND reinforcements (including

NOA?7)
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Sources: OfgefRIIO Performance report; RIIO T2 PCFM:Ha8@vay to 2030 Holistic Network
Design and NOA Refresh; FTI analysis.

11 National Grid ES@022, Wt I (i K ¢ | & A tiblstic metwauk design to support offshore wind deployment for
bSi wWiNRQ o

112 The total investment required imade up of £32 billion for the recommended offshore design and £21.7 billion for
the onshore desig see9 { hP@thway to 2030 Holistic Network Design summary reguage 22!/(1k).
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3.32.

3.33.

3.34.

The ESO has projected that constrairdinagementosts are expected to continue to rise over the
coming decade. In August 2022, it forecast that constrmiabhagementosts could reach up to
£3bn per year by 2030, as highlightedrigure3-5 below 1*3

Figure3-5Y 9{ h Q& a 2 R SrariageRentodty i@ GBNJ A y

N\

Source: ESO (2022) Modelled Constraint Gostgyust 2022/(11)

Even with the very significant volumes of additional transmission tmuitdunder the HND plan,

the ESO expects annual constraiminagementosts to reach £3bn, albeit at a later date in the
mid-2030s. Constrainhanagementosts are not expected to return to the levels observed at the
beginning of this decade (let alone to the levels observed only five or 10 years ago).

Recent GB experience makeslear that the balance between new transmission network capacity
and new generation capacity is a key driver of constnaiahagementosts; in the 2010s, the lag

in the delivery of transmission network capacity relative to generation was an important driver
the increase irtonstraintmanagementosts. To the extent that future network capacity is rolled
out more slowly than generation capacity, as has been the case historazailtraint
managementosts might be higher than currently anticipated n@ersely, if future network
capacity is rolled out more quickly than generation capacitystraint managementosts could be
lower than expected. With growth in electricity demaas well asn new generation and
transmission network capacity expected to be significantly greater in this decade than in the 2010s,
the stakes are even higher than previouglyag in transmission network retlut couldcause
constraint managementosts to escalate to levels that are considerably higher than currently
forecag by ESO.

113 National GIdES®a 2 RSt t SR / 2y ali NI Aywm@Hdada F2NI bh! AY HAHAK
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B. Evolution of market design in other liberalised energy markets

3.35. In this section, we provide a brief overview of how and whether compasamtricity markets
reflect locational factors in their wholesale market pricing. This is intenadgudovide theglobal
context for the GB market

3.36. We have limited our surveyto NB I yAal GA2Yy F2NJ 902y 2 YA COECE @ LIS NI
member countries (as of 2000) except Icelamdl categorised for each country:

< the volume of installed capacity in each country from 2000 to 2020 alytae intervals;
< whether the market could be considered to have a liberalised electricity sector; and

< for each liberalised market, whether the market design incorporates national, zonal or nodal
pricing.

3.37.  Figure3-6 summarises the evolution of installed generation capacity in the liberalised OECD
markets and the split of those markets between national, zonal and nodal market designs. In 2000,
about68% of the installed capacity of liberalised electricity markets in the OECD operated under
national pricing. This was mainly the nascent liberalised markets of Europe as well as some regions
of the US. Zonal pricing existed in a smathber of regions, such as AustraitiNorway and
Japan Nodal markets were at the time relatively unusgalperating only in New Zealaras well
as PJM and NYISO in the US

Figure3-6: Evolution of installed capacity undaarket design options across the OECD countries
with liberalised electricity markets
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114 We include the National Electricity Market of the Eastern states (of Tasmania, Queensland, New South Wales,
Victoria, South Australia and AGai) Australiaand therefore exclude Western Australia and Northern Territories
from the data shown here.
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3.38.  Figure3-7 provides the underlying data for each OECD country, showing the extent to which each
country can be classified as either nlimeralised or having a national, zonal or nodal market
design'®®Most of the remaining markets with national pricing are in Europe.

Figure3-7: Share of market design options across the OECD countries
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NE
Note:Chart includes OECD member countries (as of 2000) except I&&8Ad.

3.39. By 2020, the proportion of installed capacity in natiepete markets had fallen to 41%, with 32%
of capacity in markets with nodal pricing, and 2&®th zonal pricing. There are several drivers of
this trend, including:

< Many regions in the US, for example the markets of California and Texas, transitioned from
zonal to nodal market designs as a result of perceived shortcomings in earlier market designs.

< Some national markets transitioned to zonal mark&st example, Sweden adopted a four
zone market in 201@nd the GermamAustria bidding zone was split in 2018 (not reflected in
the diagram above)

115 Some electricity market classified as Hieralised may have some elements of wholesale electricity competition
(e.g.,through independent power producers) and/or are in the early stages of liberalisation.

116 This chart has been limited by the data provided to us. Some capacity figures, particularly in the US, are based on
net capacity values instead of gross capacity (and averaged across summer and winter). This would slightly
understate the comparable capi&cfor nodal marketshown in this chart.

117 The Rest of Canada excludes Ontario and Alberta. The Rest of US excludes the ISOs. A portion of this capacity may
be part of electricity markets that are not strictly ndiberalised (for example, some regions around, and including,
CAISO are part of the &§tern EIM which dispatches resources across an integrated system on a nodal basis).
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3.40.

3.41.

3.42.

3.43.

3.44.

3.45.

As such, the increase in capacities between nodal, zonal and national pricing markets reflect
changes in locational market design in addition to increases in capacity investment profiles within
each market.

Overall, across liberalised OECD electricity markets, there has been a trend towards greater
locational granularity being incorporated into wholesale electricity markeges the last 20 years
Notably, instances of liberalised marketsherethe level of locational granularity of their
wholesale electricity pricelsas reducedare extremelyrare.!®

A main driver of this trend is that some markets that originally adopted national or zonal markets
have increased the locational granularity of their markets by switching to either zonal or nodal
markets. Sweden, for example, adopted zonal pricing anddn)S, the markets of Texas and
California switched from zonal pricing to nodal pricing.

A secondary driver is that some markets that were not liberalised at the turn of the century
immediately adopted a locational market desidgior instance, the market of the midest part of
the US, MISO, liberalised its market in 2005 and immediately adopted nodal pricing.

We also observed that growth in generation capagifyequently of renewables generatiorhas
occurred under all market designs and there appears to have been no change in the rate of growth
during any transition to a more granular locational market.

Locationally granular markets feature a wide range of generation mixes, for instance, among nodal
pricing markets:

< New Zealand features a mix of hydro generation in the South Island and thermal, geothermal,
and renewable generation in the North Island,;

< Singapore features predominantly thermal generation;

< the vast geographic footprint of the northeast US power market (PJM market) includes many
sources of generation, with nuclear and thermal generation in the majority;

< the Texas market (ERCOT) and the Southwest Power Pool (SPP) have high proportions of wind
generation; and

< California (CAISO) has recently observed significardublbf solar and battery storage.

118 We are aware of only two instanceshe expansion NETA to include Scotland in 2005, and the merging of the
generation onlySnowypriceregion withprice regions oNSW and Victoria in the NEM (Australia2008
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4.

4.1.

4.2.

4.3.

4.5.

Assessment approach and methodology

As described in Chapter 2, the locational granularity of wholesale electricity markets has a wide
range of potential impacts on the way in which the electricity market functions, in both operational
and investment timescales, and ultimately has a significapact on the costs paid by consumers.
Following thiswe set out the historical experience of the GB national market design and described
some of the perceived challenges and opportunities that arise as a result of the transition to Net
Zeroin Chapter3.

In this chapterwe set out an overview of the approach and methodology that we have teken
evaluate the potential impacts of greater locational granularity of pricing ir@Beholesale

market We have undertaken this assessment with an awareness of the need for it to be critically
examined and subject to a high degree of stakeholder scrutiny.

As such, our assessment approach and methodolagget out belowfollows from an extensive
stakeholder engagement across the industry. We have sought to develop an approach that is as
transparent as possible, in order to support a neutral and robust assessment. This chapter
therefore outlines:

< our overall approach and the key modelling principles that underpin our assessment
(Section A;

< an overview of the key impacts of locational market designs that we have captured in our
assessment3ection B; and

< our approach for evaluatinthpe overall consumer impact and net socioeconomic impact
(Section G.

Overall approach and key principles

Given the broad scope of our assessment, we introduce our approach with the following sub
sections:

< Qur overall approach at a higlkvel
< Thekey principles underpinning our assessment.
Overall highlevel approach

The assessment presented in this report is based on a detailed quantitative and qualitative
assessment performed across 12 months in 2022 and 2023. It draws on a wide range of
information sources, including OfgeMESNZESO, industry stakeholders and academics, as well as
FTI experts. A higlevel schematic of our overall approach is setioUigure4-1 below.
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4.6.

4.7.

4.8.

4.9.

4.10.

4.11.

Figure4-1: Summary of our overall approach

Stakeholder input throughout assessment

Model outputs &
analysis

Inputs

Locational market
Power market Consumer &

model designs . :
modelling soclioeconomic

Energy scenarios impact

Input assumptions

Source: FHnalysis

As indicated irfFigure4-1 above, ar approachstarts with the development of input assumptions

for the modelling and analysi$hesenputsaredrawn from a range of publicly available sources,
confidential information provided by the ESO, and stakehdidedbackcollected across the
assessment. Where possible, inputs have been derived from external, crediblgéniydsources,

with additional modelling assumptions tested through multiple rounds of stakeholder engagement.

These inputs have fed into the power market modeltsgwell aghe multiple strands of
guantitative and qualitative analysis thassesshe broader impacts of more granular locational
pricing.Where possible, we hawught tointerrogateour resultsviainternationalprecedent

Thisanalysis forms the overall results for the CBA, which captures both the consumer impact and
the wider socioeconomiienpact, which accounts for both the consumer and producer impact
From theseresults, we explore the regional impact of different locational wholesale market design
options, conduct a sensitivity analysisd considepotential transition and mitigation measures.

The results of our CBA show the impact of more granular locational praatiye to the
counterfactuali.e., relative to the current GB market design with a nationah@&e wholesale
price*We have not sought to augment the existing GB market design with hypothetical future
policies as part of the core assessment.

Across the modelling period, we have modelled outcomes for each market designtuader

distinct Net Zerecompliant scenarios, based on the Leading the Way and System Transformation
A0SYINR2a&a | & &FBF0212pdulicatibn/in drdérSo pgegenht @ tange of outcomes for
GB

Key principles of our assessment approach

Given the importance and firgtf-a-kind nature of our assessment approach, we have sought to
follow several key principles when making specific methodology choices

119 We explain our use of the counterfactual in more detail in Section 5D.
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< Transparencyn our sources of information where possible. For example:

T External, credible, thirgharty public sources of information have been used where
available including th€ES(i KS 9t SOG NRA OA (i @ ETWSWINOA aBdENTS&EI G SY
TYNDP and ERAA assessments

T Where public sources of information were unavailable, we haaeded to useonfidential
sources of informatiomprovided to us by the ESO particular, we rely oa dataset
regarding thdocation of existing and future generation assets well aproject specific
data on new transmission projedisat have beerprovided to us by the ESO under a hon
RAaAOf2a4dz2NE | ANBSYSyYyld 0ab5! €0

T  Where additional modelling assumptions needed to be made, or a methodology
developed, by FTiye have recorded these in the repowWhere possible, they have also
been tested through multiple rounds of stakeholder engagement.

< Simplicityin our approach where possible. For example:

T We have avoided undertaking any quantitative analysis that may be perceiveticat on
policy decisions regarding the extent of demaside exposurgfor exampleve have not
consideredhe potential benefits of more granular locational pricing from demanditiang
or greater investments in energgtensive industries.

T  We rely on the use of leasibst economidlispatchto simulate reaitime outcomes of the
power market model (i.ewithout reflecting any market power in the wholesale market
balancingmechanisnj.

T We do not apply explicit additional weighting to any individual factors in the CBA results,
for example prioritising consumer outcomes over wider system impacts.

< Clarityin presenting our analysis and findings. For example:

T  We distinguish efficiency gains/losses from welfare transfers among cohorts of
stakeholders. In doing so, we set out parties who may benefit or be disadvantaged from
more granular locational pricing, and the potential degree of change.

T On the impacts that are not quantifiable, we have also endeavoured to be clear on the
qualitative impact on consumers.

< Robustnessn our approach to ensure our findings are meaningful and reliable for stakeholders.
For example:

T We model three scenarios and treat each scenario equally. One of these scenarios
Leadingthe Way (HND)¢ coversan acceleratiomndincrease irthe capacity of the GB
transmission netword I & SR 2 y NGAKRSfreSp{blicti®n.All three scenarios
serveashed ol a8 OF aSé¢ Ay 2dzNJ I 434S 3a¥®nadonordr YR ¢S
or less indicative of the costs and benefits of transitioning to locational marginal pricing.

T  We assess the distributional impact of the CBA results and conduct two further sensitivities
to test specific hypotheses and policies.

4.12.  The following sections provide further detail on key aspects of the assessment approach.
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B. Assessing the impacts of wholesale electricity market design on consumers

4.13. Our analysis has considered a wide range of impacts that a transition from the current GB market
design towards more granular locational wholesale pricing would FaVighe key impacts
considered in our analysis are summariseéigure4-2 below and described in more detail in the
following subsections.

Figure4-2: Impacts of a transition to more granular locational pricing

Impact of

Shortrun Longrun
operational investment
impacts impacts

Policy

locational Wider system

" interactions
pricing

impacts

Source: FHnalysis

4.14.  The overall impact of transitioning to a more granular locational market design can be grouped into
four key categories, aligned with the descriptions set out in Section 2B:

< Theshort-run impactsof more granular locational pricing on the operation of the wholesale
marketand BM, affecting price and generation outcomes in each market.

< Thelong-run impactsof more granular locational pricing on both supgige and demandide
market participants, as discussed in Section 2B.

< The mpact onkey policy mechanismshat are linkeddirectlyto the wholesaleslectricityprice,
namely CfBandA y 4 SNO2yySOG 2N / LI FyR Cft22NJ 64/ 3Cé0

< Thewider system impacthat a transition to more granular locational pricing might have,
including implementation costs and the impact on investor cost of capital.

4.15. We discuss each in turn in the following ssdxtions.
Shortrun impacts

4.16. In our analysis, we have modelled outcomes in both the wholesale markeBlsli(d/here
appropriate) for each market design in order to capture some of the stunreffects set out in
Chapter2. A change in the total cost of serving electricity demand across the two markets forms a
core part of the consumer impact in our assessment. This has four effects as seFigutren-3
below.

120 1n our assessment, we assume that a locational pricing regime is implemented on 1 January 2@ABwEhisto
capture al6-yeartime periodbased on the expected evolution of the transmission grid to 2040
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4.17.

4.18.

Figure4-3: Shortrun impacts

Type Effect Quantified
Changes in wholesale pricéwer in exportconstrained areas and higher in v
import-constrained areas)

Reduced cost of congestido be borne by consumers \%
Shortrun
operatlonal Improved signalscross all resource types includifexibility resources \Y
impacts
Surplus revenuefrom congestion rent and losses \%
Cost changefom centralised scheduling

Source: FEnalysis
Changes to wholesale electricity prices

First we have evaluated the change in houkligolesale electricity pricesesulting from the level

of locational granularity captured by the relevant wholesale market. In the national market, this is
a single price for the whole of GB, calculated assuming no transmission constraints on the GB
network ith the cost of transmission constraints addressed in the.B¥r the zonal market, the
wholesale price reflects transmission constraints between zones, but not the additional constraints
within each zoneFor the nodal market, the settled wholesale electricity price at each node reflects
all transmission constrainend associated losses across the transmission netwslsuch, more
granular locational pricing woulde expected to

< increase wholesale electricity prices in areas that are imporistrained (i.e.where demand,
combined with maximum import capacity from neighbouring areas, exceeds availabt®siw
supply);and

< reduce wholesale electricity prices in areas that are exportstrained (i.e.where lowcost
supply, combined with maximum export capacity into neighbouring areas, exceeds local
demand).

Reduced cost @bnstraint management

Secondwe have estimated the impact of each market design orctists of resolving

transmission networkconstraints As described i€@hapter2, under the current GB market design,

the ESO is required to adjust generating resources after gate closure for each settlement period in
response to intraGB transmission constraints. The cost of these (necessary) intervergions
recovered through a charge across all electricity consumers.
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4.19. Under a zonal market design, an increased proportion of i@Batransmission constraints would
be accounted for in the eante wholesale market settlement, reducing the required volume (and
associated cost) of SO interventions. Under a nodal market desligransmission constraints
would, by design, already be accounted for in the wholesale market, removing the need for
additional SO intervention®!

4.20.  As highlighted above, for each locational market design and scenario, we have modelled the
expected volume and associated cost of the redispatch actions that the ESO is required to take in
the BM to resolve intraGB transmission constraints. Further detailthe methodology and
assumptions of our modelling of tH&M can be found in SectioBD and AppendiX.

Improved signals across all resource types

4.21.  Third our modelling has captured the effect of improved operational signals from wholesale prices
across all resource types under the different market designs.

4.22.  This is particularly relevant fdmoth flexible consumer demand and tweay assets such as storage
and interconnectors. Under the current national market design,-tway assets can often be
exposed to wholesale price signals that may (from a system perspective) induce the assets to
exacerbaterather than alleviate, constraints in parts of the transmission network.

4.23. For example, under the current national market design, an interconnector in an expastrained
region of GB (i.ewhere available lowcost generation exceeds local demand and export capacity),
may receive a price signalthe wholesale market to import additional power to the region,
exacerbating the existing local oversupply. This would, in turn, increase the required volume and
associated cost of ESO interventions in BM, with the ESO required to either direct the
interconnector to reverse its flas or constrain off more domestic generation than would
otherwise have been necessasy.

4.24.  However, under a zonal or nodal market, more granular locational prices pomite price
signals to the interconnector in the wholesale market to instead export power, providing additional
export capacity for the exportonstrained regio at potentially lower cost.

4.25.  Captured within our modelling is also, therefore, the impact of improved signalling on wholesale
market dispatch. By virtue of this, the overall cost of serving electricity demand in GB is also
potentially reduced. Revenues earned by interconnectors vargdch market design option,
driven by changes in the GB wholesale market price at the landing site of each intercorqector
which we calculate as part of our overall assessment.

21 We note that under all market designs modelled, there may be instances where the SO is required to intervene to
account for unexpected changes in supply and demasdyell as unexpected outages of the transmission lines, in
reaktime. This occurs under national, zonal and nodal pricing regimes, and we have not sought to model any impact
on the costs that arise from such interventions.

122 Historically, he ESO hagsnded toopt to constrain domestic generation on or off in tB&/, rather than contract
with interconnectors to reverse flow direction. Directing interconnectors to reverse flowsgaistclosure requires
a bilateral trade between the ESO and the relevant SO in the connected market, which, in response, will need to
alter generation in its own market. While bilatefa0 to S@rades have been employed very infrequently across
2022, these have typically attracted a much higher cost than the redispatch of domestic generation. Furthermore,
we note that the outcome of current discussions among policymakers relating to the allewgaing rate of
interconnectors could further limit the ability of interconnectors to flexibly respond inBhe
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4.26.  To isolate the specific contribution of improved dispatch efficiency to the benefits of more granular
f20FGA2YyFE LINAOAY3IA: ¢S 261 BF  latSay2a AQI2AYCRAdZ@ (a8 RE KIA &C
Section 1A

Surplus revenues fromtia-GB transmission congestion rents

4.27.  Fourth as set out in Chapter 2, a more locationally granular wholesale market can generate
financial surplusedinked to the price spread between two nodes in the settlement process. This
surplus is driven by the difference between the price paid by consumers at an importing node, and
the price received by the relevant generators at an exporting node. This suqiysrises two
componentsg intra-GB congestion rent and a loss residual. The latter arises because the nodal
price at the importing node includea marginal loss factor element to account for the loss of
power when transporting between the two nodes.

4.28. We describetie congestion rent that is earned as a result of the difference in locational wholesale
prices between nodes earlier in Chapgand calculatehe potential value of the congestion rent
earned under both the zonal market and nodal market design. In line with many markets globally,
we assume for the purposes of the assessment that this surplus is returned to consumers. We note
however that policymakers could practice choose to redistribute some (or indeed all) of the
surplus rents to othertakeholders should they so choose. We consider this issue further in our
discussion of transitional measures in Chapter 9.

Efficiency gains from centralised scheduling

4.29.  Fifth, as described i€hapter 2a move to a centralised scheduling market design might deliver
greater efficiency gains. This could be achieved in the following ways:

< First, balancing in real time (and commitments in the-dagad market) is based on a security
constrained economic dispatch, unlike in a national or zonal market. Similarly, forward
commitments in nodal markets are based on a combination of seecwitgrained economic
dispatch in the dayahead market and intr@lay scheduling. This may lead to different dispatch
outcomes than would otherwise occur in a setheduling market, all else equat.

< Secondthe SO, as the centralised operator, would receive a greater set of information at an
earlier stage (typically daghead) which is likely to be more reliable (given the financial
incentives of market participants to do so). This information could poddiptbe used to
produce more efficientlispatchoutcomes.

< Third centralised scheduling might offer a lower barrier and more iplagling field for smaller
assets and new entrants in wholesale markets. These participants could sunvohjt their
offers into the market without thaneed forbilateralcontracting.

< Fourth, centralised scheduling offers greater opportunities taptimise energy and reserves
more efficiently.

123 This is because the securitgnstrained economic dispatch algorithm optimises dispatch outcomes across all nodes
simultaneously with respect to transmission constrajmthich maymathematicallyproduce different outcomes
versus the two stage setichedulingapproach where dispatch is determined on an unconstrained basis, followed by
corrective balancing actions.

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 86

4.30. As we also noted in Chapter 2, arguments hpreviouslybeen advanced in favour greater
efficiency inselfscheduling relative to central scheduliridhese principally relate tthe view that
individual participants may haveore reliableinformationaboutthe way in which the assets they
own can perform than can be conveyed to theiB@e formaty SSRS R T dplinisaos. { h Qa
This in turn may allow more optimal use of the asaatder selfscheduling relative to central

schedlling.

4.31. Given these uncertainties and conflicting views, lmavenot sought to model these effecia
deriving our overall assessment of the costs and benefiggezter locational pricing in the
wholesale market

Longrun impacts

4.32.  Anincrease in the locational granularity of wholesale pricesldalso generate longeterm
impacts as shown iRigure4-4 below.

Figure4-4: Longrun impacts

Type Effect Quantified
Greater price signals to incentivigeneration and storage to sitat more Vv
efficient locations

Longrun —— : — .
. Stronger and more accuraf®ice signals to incentivisgemand to siteat more
Investment _ .
. efficient locations
impacts
Improved signals faransmission developmenfdue to transparent wholesale Vv
prices between different nodes)

Source: FEnalysis
Note: The @ange tick represents additional analysis that is not included in our welfare
guantification but is presented @ihapterl0.

Incentivising improved siting of generation and storage

4.33. As described ihapter2, under the current market design, all generatdrspatcted in a given
hour receive a single national wholesale electricity price in each trading period, regardless of their
location on the network. The single wholesale price provides a general approximation of the
marginal cost of meeting national demand, bagularly fails to reflect the marginal cost of
electricityat that particularlocation.

4.34. In this sense, under the current market design, generators do not receive a price signal from the
wholesale market to site in areas that would most benefit the system, and siting decisions are
largely taken on the basis of fijivate costs to the generatd@including TNUoSand (ii) forecast
climate conditions in the area (in the case of renewable generatétsnportantly, in our
modelling of the current market design, the capacity and location of all generators is fixed to that
set out in the relevant FES 21 scenario, provided by the ESO for this assessment in a confidential
dataset.

124 As described in Chapter 2, under the current GB market design, locational TNUoS charges provide a level of
locational investment signal. TNUo0S assumptions are implicitly embedded in the locational siting of generation in
the FES datasets confidentially pided to us by the ESO, which we have agreed, through the stakeholder
engagement process, to rely on in our modelling of the current market design
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4.35.

4.36.

4.37.

4.38.

4.39.

4.40.

4.41.

However, under a nodal market design (and to a lesser extertera zonal design), localised
wholesale prices reveal the marginal cost of meeting demand at that locatieschtime period

In hours where there is a high volume of excess generation in an egpostrained region, the
wholesale power price will fall. In areas that require additional generation in these hours, power
prices will stay higher. The electricity price reflects deenand for, and value of, electricity in a
given hour in each tation.

Generators are incentivised teconsider the benefits dfiting either closer to demand sources, or in
areas withsparetransmission capacity. In this sense, locational price signals can help incentivise
ASYSNIGA2y (2 aAGS Ay Y2NB 2LWAYILE t20FGA2ya
of transmission constraints to some extent. This effect is compoundestdoage assets, given

their participation as both a buyer and a seller of power in different periods on the wholesale
market.

As a result, in our modelling of the zonal and nodal markegsallow a limited proportion of new
build generation assetghat are not currently in developmeptand all griecconnected storage
assets, tasite in different locationsn response to wholesale price signals, relative to the location
set out in FES. We recognise that broadfeal g 2 NJinfations will inevitably apply to the siting
decisions of generator and storage assets, in particular constraining the total amount of capacity
that can bebuilt in specific areagddditionally, we assume that all projects in development do not
site in different locations than as set out in FESVZ&.therefore place a number of technolegy
specific constraints on asset-siting decisions, as detailed further in Section 5D.

The effect of this resiting is captured by a change in the wholesale and balancing costs of meeting
demand in specific regionas well as bthe impact on curtailment of renewable generatjomhich

is covered in SectioBD. We also perform a@Dispatchonlye modelling sensitivity in order to assess
the benefits of nodal pricing without the f&iting of generation and storage assethich is

discussed further in Chapter 11.

Incentivising improved siting of demand

The incremental cost of accommodating new sources of facgde electricity demand, such as
electrolysers or data centres, varies greatly at different points on the network, depending on the
availability of spare generaticzapacityand transmission capacity to meet additional demand.

Under the current market design, thet®rge consumerwiill face the same wholesale price at any
location, despite tk variation inthe marginal cosbf meeting demand at different points on the

grid.

As mentioned irChapter2, a key hypothesised benefit of nodal market design is that locational
pricing, by design, reveals in all time periods the marginal cost of meeting demand at that location.
The nodal price accounts for the impact of the physical constraints of the trasismisetwork in
meeting demand at each point in time.

In effect, locational pricing can potentially provide improved economic signals to electricity
consumersby aligning the private and system costs of a mewsumersiting at a particular point
on the network. Newconsumerwill be exposed to the additional marginal costs that their siting
decision places on the local network at their connected node, resulting in two key effects.
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4.42.

4.43.

4.44.

< First newconsumersnaybe encouraged to site in expecbnstrained areas, where the
marginal cost of serving additional demand is relatively low. In expmrstrained areas, with
regular periods where local generation exceeds available demand, low average wholesale prices
would be attractive to new sources of demand, while additional demand in these areas could
help to reduce curtailment of local generation.

< Secondnewconsumerghat continue to site in importonstrained areas, where the cost of
meeting current demand is already very high, will face a greater cost for doing so. By
a A Yy U S NI prépartion oftli énarginal cost of meeting additional demand in a region,
locational pricing can better allocate costs to those responsible for them.

We note that the converse is also trgénigher prices in some parts of the network may encourage
someconsumerdo exit froma givenlocation, thereby reducing demand in that part of the
network.

After discussions with stakeholders and in agreement with Ofgeimii modelling, we haveot

sought to capture this hypothesised benefit of locational pricifige reason for this is that it is

more difficult for us to makanformedassumptions on the price sensitivity of demamnelative to

that of generation and storage in which we have detailed cost assumptions that have been verified
by the ESO and other third parties. We therefdiethe size and location of all demand sources
across the three modkdd market arrangements to that foredasy the ESO in the relevant FES
scenario. By maintaining this consistency across the market arrangements, we are able to better
capture the impacts of locational pricing on the efficiency of both stemrn dispatchand long

term generator siting. However, we would expect some further benefits from demasiing

under locational pricing, beyond those captured in our core CBA results.

Incentivising more efficient transmission investment

As raised irChapter2, a further hypothesiseompactof locational wholesale pricing is that it can
improve the efficiency of future transmission investment, affecting the optimal size and shape of
the transmission network. It can do so in two key ways:

< First by encouraging negenerationcapacity storage and large consumerssite in a way that
takesinto account persistent bottlenecks on the transmission netwéskational pricing can
encourage a more efficient use of the existing transmission network, thereby reducing the need
for incremental transmission investments.

< Secondthe financial surpluses earned via irEB congestion rentsiay potentially serve to
highlight specific transmission boundaries where there is a large discrepancy between the
demand for and availability of transmission capacity. As a result, locational pricing may
potentially provideimprovedsignals to support more efficient transmission network planning.
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4.45. However, we havaot sought to explicitly capture the impact of locational pricing on the
development of the transmission network as part of our core assessment. Instead, we have relied
on external data sources, thereby assuming the same transmissiondutilatofilesover the
period 2025 to 204@cross each locational market model, to provide a better comparison of the
locational effects of different market designs on dispatch and generator siting. This approach is
aligned with feedback from several stdiaders. As such, in our modelling, all transmission
capacities, including expected commissioning and upgrade dates, are derived from and aligned to
ESO forecasts. The forecast topology of the network vageseenthe three modelled scenarios,
but, within each modelled scenario, the network topology is consistent for each of the modelled
market designs

4.46. We also noted in Chapter 2 thdte introduction oflocational pricingcould potentiallychange the
way in which the merits of transmissi@mhancementsre assessed. Undemational market, the
business case for a transmission investmetikay to involve an asssment of thecosts of the
project relative to the benefit of reducecbnstraint managementosts. By contrast, under a nodal
pricing market thebusiness case forteansmission enhancementill, most likelyassess the costs
of the asset relative to the changes in wholesale prices on the syatehthe change in congestion
rent.1%

4.47. We set out,m Chapter 10our assessment of the impact on the need for transmission investment.
Key policy interactions

4.48. Government hapreviously sought to limit the exposure of certain assets to fluctuations in
wholesale prices. The aim of these policies is to reduce the cost of financing new assets by de
risking their revenue streams (which are particularly dependent on prevailing sdielgrices) in
order to encourage their development. The cost of these schemes is ultimately borne by
consumers

4.49. In particular, two such policies as showrFigure4-5 are:?6
< CfDs, which provide a degree of price stability to-twbon generators; and

< the Cap and Flooregime, which supports the construction of interconnectors between GB and
other electricity markets.

125 Two of ourmodelledscenarios differ predominantly in their assumptions on the volume of transmissipacity
This therefore affords us the opportunity to compare how the business cases for the same set of transmission assets
would be evaluated unddroth a national market design and a more locational madestign. This is discussed
further in Section5D.
126 Other policies that might have an interaction with the wholesale market includesapadly Market RAB funding
models, Dispatchable Power Agreement, Renewables Obligation (as it tapers off) amongWthbaesze only
guantified the impact of locational wholesale electricity pricing on the CfD regime due to the potential sizable
impact on consumers relative to other policy mechanisms.
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4.50.

4.51.

4.52.

4.53.

4.54.

4.55.

Figure4-5: Key policy interactions

Type Effect Quantified

Changes t&€FD payments \

Policy

interactions

Impact onCap and Floor agreements

Source: FEnalysis

As the support provided by these policy mechanisms is linked to wholesale electricity prices, more
granular locational prices could impact the future cost of the policies. We set out our approach to
assessing these impacts below

Contracts for Differences

CfDs were introduced to accelerate the development of newdawbon generation capacity,

aiming to ensure that developers could be confident they would receive the revenue needed to
cover their investment cost€fDs provide developers with a fixed price per unit of output, known
as a strike price, and have predominantly been determined via a competitive auction ahead of
construction.Their design means they protect developers from the volatility and level of wholesale
prices.

When the prevailing wholesale price is lower than the agreed strike price, CfD generators are
compensated for the shortfall by support payments from consumers. When the wholesale price
exceeds the strike price, CfD generators redistribute excess reveanasceon the wholesale
market back to consumers.

As a result, a change in market design could impact the support costs borne by consumers for both
existing and future CfD generators, by impacting hourly wholesale prices

The size of the impact on support costs depends on the following assumptions, which may be
different for existing and new CfD contrattased on the

< approach to CfD generatein the wholesale electricity markget

N

duration of CfD contracts

N

definition of the strike price

N

definition of the reference pricd.€.,how it relates to the locational wholesale pricend

< forecast generation volume.

In our analysiswe assume that CfD generators participate in the wholesale electricity mhyket
biddingat a price ofzero in all hours and are prioritiseddispatchahead of merchant renewables
This separates the analysis into two partthe modelledgenerationoutcomes of CfD generators
andthe calculation ofCfD support payments under the assumed terms of the contracts. We
explain the rationale behind our bidding approach and assumptio@hapter 5
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4.56. Tocalculak CfD support paymenisve assume that all existing CfD contracts continue to expiry,
such that relevant generators continue to receive their agreed CfD support for the remainder of
the contract periodor their actual output Under more granular locational market designs,
assume thatheseCfD generators would maintain their strike price, and the reference price would
be based on the relevant zonal or nodal price where they are located. However, CfD generators
would now receive lower constraed-off paymentsin the BM(or none, in the case of a nodal
market design}?’

4.57.  Similarly, new CfD generators built across our modelling period receive an assumed strike price for
all noncurtailed generation across &-year period. As above, CfD support payments are
calculated relative to the hourly wholesale price at the connected node. Further detail on our CfD
related assumptions can be found in Sectkin

4.58. In our CBA results, CfD support payments are considered a direct transfer between consumers and
producers. As a result, we present the impact of CfD payments in both the consumer and producer
sections of our net results. We continue the assumption thatdbst of CfD support payments is
spread across all GB consumers, rather than targeted to specific consumer cohorts.

Cap and Floor agreements fioterconnectors

459. h F 3 S ¥Rragine provides interconnectors with a similar, albeit looser, protection from
wholesale price variability. With revenues primarily earned from the differences in hourly
wholesale prices between two connected countries, interconnector earnings can atiblyavary
from one year to the next dependent on broader power market dynamics, increasing thakeésk
on byinvesbors.

4.60. Under theC&F each interconnector is set a maximum and minimum allowed set of revenues to be
earned across a given perigdi KS & OF L¥ | YR &RAdngdaRrél@nuedBainkdDdp i A JS €
the interconnector are periodically compared to thap and flootevels and, similar to CfDs,
support payments are made from consumers to the asset owner in the event of a shortfall. Where
annual revenues exceed the cap, the asset owner redistributes the surplus back to consumers.

4.61. With annual revenues closely linked to the GB wholesale price, a change in wholesale market
design campotentiallyimpact both the annual revenues accruing to the asset ovamet in turn,
the net support costs transferred between producers and consumers.

4.62. We have not sought to augment our analysis with an assessment of the impact of locational pricing
on the expectedC&Fsupport payments of each interconnector. The details of existing
arrangements are commercially sensitive, axagh and flootevels are yet to be agreed for many of
the interconnectors that areaptured in our modelling but areurrently under development.
Additionally, there is considerable uncertainty around the regime design for future-purjiose
interconnectors

127 If policymakerslecideto compensateexisting generators fahe loss inconstrainedoff payments this will be
represented by a oné-one transfer from consumesenefitsto producerbenefits The socioeconomic benefit will
remain the same. We discuss thisther in Chapter 9D.

128 C&Farrangements vary by interconnector, with some assets set a maximum and minimum annual revenue, and
some assets seeing revenues bound acrosyeab period.
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4.63.

4.64.

4.65.

4.66.

4.67.

4.68.

4.69.

In our results, the impact of a move to locational wholesale pricing varies across interconnector
assets, as detailed further in Secti®R In our assessment of producer surplus, we include the net
impact of each market design on the overall revenues of interconnector asset owners.

Wider system impacts

An extensive change in market design may affect certain areas of the wider GB energy system. In
the following subsections, we discuss the elements showirigure4-6 below.

Figure4-6: Wider system impacts

Type Effect Quantified
ESO system implementation costs Vv
Wider system — _ _
Market participant implementation costs V

impacts

Changingisk profilesof market participants includinfinancing cost

Source: FHEnalysis
ESO and market participant implementation costs

Transitioning to a zonal or nodal market would inevitably mean ithhalementation costswould

need to be incurred by market participants and the ESO, both in terms of IT systems and software
investments that parties would need to make, as well as the effort spent on training staff and
developing new processes

In particular, some stakeholders have argued that the costs from introducing more granular
locational pricing could include:

< the complexity of transitioning legacy contracts to the new arrangements;

< costs incurred by parties in forecasy more volatile prices (both for energy and for
transmission capacity); and/or

< updating the arrangements for other market design elements (sucHs)C

We have estimated implementation costs based on both a review of experiences in other
jurisdictions and discussions with stakeholdékhough the costs will initially be borne by the ESO

or market participantswe expect they will ultimately be recovered from consumers, and as a

result we include this estimate of implementation costs in the consumer impact section of our CBA.

Further detail on our assessment of implementation costs can be found in S8étion
Cost of capital

As highlighted irfChapter2, some stakeholders have raise issuethat a move to zonal or nodal
pricing would increase the risk and uncertainty faced by investors, particularly those in generation
assets. It is suggested that this may arise due to, for example, greater volatility of wholesale prices
under a nodal desigmiriving greater forecasting complexity of wholesale prices and volumes at
different locations. The argument follows that this could lead to investors demanding a higher
return on investnentsdue to the greater uncertainty associated with trevenues generated by

their asset increasing the cost of financing new assets.
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4.70.

4.71.

4.72.

4.73.

In SectiorBBof this report, we consider idetail theavailableevidence on the impact of locational
pricing on the cost of capital.

Overall consumer and socioeconomic impact

As described in the previous ssbctions, we have sought to quantify a broad range of impacts of a
change in wholesale market design as part of our core CBA assessment. As s€iguresh7

below, these have been grouped into consumer impacts and producer impacts, with the net total
providing total GB socioeconomic benefits.

Figured-7: lllustrative consumer and socioeconomic imp&?V of benefits between 202540

B
i
-
50
E
-
I3
3
: .
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a
Constraint Wheolesale Intra-Gi# oD Implementation Nt Producer o Total GB
FaMARament congestion payments Cogts CONSUmer rplus payens Sodoeconomic
rants (Consurmar benafits (Producer Banafits
Imipact) Imipact)

Sourcelllustrative examplek-Tlanalysis

The overall impact on consumers from more granular locational pricing is composed of the
following effects

< A reduction in thecosts of resolvingransmission networkconstraints by reducing the volume
and associated cost of required interventions by the ESO iBlhe

< Changes imvholesale pricesresulting from the increased incorporation of the physical
constraints of the transmission network in the wholesale price settlement.

< The creation ofntra-GB transmission congestion rentarising from price differentials between
two locations on the GB network. In our core assessment, these are assumed to be entirely
redistributed back to consumers.

< Changes to the cost @fD paymentdorne by consumers, due to changes in the wholesale
electricity price received by CfD generators.

< Theimplementation costsof transitioning to a hew locational market desidtis includes both
the costs incurred by the ESO as well as market participants (both of afei@dssumed to then
be recovered from consumers at the start of the modelling périod

The sum of the five impacts above provides an estimate of the net consumer benefits of locational
pricing. Taarriveat the net impact for GB, these must be adjusted to account for additional
impacts on producers. In our assessment, we quantify:

< The change iproducer surplusthat is thechange in revenues minus the change in associated
costs of generationOur assessment of producer surplus captures the change in producer
surplus on both the wholesalmarketandBM, as well as 50% of the change in congestion rents
earned by GB interconnector owners.
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4.74.

4.75.

4.76.

4.77.

< Changes to th€fD paymentseceived by generators due to changes in wholesale prices at
connected nodes.

As noted, we do not include in our assessment any potealiahges in the need faransmission
capacitythat might arise as a result of a transition torere granular locationalholesale market
Howeverwe do provide an assessment of tgferences in the benefits caer a given set of
transmission enhancements when assessed under a national and nodal marketakssign
indicator of the likely difference in need for transmission.

As the quantitative assessment above reflects the aggregate impact, we have also conducted
analysis that assesses ttistributional impacton consumers located around GB. This is set out in
Section 9B.

We have assumed that the transition from a national market design to a nodal or zonal market
design occurs instantly from the start of the modelling peribderefore, v have not quantified
any transitional or mitigation measurégyond the baseline approach discussed abdves

implies the following assumptions:

< As described above, generators with existing CfD contracts are shielded from the effects of
locational priceg we assume that support payments would continue over theyé&ar term
according to the awarded strike price and modelled reference price. However, CfD generators
will now be exposed to constraint rigk,that theywill no longer receive constraineaff
paymentsin the BM Beyond the term of the CfD contract, generators will then be exposed to
full merchant risk.

< No other cohorts of market participants or consumers will be shielded from the impacts of
more granular locational prices. Hence,radh-CfDgenerators would now be exposed to
constraint risk?°

< We do not consider the impact of other generation contragish as ancillary service contracts
or Capacity Market contracts

We discuss in Section 9D a range of policy options for transitional and mitigation measures that
could be introduced when implementing locational pricing, including their potential impact, which
can be assessed on top of the baseline res@tsantified impacts have been summed across the
modelling period and discounted to a present value, as set out further in Sézion

129 We discuss our treatment of future CfD contracts in Appendix 1.
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5.1.

5.2.

5.3.

5.4.

5.5.

Power market model and assumptions

As discussed in Chapteratkey part obur assessment approach and methodoleggs todevelop
the maininput assumptions foour modelling and analysi$n doing so, we have relied on
well-established and credible thirparty sources where possiblen consultation with stakeholders
andin agreament with Ofgem**° The input assumptions feed into oppwer market modelling and
multiple strands of quantitative and qualitative analysis covering the broad impact of more
granular locational pricing.

The development of the inputs ikerefore based on credible thirgharty sources where reasonably
possibleln particular, we have relied on:

< ESO datasets on transmission and generation assets;

< publicly available information (notably FES 2021 #redTenYear Network Development Plan
0 BYNDP P022)#and

< bilateral engagements with ESO (ETYS,,NKB&eams) andDESNZ

Thischaptersets out the setup of our power market model and the assumptions used to thede
guantitative analysis of the impacts discussed in Chapter 4. The following sections provide further
detail on:

< our overarching power market modelling to@ection A,

< the geographical saip of our power market model and its configuration for each market
design(Section B;

< anoverview of the scenarios and sensitivities asse¢Sedtion
< our key inputs and modelling assumptiof@ection D; and

< the modelling runs undertaken, and the key outputs produ(®ektion E

A more detailed description of our input assumptions can be found in Appéndix

Power market modelling tool

To perform our cosbenefit analysis nthe impact of implementing locational pricing in GB, we

have usedanin-house power market model, developedingthe Plexos software platforth? This

platform is adispatchoptimisation software on which we have built a detailed representation of

the wholesale market supply and demand fundamentals of the European electricity market,

including GB. The Plexpkatform is widely recognised and utilised by European regulators,
¢NFyavYArAadarzy {@aiSY hLISNIiG2N&R 6a¢{hdéd0 IyR {(GKS¢
including in Australia and the US. We have previously deployed the Plexos softwaatonmal,
zonalandnodal locational pricing engagements in GRirope, Australigdsiaand parts of the US.

130 This includeshree stakeholder workshopsif0 YR hF¥3SYQ& [/ link)f F2NJ Ly Ldzi NBI dzf
131 For more information on the TYNDP, see the ENGS@bsite (k).
132 This software wadevelopedand licensedy Energy Exemplalii(k).
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5.6.

5.7.

5.8.

©

6

The overall objective of a power market modelling tool is to determine the Jeast development
anddispatchof generation and demandide resources to meet demand at all times and location
Plexos considers, among other factors, the technical characteristics and limitations of both the
network and of each generating unit across all locations modelled, in order to forecast the least
cost generation profile and associated clearing price thdsur at each location on the system.

To determine the leastostdispatch the Plexos model optimises across two modelling phases
These are

< First,we runa longterm expansion modefi( K S 6 8 &J 3 Y@hRISdetérmines the
optimal evolution of generation capacity to meet demand at leasdgt. This optimises the
investment decisions of new generation and storage assetikey inputassumptionsuch as
local climate profiles and transmission build.

< Secondwe runa shortterm dispatchY 2 RS ¢ GIKSSNNM aYKeBRYEHkes the
capacities from the longerm model as an input and determines the leasist generation
dispatchon an hourly basis, based on a defined set of network and generation constraints. The
shortterm model also estimates transmission flows (including across interconnectors),
generation costs, wholesale prices and flexible demand profiles, among othersfacto

A simplified overview of the how our power market modelling fits into the overall assessment is
summarisedn Figure5-1 below.

Figure5-1: Overview of our power market modelliagproach

Locational granularity i Power Market Model Model outputs & analysis
Capacity & generation
National Zonal Nodal OUTCOMes
market market market

Long-Term Model

Prices & financial outcomes

Energy scenarios Optimal evolution of

Scenario 1: Leading the Way generation capacity R

Scenario 2: System Transformation

Scenario 3: Leading the Way + HND

CBA results

Impact on consumers

Short-Term Model

PLER(f_)S_

Key inputs Impact on socioeconomic

welfare

Transmission capacity
Asset | | Utility i ]
Profitability Strategic : Further analysis
Demand module | Decision

Distributional i

Generation capacity | :
i Power Market |

Dispatch model

| !
Commodity prices | 1

Source: FHnalysis
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5.9. As shown irFigure5-1 above, our power market modelling approach covienree key steps These
are

< setting up themarket modeldesigns which requires defining the
T locational granularitghat we modej
T  modelling scenarios and sensitivitjesd

T key input and modelling assumptians
< running the Plexos software platform for the modelling runs required; and

< generatingthe modelled outputsheforeanalysing thempact of locational prices on consumer
and socioeconomic welfare.

5.10. The use of ay power market modelling toahecessarihasto take account ofrade-offs ¢
particulady between modelling detail and practicality (in terms of data need@rdputational
requirementy. In particular, we note that:

< The longterm model is a cosbased model and does not implicitly consider the financial
viability of generating units, rather it focuses on meeting demand atdeast to the system.

< The use of Plexa® optimise the buildout anddispatchof generation capacity implicitly
FdadzySa + RSINBS ‘PtAat isithdInbdel a3 & complaelyiawi ol dories =
inputs, for example climate profiles at different locations.

< The computational requirements of modelling the complexities of the GB and European
network have been intensive. As such, the khagn capacity expansion model necessitates a
trade-off between the number of years that capacity siting is optimised acergbthe
granularity of load profiles used within each year. Based on this {odidend discussions with
stakeholders, we model a full set of outcomes for an entire year, every five years, between
2025 and 2040i.¢.,2025, 2030, 2035, and 2040).

< We have assumed that generators prioritise longgnm price signals to inform rsiting
decisions, with reduced visibility of intiday market dynamics. Following stakeholder feedback,
one exception is for batteries where we have assumed that they peeritie granularity of
load profiles as thetypically have much shorter asset lives and place greater value ordagra
price volatility. Further detail on our capacity expansion modelling can be found in Section 5D
and Appendix 1.

< The shoriterm modeldispatcles generators using a shedttizy Y I NHA Yyl O2aid 06 af
algorithm. Under this methodology, generators bid at a function of their SRMC andiptart
costs and will belispatcted if the wholesale price is greater or equal to their bid. SRMC pricing
assumes perfect competition between generators, and therefore does not account for bidding
strategies that generators may employ to exploit market power in specific hours.

133 Our assumption of perfect foresight is limited in our model. The modellingt@/3 NS 3 I (i S dblodcRsdzs. A y ( 2
are then optimised in stepdhis means that the optimisation tife capacity okcarce resource®.g.,hydro,
biomass or hydrogemwould beaggregate into weeksor months which means that the modelling tool woubahly
have a perfect foresight dhis aggregated data.
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5.11.

5.12.

5.13.

5.14.

Nevertheless, we do not consider these limitations to be material on our assesssémy have
been well established in other assessmenfsarticularly over long timescaleddditionally, our
design of the geographical sap of the model, as well as the set of scenarios used, provide a
meaningful representation of the future GB energy market. We discuss this below.

Geographical setip of our power market model

As indicated earlier, we have developed a power market model that provides a detailed
representation of the GB wholesaddectricity marketand balancingnechanismfor each of the
three locational market designs we have assesbeglireb-2 below provides an illustratiof the
modelled marketarrangements

Figure5-2: Geographical seip of our three locational market models

Locational granularity
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Source: FHnalysis

As shown irFigure5-2, we have constructed three separate locational wholesale model designs
with increasing levels of granularityhese are

< anational market model designvith a single national wholesale price;

< azonal market model desigwith the GB electricity system divided into seven zones with
individual zonal wholesale prices and outcomes; and

< anodal market model desigmith a GB electricity system divided into ¢.850 nodes with
individual nodal wholesale prices and outcomes

These locational model designs have been integrated with ouwEpanpean market model to
ensure that modelling outcomes capture the dynamic impact of interconnector flows between GB
and Europe under each market design. A Higrel schematic is set out lmav in Figureb-3.

CATAPULT ﬁ CONSULTINITM

Energy Systems



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 99

Figure5-3: Highlevel schematics of our overall geographical mee¢lp

National

Source: FHEnalysis

5.15.  AsFigureb-3indicates, our GB power market models integrated into our paifituropean model,
which is a detailed representation of tip@wer markets i9 countries.

5.16.  On the development of the three locational market model designs, two key questions had to be
considered. These were:

< what constitutes thestatus quounder the national market model design to form the baseline
counterfactual of the assessment; and

< thelevel of granularityfor the zonal and nodal market model desighs.(the number of zones
or nodes).

Baseline counterfactual

5.17. To undertakean assessment of the casind benefits of changing thenmarket design in GBye
needed todesigna counterfactual against whigharket design changes would be asses3dtis
involved decisiogon whether to include further policy reforms to the current GB market design as
the counterfactual. If further policy reforms were includiedhe counterfactual, then we would
have had to make further assumptions on which policy refaioriaclude, as well as the detailed
design of them.

5.18. In consultation with stakeholders and in agreement with Ofgemhaxe used theurrent status
quo GB market desigmithout further assumedpolicy reforms(i.e.,i KS aylF GA2Yy | f € Y2
counterfactual Ouranalysis ofhe two more granulatocationalwholesaleelectricitymarket
RS&A3y 2LJA2Ya Yis dhpangd afainst thig baseling @inteffaétual.

5.19. Therefore, ve have assumed that under the status quo, the national market model design as it
currently stands would continue across the modelling period. This means that outcomes of the
zonal and nodal markets are assessed relative to the outcomes in the nationadtpastuming no
further augmentation of the existing market design with additional policies.

5.20. We have also assumed that all existing policy mechanisms and regulatory arrangements under the
current market design continue across the modelling period. This includes the current designs of
the CfD regime, Capacity Market aBW. Furthermore, while we arawareof potential reformsto
the TNUOS regime, we have assumed that the current regime corgtinue
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5.21.

5.22.

100

This reliance on the status quo market design as the baseline counterfactual represents standard
practice in CBAs of this type and enables a clean comparison between the different options.
Recognising the broad range of potential future pathways for thep@Ber system, even under

the existing market design, we have sought to assess the impact of locational pricing across a range
of scenarios and sensitivity cas®ge consider all three scenarios modelled (LtW (NOA7), LtW

(HND) and SysTr (NOA7) as baselmmterfactuals, and therefore treat the cost and benefit
assessments from the three scenarios equally.

Level of granularity for thdocational market model designs

There was a range in the degreélocational granularitghat we could modelTable5-1 belowsets
out the range that we considered for the nodal market design.

Table5-1: Nodal market model design options

Number of
nodes

Nodal options

Advantages Disadvantages

1. Grid Supply Points | 350+ ABased on the number of GSR A Does not fully align with
0 a D{ dnli(&ey which arewell defined and transmission network
onlyinterfacepoints well understood within the topology
betweenthe industry A Calculation of the losses will
transmission and A Likely to be sufficient to deviate from actual observec
distribution networks) capture majority of the values
transmission constraints
2. Transmission c.850 A Better reflects generation A More computationally
substations location €.g.,includes challenging than option
generationonly nodes) above
A More accurate
representation/calculation of
the overall network losses
3. All nodes identified | 1,800+ A Representation of the ESO | A A large number of nodes are
n9{hQa t2g network model as used for defined historically and may
model system planning (and not not be relevant as it does no
necessarily for market represent the actual system
modelling) configuration
Include all the 10,000+ A More accurate representatiof AESO has no visibility over
distribution-level of the combined transmissiorny  distribution level nodes
nodes and distribution network Ab2 SOARSYOS 2
OFasS¢ G2 AyuaN
locational price signals at the
distribution level
A No international precedent
for distribution nodal pricing

Source: FHssessmenbased on discussions with stakeholders and agreement with Ofgem

Note: Transmission substations include any point on the transmission network where two or more

circuits connectd.g.,transmissiordistribution, transmissiogenerator and transmissien
transmission interfacegnd areat or above 275kV in Englarathd Wales orat or above 132KV in

Scotland
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5.23.

5.24.

5.25.

The options shown in th&ble abovewere presented and discussed with industry stakeholdéts,

and building from the feedback provided, we define the nodes based on transmission substations
(i.e., Option 2)Relative to using only GSP pointss increases the complexity and associated
computational challenges of our modalit doesallow us tobetter reflect the network topology

while capturing transmission constraints.

Similarly the locational granularity of a zonal market model desa{go needed to be determined.

In this regard we considered, first, the numberzohesthat shouldbe defined andecond

whether thezonesshould be redefined over the modelling period. We set out the advantages and
disadvantages on the fir&suein Table5-2 below.

Table5-2: Zonal market model design options

Zonal options Number of Advantages Disadvantages
zones
1. PreBETTA split 2 A Splitsalong a boundary with |A It would ignore many of the
the most significant constrain key transmission boundaries,
managementosts especially in later yearsvhen

AMight address stakeholder | this boundary iseinforced by
concerns regarding liquidity | ManYProjects

2. Main constraint 7 A Based on the set of most A The forecast onlyuns up to
zones significant constraint 2031 andhence might not be
(asforecast by ESO boundaries reflective ofboundaries in the
A Defined by the ESO providin{ Mid to late 2030s
objectivity

3. Network Options 20 A Boundaries developed based A Some boundary zones overlg
laasSaavySyi on Security and Quality of or represent the subset of
Electricity Ten Year Supply{ G I Yy RF NR 6| larger constraint boundary
{GFG§SYSyi requirements

A Highly fragmented
zones ghly frag

L A Identifies additional, less
(as currently identified)

critical, network bottlenecks

4. AFRY2 BID3 model 40+ A Consistent with thepproach | A Zones are not fixed and vary
zones used in FES market modellin| for different technologies
(may vary over time
depending on generation
fleet)

A Zones do not reflect constrail
boundaries

Source: Fssessmenased on discussions wikakeholders and agreement with Ofgem

Note: For NOA & ETYS zones, NOA defines 18 active constraint zones in the latest NOA7 assessment

while the ETYS defines 23 zoW¢RY2 4 L 5 madel zones are based GnK S Brghte@a
market and network constraint modelling.

Given the advantages and disadvantages for each zonal market model design option highlighted
above, we agreed with Ofgem (following consultation with stakeholders) that the sawen

option was an appropriate configuration, as it sufficiently covers the most constrained boundaries
and reflects a more realistic zonal market compared with other jurisdictitis.

134 Options for locational granularity of zonal market design were discussed with industry and stakeholder feedback
following the first workshop organised by Ofgéink).
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5.26.

5.27.

5.28.

5.29.

5.30.

5.31.

We have not sought to redefine the zones across our modelling pdtizdpossible to identify the
optimal zones in each year modelled, to reflect the changes to the boundary constraints over time.
However, we were advised by Ofgem that it may be prudent to keep zonal boundaries fixed over
time. We recognise thatiis may also not be reflective of realistic policy choices shoatthal

market be implemented.

Scenarios and sensitivities

With the level of locational granularity determined for each modelled market design, the second
step to our power market modelling approach required selecting and defining a set of scenarios
and sensitivities to account for future uncertaintiér this modelling assessment, we have
defined scenarios and sensitivities in the following way:

< Energy scenarios refer to tiset of supply, demand and transmission input assumptidhat
reflect different views on the future evolution of the GB energy market

< Sensitivities refer tamendments to specific assumptiongithin a scenario to test a
hypothesis, for example, to account for a policy design choice, or to isolate a specific impact of
locational pricing.

In agreement with Ofgem and consultation withstakeholderswe model several scenarios and
sensitivitieswhich we discuss in turn in the following siections

Scenarios

For thescenarioghat we adopt inour modelling, we considereal number of approachesith

Ofgem and industry stakeholde®ptions includedvhetherto adoptiil KS 9{ hQa C9{ T2 N
create our own scenario (in consultation with stakeholdesnsganotherthird LJ- NIi @ Q4 F2 NB O
combination of these approaches.

Rather than adopt scenarios thebuld potentially be considered to favour one view over others,

we concluded with Ofgem and in consultation wittakeholderghat it would be most appropriate

to incorporate theFES scenarios.a A y3 (G KS 9 { h Q geneZally{agreée®is pioviNdhaz & & |
number of advantageshe pre-defined scenarios are walinderstood by industry, cover a wide

range ofpotentially evolutions of the GB energy systesnd have themselves been subject to

extensive stakeholder engagement during their development.

CAdZNIKSNXY2NB:X GKS Cc9{ RIFIGlFrasSdia O0LINRPOARSR o0& (K
the size and location of every generatocation specified at the locational granularifthe

transmission substatioout to 205Q This is therefore in line with our agreed approachmodel

nodal market toa locational granularity af.850 nodesThe assumptionare developed in line with

0KS 9{hQa @GASs 2F FdzidzNBE (NI yaYAaairzy NBI dzA NBY
network that underpin our moelled network topology. As a result, the FES scenarios provide

internally consistent assumptions across generator locations and transmission capacities that
NEY2@3S GKS ySSR (G2 RAGSNEHS FTNBY (KS 9{ AFQa NIy

Ny

135 As described in Chapter 2, under the current GB market design, locational TNUoS charges provide a level of
locational investment signal. TNUo0S assumptions are implicitly embedded in the locational siting of generation in
the FES datasets confidentiallyogided to us by the ESO, which we have agreed, through the stakeholder
engagement process, to rely on in our modelling of the current market design.
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5.32.

5.33.

5.34.

5.35.

5.36.

5.37.

We understand that théorecastlocation of individual generators on the network is subject to
significant future uncertaintyand concur with stakeholders that the change in location of
generatorampactthe estimated benefits of locational pricing.

As such, all three scenarios have been constructed on the basis of external publicly available
information, in combination with confidential information on the network topology received from
the ESO. Each of these scenarios reflects a combination of assompn total electricity demand,
the generation mix and volume to meet that demand, GB and EU-barsier transmission
capacity, and internal GB transmission network capacity.

Our scenarios are based on FRSas this was the latest published version of FES at the outset of
this project.While FES2 was availablérom July 2022ye would nothavebeen able to use those
scenarios as thdetailed underlyingnetwork datasetsequired for the nodal modellinge(g.,ETYS
and NOAT7yvereonly available for FES 21 the time of undertaking the work

To select the appropriatEES 21 scenagto model we chosdwo scenarios that coved a
reasonaby wide range of the evolution of potential outcomes in the GB energy systkns 9 { h Q&
forecast constraintnanagementosts in FES 21 as showikrigure5-4 below:

Figure5-4: ESO forecast constraimanagemenicosts in FES&L

2.50

Constraint Costs (Ebn)

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040

Steady Progression System Transformation

Source: FEAL

As shown in thé&igure5-4 above FES 21 is made up of four key scenatibsading the Way

O G W2y&dzY SNI ¢ NI YAT2NYEF GAZ2Y 0 &HEWESD I y{Re H WSS REENT
t NEPANBaaAz2zy o6a{te¢vd 2SS y24S (KIFG dzyt A1S GKS 2
with Net Zero, and hence we have excludkei$ from our assessment.

Among the other three scenarioge LtW scenariocorresponds to the most constrained @Bergy
systemwhile the SysTiscenario corresponds to the least constrain@B energy system. As such,

following consultation with stakeholders, we have used the LtW scenario as tzJLIS NJ 6 2 dzy R €
scenarian terms of the likely extent of system constraimisd theSysTscenarioasi KS  af 2 6 SNJ
02dzyRé F2NJ 2dzNJ FaasSaavySyido
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5.38.

5.39.

5.40.

5.41.

After the selection of the two scenariosith Ofgem and stakeholders early on in our assessment
the ESO subsequently published a new Hrdihwayand NOA refresin July 2022 which
NBELINB&Syia o keextersiferadiiionsdkaSsiissioif investment required to help
RSt AGSNI KS D2 A& BUBW 6f fanréted bffghre wikdzapacity by 2030.
Following discussions with Ofgeand stakeholders, athen combined the portfolio of additional
transmission projects identified in the HNiBogranme and NOAY refrestvith the network and
ISYSNI GA2Y | aadzYLIiAz2ya Ay GESDE[] &0 SHBDRtBHND 2 >
future where an ambitious level of transmission build is successfully delivered with no delays.
This scenario aims to assess how the cost and benefits of locational pricing change in a world
where the extensive portfolio of HND transmission projects is delivered by 2030. We provide
further detail on the transmission network topology that underpingteaf our scenarios in
Section5D.

Therefore,in our assessment, we have a total of three scenarios:

< The Leading the Way scenabased on NOA7 transmission build assumptions (which we refer
G2 Ay GKS NBYIl A VIRENQAR $ PG KS NBLR2NI & a

< The System Transformation scenario based on NOA7 transmission build assumptions
G{éealmNI)T VLE

< The Leading the Way scenario based on NOA7 Refresh transmission build assumptions,
AYO2NLR NI GAYy3 (KE21 BHF bBINEINI YYS 6a

Sensitivities

In addition to the three energy scenarios outlined above, we conduct two sensitivity analyses to
test the impact of specific hypotheses or policy options raised by Ofgeratakeholders*® These
sensitivities are:

< adispatchonly sensitivityto test the benefits of more granular locational pricibile
controlling for thebenefits of resiting generation:?” and

< aload shielding sensitivityo test the benefits of more granular locational pricing while
shielding consumers from these locational prices.

136 We initially considered a long list pbtential sensitivities but have prioritised these two sensitivities given the
importance to stakeholders and policymakers. Other potential sensitivities include depoatadbility, allowing
total capacity to flex by locational market designs, generation sensitivities (amending nuclear or interconnector
capacity build profiles), transmission sensitivities (optingishe level of incrementaransmission builjj and
alternative scenariose(g.,using DESNZ assumptions).

137 This sensitivity assumes that locational signals are delivered perfectly through other mechanism such as central
planningunder the national pricing modghnd therefore generators are sitédentically under both the national
and nodal market designs. This allows us to assess the benefits of price variation across GB, while removing the
benefits caused specifically by the more efficient siting of generators.
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5.42. Thedispatchonly sensitivityisolates the impact of more granular locational pricing on the
efficiency ofdispatch byexcludingthe potential benefits of generator and storagesiting
decisions. The purpose of this sensitivity is to test whether locational pricing would lead to more
efficientdispatchoutcomes. This was conducted on the basis that several stakeholders believed
that the efficient resiting of generators and storage could centrally planned perfectly and/or
deliveredvia other policie®r mechanisms such as through TNUoS refartherefore negating
the needfor (and potentially benefit ofjocational signals in the wholesale markkat influence
siting decisions

5.43.  We test this sensitivity by modelling outcomes under each market design using an identical
capacity profile, using the capacgiting decisions as specifiedthre nodal longterm model. This
sensitivity assumes that the size and location of all generatgowell as théransmission capacity
is identical across each of the locational manttesigns optimised assuming that generatand
storagesiting investments can be made based(tre modelled)perfect locational investment
signals.

5.44.  Aload shieldingsensitivity tests the impact akshielding consumers from the locational price at
their connected node, instead exposiatl consumerso a single average national wholesale price
in each hour, while retaining locational pricing for generators, stoeagkelectrolysersThe
purpose of this sensitivity is to test how the estimated system benefits of nodal pricing change
when flexible consumer load, provided for example through smart chargingsoidHPS is
unable to optimise consumption arodrthe local price at the connected node.

5.45.  We test this sensitivity by applying the modelled demand profiles (including flexible assets)
optimised based on a single price in the national market model to the nodal market model. We
thencompares K2t Sat £ S YINJ SO 2dz2i02YS&a dzy RSNJ a&aKASE RS
standard nodal market model, to assess the impact of the imperfect load profiles on in a nodal
market design.

5.46. Our assessment for both these sensitivities is set o@Hapter 1.

D. Key inputs and modelling assumptions

5.47.  To calibrate our power market model to align with the three energy scenarios for each market
design arrangement, we developed a series of input assumptions in coordination with
stakeholders, focused on the four key areas set oligure5-5 below. These areas are
(1) transmission capacity, (2) demand, (3), generation capacity, and (4) commodity prices.
Additionally, we also set out oassumptions foobur assessment of the BM and CfDs
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Figure5-5: Categories of key input and assumptions

Define transmission capacity (and associated parameters
between each zone / node and across the country over tir

Transmission capacity

Define the evolution of demand levels for each node, their|

REIETY hourly profiles and flexibility assumptions by type

Develop generation capacity (including storage) baild

Generation capacity orofiles

Commodity prices Define commodity price assumptions

REIEWEMENEERENN| DefineBM assumptions

Contractsfor-
Difference

Define CfD assumptions

Source: FHnalysis

5.48. We summarise each of these in turn in the followsup-sections, with a more detailed discussion
of our input assumptions set out in Appendix 1.
Transmission capacity inputs

5.49.  Assessinthe impact of different locational market design outcomes requarsaccurate
definition and evolution of the GB transmission network topology across the modelling period.
Figure5-6 belowprovides an illustrative example of our transmission assumptions
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Figure5-6: Highlevel map of future transmission build

Current 2025 2030 2040
@, O,

Legend: === Existing 400KV line === Existing 275kV line === Existing 275kV line Existing offshore HYDG== New circuit Circuit uprating

Source: FTI analysis
Note: The diagrath 6 2 @S A& 2yt & AffdzadNIGABS o6FaASR 2Yy
documents.

5.50. Asindicatedin the illustrative diagram above, weave definel three detailedrepresentations of
the transmission network according to the three scenarios in each of the modelled years. These
representations are based on the following:

< the LtW (NOA7) and SysTr (NOA7) scenarios follow the relevant transmissieoubuild
information set out iNNOA7%38

< the LtW (HND) scenario follows the transmission baoiltlinformation set out in NOA7
Refresht®

5.51. To define the network topology as set out above, the following inpugee used

< the transmission capacity betweeach pair of nodes in the nodal market design and each pair
of zonesn the zonal market desigacross the country in each year;

< the seasonahermal ratingof each transmission line;
< technical characteristiasf circuits and transformers to compute losses; and

< relevant additional security of supply constraints related to the use of specific assets.

5.52.  We set out our data sources for the inputs requiredrigure5-7 below:

138 National GricESQWetwork Options Assessment 202121k).
139 National GricESQWetwork Options Assessment Refresh 2022K).
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Figure5-7: Sources for our transmission input assumptions

2020 2025 2030 2035 2040

nationalgrid
ETYS, NOA7, NOA7 Refresh, HND

Network topology

Seasonal nationalgrd
availability ) .
nationalgrid W 5T
ETYS ‘We have developed
Technical assumptions based on 2022-
characteristics 2030 data and bilateral

discussions with E50

Source: FTI analysis based on discussions with stakeholders and agreement with Ofgem

5.53.  As shown irFigure5-7 above, we have relied on the E52021as a starting point between 2022
and 2030 which includes detailed information of the transmission network parameters such as
connectivity and impedances that allow detailed modelling of the transmission network including
network losses#° From 2030, we then augment the information provided in ETYS with individual
projects identified by NOA7 (as well as information provided through the &iNIINOA7 refresh
plansin our LtW (HND) scenaji&f! These input assumptions have been validated directly with the

9{hQa NBEtSOIyil ySis2N] LEXIFYYyAy3 (SFHya 208S5NJ 4S¢

140 National Grid ESO (2028 TY S Appendix B; System technical daflink).

141 Circuit characteristic (e.gseasonal ratings and impedances) for the reinforcement proposed byaxhased
on standard parameters fdransmission assets based on type (€3dL, Cable, Transformer) length, and
nominal capacity.
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5.54.

5.55.

Box5-1: Holistic NetworkDesign

¢KS 9{h RS@GSt2LISR (GKS I b5 Fa LI NI 2% dabaflth Qi
seeks to delivethe coordinated onshore and offshore transmission network required to support
the connection of 50GW of offshore wind by 2030 in GB, as whktZero by 2050 for GB and by
2045 for Scotland.

NSy

Development of the HND has been guided by the terms of reference set out IQTNE*? It
includes the four objectives of minimising the whole system cost (Objective 1), while meeting
network planning and operational standards (Objectivaivell asppropriately balancing local
community, environmental (Objective 3) and economic impacts (Objective 4) to ensure clean
affordable and reliable energy to the consumer.

Therequirement to consider coordinated offshore and onshore development against a broad
range of objectives represents a key departure from the standard network development process
under the NOA. Reinforcement proposed under NOA7 only considers the optimal lenshaoire
reinforcement against the FES 21, focusing on cost only and without considering offshore
networks. Therefore, compared with the transmission plan developed under the NOA process
HND and NOA refresh plans include changes in onshore network deeritgpto complement
new coordinated offshore network requirements.

Building from the information provided by the E&@dsupplemented by further detailed
discussions with them, we identified transmission projects that are either new or have an
accelerated delivery in HND relative to NOAY. In total, there are more than 3000km of new circuits
with up to 63GW of additional capay across 25 projects which would requagpendituregreater
thanthe NOA7 estimateas a result oboth new projects and fronthe acceleratbn of projects
identified through theearlierNOA7 process.

In order to account for the additional redundancy that is built into the network through the
obligation to meet theSecurity and Quality of Supply Standaeduirements and to accommodate
flows under both planned and unplanned circuit outages, we have adjusted the circuit capacity
uniformly across the network by the Locational Onshore Security Fadaliscussed in

Appendixl. The calculation of the Security Factor is regularly performed by the ESO as part of the
TNUoS wider tariffs under the methodolosgrutinised by the industry and approved by Ofgéfn.

hyS YIFAY tAYAGFEGAZ2Y (G2 GKS OGN} yaYAaarzy | aadzyl
2041. This meant that to be able to model outcomes beyond 2041, we would either have to

assume no change in transmission bwdldt, orassume a transmission buittlit profile using

either exogenous assumptions endogenous calculains ofan assumed transmission roll out in

the 2040sBoth of these approaches would beficiert, in thatthey would risk a high degree of

spurious accuracyl hereforejn consultatiorwith stakeholders, we have limited the modelling

period to 2040 to ensure that modelled outcomes remain grounded in the key principles outlined

in Section 4A.

1421y D2 @S N¥fskoBeyfranEmiséion network reviewz  f | 4 0 dzLJRH)G SR Wdzf @ HAHH
143 National Grid ESO (202@kuidance on TNUOS Locatb@nshore Security Factor Calcula€fink).
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5.56.

5.57.

5.58.

5.59.

Demand inputs

To modeMdispatchoutcomes, the following demand inputs are required:
< The annual demand by node, year and demand type.

< The hourly demand profiles by demand type.

< Flexibility assumptions.€., price responsiveness) by demand type.

We set out our data sources for the demand input&igure5-8 below according to each demand
type, which we have split inttour categories.

Figureb-8: Sources for our demand input assumptions

m m EIH" mlﬁe”

nationalgrid
FES 21
..
Hourly profile e n t S 0@ PECD
Demand pattern is
optimised endogenously
0 *
- nationalgrid=50/ofgem W E..T..!
Flexibility
Demand flexibility assumptions were developed based on the relevant FES 21 data (e.g. the share of flexible
EV demand follows the share of households participating in smart charging according to FES 21)

Source: Fssessmenbased on discussions with stakeholders and agreement with Ofgem
Note:Baseline demand refers @l consumer demand (including domestic, commercial and
industrial), except for the lowarbon technologies, which are modelled separately KIP,
electrolysers)

Asindicatedin Figure5-8X ¢S NXft & LINAYIFINRt& 2y (GKS219{ hQa | &
directly under @ NDAfor the annual demand levels anlde level of flexibility associated with each

kind of demandWe havealso usegublicly availablédourly demand profilelata fromENTSEE

published as part dPan9 dzNB LISy / f A Y I { S*emand piofilemSelebtralys&s 5 € 0
require no exogeneous assumptions, as these are optimised endogenously in our model.

In order to accurately represent demand, we split consumer demand into four main companents
baseline demand,\&, HPsand electrolysers. For each of these components, in each scenario we
define the following parameters:

< Total annual demandat each node) is defined in FEB

< Demand profileis based on th€ ECDThese profiles are optimised by the model, using
flexibility assumptions developed FES 2Which are presented iffable5-3 below.

144ThePECDs published by ENTS0and is the basis of the TYNDP modelling
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5.60.

5.61.

5.62.

Table5-3: Flexibility assumptions for different demand types

Demand type Flexibility assumption ‘

>

There are Wo tiers ofdemand shedding from baseline demaindluded in
the model,which areactivated atvery highprice levels

Maximum capacity from demand sheddirand price levels are based on
FES1 and discussions with ESO

BVs A Someproportion of B/s optimise demand acrosise day to minimise cost,
consuming at times when powerlmswest cost(the share of these\& isas
specified iFER1)

A Someproportion of EVs can provide generation to the electricity grid (the
share of these EVs is ggecified in FES 21)

A OtherEVs follow a fixed hourly demand profile peaking late at night

Baseline demand

b

>

Some proportion oHPsoptimise demand within each day to minimise cost,
consuming when power igast cosfthe share of thesélPssas specified
FES1)

OtherHP<follow a fixed hourly demand profile

HPs

>

Electrolyser capacity artdtal annual consumptioiis fixed toFES 21

Electrolysers S L o :
Demand profileis optimisedwithin the yearin the model

> >

Source: FE&L, FTlassessmenbased on discussions wikakeholders and agreement with Ofgem

To ensure our assumptions are transparent and accepted, we have clarified them with Ofgem and
the ESO, and discussed them with stakeholders in workshops.

Generation capacity

The following generation capacity inputs are required in our modelling assessment:

< The total generation capaciper technologyused acrosgad scenario

< The generation capacityer technologyat each specific locatiomsed across each scenario

< Theconstraints aroundgiting decisions (reflecting technological and geographical constraints).
< The technical characteristicd generatos.

We set out our key sources figure5-9 below.

Figure5-9: Sources for generation capacity input assumptions

Capacity build-out nationa |gl‘ld FES 21

SUREens entso@ TYNDP 2022 (for Europe)

Capacity split . . | dad n . .
el | nationalgrid e, SEROWY  /ofgem W K. T
constraints on new VA I Sy

capacity siting Developed based on public sources and discussions with ES0 and agreed with stakeholders

Technical e n tS O@
characteristics PEMMDE (thermal and '
nuclear plant characteristics) PECE) franeiiatia prosied)

Source: FTI analysis based on discussions with stakeholdeagraethent with Ofgem
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5.63.
5.64.

5.65.

5.66.

5.67.

As observed in the figure above, we rely on several sources to the capacity assumptions required.

On thegenerationcapacity build out assumptions, we use the following assumptions following
discussions with stakeholders:

< For the national market models, we rely on the total generation capacity and the generation
capacity at each location as defined in RES

< For the zonal and nodal market models, we rely on the total generation capacity as defined in
FES 21 buidome newcapacitycan besited at different locationen response to locational price
signalswhen it is economic to do so.

The ability of new capacity ite in different locations undehe zonal and nodal market modets
subject to assumptions of real world technological and geographical constraimse constraints
were developed based on several sources, inclulitg{ bCaian Capture, Utilisation and

{ G 2 N@U® dlgster roadmap and Crown Estate lease informatisaditionally, we assume
that all projects in development do nette in different locationshan as set out in FES.21

This means that in our assessment, we make the conservative assumption that locational prices do
not affect the overall capacity mix, and instead only affect the locations of a limited set of new
generation capacity

The constraintsto siting decisionsf new generators that were used are set oufliable5-4 below.

Table5-4: Responsiveness locational wholesale electricity price signals in siting decisions

Technology Ability to relocate in response to locational wholesale electricity price signals
Nuclear

Fossil fuel Do not respond (fixed as per FES 21 in terms of tiairatjn terms of location)
Biomass

Biomass (&bon

Location optimisedcrosshe clusters and nodesorresponding to each cluster
Capture and Storage

identified based orthe government strategy

"CCS)
Hydrogenfuelled Location optimisedcrossnodeswith hydrogenproductioncapacityin FES 21
generation and/or as withinhydrogen clusters

. Does respondjmited byhistoric CfD Allocation Round resutisd Seabed lease
Offshore wind availability

Does respond, limited by:

A New onshore wind in Englarislfixedto FES 2i.e., a limited increasend

A New onshore wind in Scotland and Wales can locate on any witdia
Scotland and Walesith onshore wind capacity iIRES 21

A Maximum additional capacity per node in Scotland and Wales set at twice
of FES 21orecast

Does respondjmited bymaximum additional capacity per node set at twice th

Onshore wind

SHE of FES 2forecast
A Does respongnew capacity can locate on any node with battery capacity i
FES 21
Battery storage

A New capacity aévery 5 years atach node i$imited to 400MW(this
corresponds to the largest increase idified in FES)

Hydro and Pumped

Storage

Interconnectors Do not respond; capacity andanding pointlocation as peFES 21
Source: Fssessmenased on discussions wikakeholders and agreement with Ofgem
Note: In conjunction with these limits, we assume all projects in development (mostly prior to 2030)
site as per FES 21

Do not respond
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5.68. For offshore windis indicated irTable5-4, we havecarried outan additional crosscheck to ensure
that:

< all committed projects (i.eunder construction or awarded under a CfD contract) are parid

< offshore wind capacity in eadea arealoesnot exceed the current seabed leasaghe area
or the capacity set out in the FR$ until 2030. Increases up to 2040 are limited to twice the
currently leased amourtr by FES 21, whichever is higher.

5.69.  For the technical characteristics across all generator types, we have sought information provided
by public sources as far as available:

< For technicatharacteristicsegardingthermal plants we have relied othe ENTS® (Pan
9dzNR LISIFY al NJ SO aPEMMDBIOAY 3 51 G106l asS oa

< For renewable generatofavailability profileswe have relied othe PECDTheseprofiles are
0lFlaSR 2y GKS unHnmo Of Achoicdidbclimbat lyddised foytheFRSyasd ¢ A G K
NOA. The PECD includes climate dat® fiifferent onshore GB regiorand 13 offshore
regions.We have assigned each node to ondh# 5 onshore regions

5.70. The assumptiosadopted allow direct comparison across the three locatianatket model
designaunder considerationHowever, they are alspotentially conservative as more granular
locationalpricing could trigger a change in tgenerationcapacity mixather than assuming it is
held constant Restrictingnostnew buildsto locations with prior new build is arguably also
conservative, as it limits the optimisation of sitiMge discuss the siting decisions under the
different market designs in further detail in Appendix 1.

Commodity prices

5.71. Commodity price forecasts (mairdgrbonand gas) are the main determinant of the shauh
YIENBAYFE 02aGa oa{wa/ aé&o 2 T¥initur 8 pivantdriveddfs SN ISy ¢
wholesale electricity price¥?®

5.72.  For these assumptions, we have relied on filieire curvesandlongterm benchmarks to reflect
recent market developmentThe choice of futures and lostgrm benchmarks were based on
TYNDP, which uses the same saterichmarks.

5.73.  Ourgas pricdorecastbelowis based a combination of these sources as set obtgare5-10
below.

145 Other relevant commodities include coal, oil, and biomass. We have used the same appebaeh on future
curves and longerm benchmarkgo form our set of assumptions.
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Figure5-10: Gas price forecaste per MWh
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Source: WEO; TTF; TYNDP; Ble&nbergFTI analysis
Note: The prices in the figure above are in real terms, as 2022 Euros.

5.74.  As shown irFigure5-10, the gas price forecagollows the forward curves up to 2025 andovid
EconomicOdzii f 2 2 { ldngtérm forécasts from 20366

5.75.  Similarly, our carbon price assumptions are based on a mix of future curves aredong
benchmarkdrom the WEQ This includes an adjustment for tarbon Price Floor in the UK,
leading to higher carbon prices in the UK compare@aontinentalEurope, untithe late 2020s,
when the two are assumed to converg¥.This can be seen Figure5-11 below.

146 The forecast gas prices rely on 2021 and early 2022 data sources. This htesbegbwith stakeholders and agreed
with Ofgem

17wWhile we have considered the market impact from forecasted carbon prices, we have not considered the
policy-administered carbon values which are intended to reflect thesotlietal cosbf carbon. This is explored
further in Section 9C
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Figure5-11: Carbon price forecaste pertCO2

300
250
200
150

100 P

Ty WA ]

_?,4'.....
_

2015 2020 2025 2030 2035 2040 2045 2050

50

0

— Historic — FT] - EU ETS == == FT]- UKETS
Forward EEX =+ seee Fopward UK 002 - WEOD2Z1 - Net Zero
- WEOZ - 5D Ll WEDZL - AF Ll WEOD21 - 5P
EU ETS - FE5 21 (Basa caze) e LJK002- FES 21 (High case)
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Note: The prices in the figure above are in real term2022 Euros.

BM assumptions

5.76.  To modekonstraint managementosts that arise in national and zonal market desighae have
alo assesse®M outcomesnoting the particular challenges in doing so. This is due to the unique
features of the BM, includintpat the SQ

< has to balance on a locational basis
< tradeswith market participants om payasbid basisand
< isthe only counterparty

5.77.  Given thesdeatures we have agreed the followirapproachand assumptions with stakeholders.
Thisinvolves the following:

< We undertakewo model runs per scenaripan unconstrained model run assuming no
O2yaiNIAyGa 2y GKS ySig2N]lZ IyR I O2yaidaN}AyS
model run) accounting for the physical reality of the transmission netwithls provides the
congestion volumes.

148 As set out irBection2, a nodal market model design does not requilg\ato manage constraints as the value of
constraints are included in the nodal priéde note that under all market designs modelled, there may be instances
where the SO is required to intervene to account for unexpected changes in supply and desamd,as
unexpected outages of the transmission lines, in4&ak. This occurs under national, zonal and nodal pricing
regimes, and we have not sought to model any impact on the costs that arise from such interventions.
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5.78.

< In theconstrainedrun, we fix demand and generation from technologies and demand types
that are not assumed to take part in the BM

< We then apply theassumedBM bid and offer prices to the differences in generation between
the two model rundo calculate theconstraint managementosts.

The estimated BM bid and offer prices have been developed using historical behaviour in the BM
as well as forecasts of fuel and carbon costs across different technology types. This is set out in
Table5-5 below. We refined our assumptions over time based on discussions with stakeholders,
particularly Ofgem and the ESO. We discuss our approach in more detail in Appendix 1.

Table5-5: Assumed BM bid and offer prices

Cost to ESO Cost to ESO
Technology Bid Offer
Fossil fuel Eﬂ - Fuel cost carbon cost Offer Uplift + Fuel cost + carbory
cost
. =][e] .
Biomass h - Fuel cost Offer Uplift + Fuel cost
CCs i
CCS Biomass h Carbon price; Fuel cost Offer Uplift +p(r'i:cuee)>l cogtcarbon
\ (theoretical only so no price
ROCs renewables /I ROCs?
assumed)
\ . . - -
CfDrenewables /r CfDstrike priceq Wholesale (theoretical only so no price
price assumed)
\
Merchant renewables /i“ £0 Offer Uplift
Batteries B0 - Price Paid Price Received + Offer Uplift
Other Storage Technolody+) - Marginal Value Marginal Value
Hydrogen generation H, - Marginal Value Marginal Value
T— O0—0 Cost of reversing flow Cost of reversing flow 'I‘
EMON K €MAYf EMOT K €MH

Source: FHssessmenbased on discussions with stakeholders and agreement with Ofgem

Note:We assume the following technologies do not participate in thecEMmand Side Response

0 @SR ,0uclear, hydro (ruof-river) and smadkcale thermal#®

KS ydzYoSNI 2F wSySélro6tS hofAIlLdAz2zy [/ SNIGATFAOLNDG
simplicity, we assumed 1ROCs for offshore wind and 0R@Cs foonshorewind which is the

average per technology from DESNZ).

¢ KS O2ail 2F NBOSNEAY3IlI FR2¢émaA Avioht t AAA4ZNSRI X g
discussed in greater detail in Appendix 1A

149We assume that CCS gas generators participate in the BM in the same way as fossil fuel generators (but with
different carbon costs). There are no CCS gas generators in the Leading the Way scenario in the modelling period.
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5.79.

5.80.

5.81.

5.82.

5.83.

The offer uplift included for some technologies is based primarily on historical experience and can
be substantial. For instance, we assummauatiplier offer uplift for fossil fuel generator¥? This

offer uplift may reflect a range of factors, includisigrt-up coststhe payasbid nature of the BM
(meaning that we would typically expect offers to generate to bexicess of marginal cost
sometimesgto reflect the locationamarginalvalue of electricity in that part of the netwoyland

effective market power of plant in a situation where there may be limited alternatives.

To the extent that market power is one factor, our approach could in principle overestimate the
consumer benefits of locational pricing, as we do not assume any market power in our wholesale
market modelling.

A further assumption relates to the assumed participation of interconnectors in the BM.
Historically interconnectorparticipation has been very low reflecting the inherent complications of
SOs trading with each other in the BM close to real tile. have therefore assumed a relatively
high cost of reversing interconnector flows in line with our discussions with ESO.

CfD assumptions

We also estimated how costs could change as a result in changes in CfD payments under locational
pricing Our approach to assessitigsis based on:

< aprofile ofthe evolution ofCfD generator capacityver the modelling periogand

< assumptions on the future CfD regime design.

Our projected capacity of CfD generators is set out by technologigure5-12 below.

150 Qur approach mimics the approach adopted by the B&@onal Gridd { h & H n mernd rRark& hr@ yeBvork
O2 y aii NI A Y, ip.15¢2)RAS Btéted i Ther report, the ESO appliedadfer multiplier of 1.63 to gas
generators in 2017. We discuss the basis of our offer multiplier in greater detail in Appendix 1A
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Figure5-12: Projected capacity of CfD generatarslerLtwW
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5.84.  As shown irFigure5-12, we assume that CfD contracts would be available, in pdtilly, across
four technologies. Following a discussion with stakeholders, we assume that the following projects
are included:

< existing projects with CfDontracts

< all proposed offshore wind projecvarded CfDs in Auction Rounds 1 to 4
< Hinkley Point C

< all future offshore wind projects

< 50% of future solar projectand

< 50% of future onshore wind projects.

Pl R F.T I

Energy Systems



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 119

5.85. We haveassumed thab0%of future solar and onshore wind projedtiseyond existing auction
rounds)will be awarded CfD contracés a balanced assumption to represamtincreasing
number of awards in recent CfD auctigms well as the increasing potential for more merchant
investments. We note that amendingitassumption wouldhave no net impact oour
assessment of the ovell change irsocioeconomic welfararising as a result of a change to
locational pricing. This is becaus&ould reflect apure transfer between producei@nd
consumerskFor examplea lowerproportion of future onshore wind and solar projects wi@fD
contractswill increase consumer benefits and decrease producer sulplibe same amount®®
Additionally, all other technology types are excluded due to immateriality or uncertainty.

5.86.  Our constrained model estimates a generation profile for each project included in the list above,
allowing us to estimate theost of Cfsupport payments owonsumersviathe following equation

QDO NEOOGQE 0T “Yoi MG QQI /it BEOQE: QI dE aH Q

5.87.  Our assumptions for calculatinige CfD support paymentare set out inTable5-6 below.

Table5-6: Assumptions fotalculatingCfD support payments

National market Zonal market Nodal market

Strike price Srike pricesfor future contractsare6 8 SR 2y 59{ b »%Qa f |
St SOGNROAGE o6a[/h9ev SaidAYl GdSa Fa
< We take an arithmetic average across the LCOEs by technology type.

< We assume the same LCOE across all locations. In practice, this might
based on capacity factors and constraint risks.

Reference pric&? National price Zonal pricé Nodal pricés®

Generation volume Constrained model output

Actual output
(i.e, redispatch model rury® e ot

Source: FEnalysis

151 Changinghe proportion of onshore wind and solar projects with CfD contraatsild alscaffect ourconstraint cost
estimate This is becaus€fDgenerators are assumed to place higher bids in the BM than generators without CfDs,
which would in turn result in greater constrainedf payments in the national market than in the zonal or nodal
markets.Asa result, an increase to our assumption on the proportion of renewable projects with CfD contracts
would theoreticallyhaveboth a negativémpact on consumer benefits in the transition to a locational magkst
greaterCfD support paymentsre required and a positive impact (as consumers incur lower constraint costs).

RBEIDHAHNDY WOfS@aNADRIE DSYSNI GAZ2Y

153 The specific design of CfDs, and their implications for investors and consiiaezseen discussed with
stakeholders at a high level. We have also discussed alternative variants to the CfD regime which introduce
locational elements.

154 The zonal reference price could be defined in a number of alternative waysnignal price with an allocation of
a price hedging contract to zones). For simplicity we have assumed that the reference price would be based on the
individual zonal price.

155The nodal reference price could be defined in a number of alternative waystke.grading hub price or a national
price with an allocation of FTRs to nodes). For simplicity we have assumed that the reference price would be based
on the individual nodal price.

156 This represents actual outpuls perour discussion in Chapter @fD generators will be exposed to greater
constraint risks in a zonal or nodal market design.
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5.88.

5.89.

5.90.

5.91.

5.92.

5.93.

On the basis of our assumptions, the reference prices above are linked to the wholesale

electricity price, the assumed bidding strategy of CfD generators may have an impact on the CfD
support payment calculationsn our power market model, CfD generators bid at their SRMC,
irrespective of their CfD contracthis reflects a simplified modelling approach which avoids

making assumptions on generator behaviour (and thereby avoids inadvertently assuming a level of
market power or distortionary behaviour due policyquirks. We would not expect a more
complicated model of bidding behaviour to haavenaterial impact on our assessment.

Modelling runs and key outputs

Bringing together the approach and set of inputs above, our modelling assessment covers three
locational market design models, three scenarios and two sensitivities, for an assessment period
between 2025 and 2040nclusive Due to computing limitations, we model a full yesery five

years between the period forming four data poirits.

The inputs in our model, and consequently the outputs of the model, are 202xprices Any
input assumptions based on other price yehaeve beerdeflated or inflatedaccordinglyfor the
purposes of our assessment.

Tocapturethe value of more granular locational pricing more accuratelg interpolate the
expected benefits and costs for the years between the years modelecbetween 2025, 2030,
2035 and 2040). These interpolatbdnefits and costs are discounted back to 2024, under the
assumption that 2025 would serve as the first year of implementaMdruse a discount rateof
3.5% astipulated in the GreeBook.*%8

Our outputs reflect hourly outputs for each modelled year. These outputs include the follé®ing:
</ LI} OAGE FyR 3SySNI ldoyhg cagatifk §ehsrafdn,fcdrtailmentzi O2 Y S
emissions and interconnector flows.

< Pricing and financial outcomesovering wholesale prices and cost to consumeosistraint
managementost, intraGB congestion rent, impact on the cost of CfD and producer impact.

Given the assumptions used in our own moded, et out our modelling and assessment results in
Chapters 6 and 7 below.

157 Note, a full year in our model is made up of 52 weelks, 864 days or 8736 hours).

158{ Sg

iKS 12dad 2F [2NRQa fAONI NB) T20dza 2y G(KS D2@SNYYS

159 gpecifically, the power market model produces capacity, prices and generation profiles. These profiles were then
GLINEPOSaaSRé FYR ylFfe@adaSR o6& C¢L (G2 F2N¥Y Y2NB YSIyAy3Fs
constraint managementost, intraGB congestion rent, impact on the cost of CfDs and producer impact.
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6.1.

6.2.

6.3.

6.4.

6.5.

Capacity and generation outcomes

In Chapters 4 and 5, we outlined the methodology and assumptions used to calibrate our power
market model and our assessment of the consumer and socioeconomic benefits for each wholesale
market design. In this chaptewve describe the key capacity and generation outcomes forecast by

our modelling under each market design, namely:

< the optimal siting of GB generation and storage capacity under the zonal and nodal wholesale
market designs, subject to technolegpecific constraints;

< theleastcost generation mix in the wholesale market for each market design, respecting the
relevant transmission constraints both between GB and connected electricity markets, and
within GB (for the zonal and nodal models); and

< the necessary volume and cost of ESO redispatch actions in the BM, for both the current and
zonal market designs.

As discussed above, we have fordaectricity market outcomes for each market design under

three distinct scenarios in order to assess the impact of locational electricity pricing across a

credible range of pathways. These three scenarioslaWy (NOA7)LtW (HND)and SysTr (NOA7).

l'a | NBadzZ 6 ¢S KIFI@S | tFNBS @2fdzyS 2F |yl fearl
YIEN] SG RSaA3Iy Ay SIOK a0SyFNA2Z FyR GKS 02 YL
market design to a locational market desigie consider all three scenarios modelled in our
FaaSaavySyid | a a&ol aehlve Bs8edsgdial tNifelsc@iadals éqaadlydndzdo not

place a greater weighting on any of thehmwever,for ease of exposition, we present a full picture

of outcomes under the LtW (NOA7) segio in the main body of our repott® At the end of this

chapter, we summarise the key results of our other two scenarios, with a full presentation of

results in theother two scenariosset out inAppendices 2 and 3.

The remainder of this chapter describes the main capacity and generation outcomes under the
LtW (NOA7) scenario for each market design, namely the:

< capacity mix and itdifferent locatiors under the three modelled market arrangements
(Section A;

< generation mixin the wholesale markednd the BM(Section B;
< constrainedon and off generation in the BM&éction

< curtailment ofwind generation Section D

< emissions associated with the generation nfbeétion E and

< interconnector flows in the wholesale mark&édction F.

We then summarise the key results of the LtW (HND) and SysTr (NOA7) sdergeiction G

160 The LtW (NOAY) scenario is the first scenario we modelled in our assessment, with the initial results presented in
the August 2022 stakeholder workshop.
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6.7.

Capacity

As described in Chapters 4 and 5, in our modeltimg total installed capacity of each technology
in each year is fixed across all market desagset out in the relevant FEX scenario. In our
modelling of the zonal and nodal market designs, the total capacity of each technology remains
unchanged. However, a proportion of ndwild capacity is allowed tsite differently, relative to

0 KS 9 {2 assum@tidnsn response to price signals from the wholesale market, subject to
the technologyspecific constraints set out in Sectibb.

Figure6-1: Installed capacity LtW
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Source: ESGES 21LtW.
Note: Wepresentinterconnectors separately to focus on genayatind storage resources only for
certaincharts beforea fuller treatment of thémpactson interconnectors.

Figure6-1 above shows the aggregate GB installed capacity untr Thisigshe9 { h Qa Y2 a i
ambitious scenario in terms of decarbonisation and includes:

< an early phaseut of the existing fossil fuel generation fleet and no new additions beyond
2025;

< arapid deployment of intermittent renewables, especially offshore wind, which reaches 47GW
in 2030 and 83GW in 2040;

< an early adoption of new generation technologies, suchraalBModularReactors6 & { aawk 0
hydrogen;

< the introduction of carbon negative generation technologies, such as CCS Biomass; and
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6.8.

6.9.

6.10.

< flexibility provided by a high level of storage capacity (including compressed air and liquid air
storage), augmented by increased interconnection between GB and other electricity maskets
well asan extensive uptake of loashifting andv2Ggeneration by highly engaged consumers.

Figure6-2 below shows the evolution of interconnection capacity under the LtW scenario. An over
15GW increase is forecast between 2025 and 2040, which makes interconnectors one of the main
sources of flexibility on the GB system.

Figure6-2: Interconnector capacity by regigriL.tW (NOA7)
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Source: FES 21
Note: North-West Europe includé®elgium, Denmark, Germany and the Netherlands.

Interconnection capacity between GB and other European countries is assumed to increase rapidly
in the first half of the modelling period under théwW (NOA73$cenario. Total interconnection

capacity is forecast to increase to ¢.22GW by 2030 from the current c.8 pi@Wdminantly due

to the installation of new cables to France and NeWest Eirope. Interconnection capacity

further increases to ¢.28GW by 2040, following new links to N@f&st Europe and Norwain the
remainder of this subsection, we disgs capacity across all three market designs, in turn, over the
modelling period.

National

As highlighted throughout this report, the siting of existing and new generators undewaticnal

market (i.e, the current market design) is fixed in each year to the relevant FES scenario, based on
a detailed confidential dataset provided by the ESO. This dataset includesleeladata on the
expected size and location of generation capacity across GB iryeachbut to 2050, which we

have incorporated into our power market model. As an exantiigyre6-3 below shows the

expected location of wind, solar and storage capacity inLtfvé dataset, and by extension our
modelling of thenationalscenario, in 2030
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Figure6-3 Installed capacitypy nodeunder anational marketdesign(2030)¢ LtW (NOA7)

. Offshore Wind |:| Onshore Wind D Solar . Batteries

Source: National Grid EF(E021, LtW.
Note: The size of dots represents the amount of installed capacity at each location, but dot size is
not directly comparable across technologies.

6.11. For ease of presentation, in the remainder of this chapter we present installed capacities by
technology at an aggregated zonal level. However, in our underlying modelling and analysis, all
capacities are specified to the nodal level. Similarly, when mtésgpthe resiting of capacities
between modelled market designs, we do so at an aggregated zonal level.

6.12.  For exampleFigure6-4 below shows the aggerated versiontb& generation capacity per
technology and zone for each modelled year undergtaus quo national market.
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6.13.

6.14.

6.15.

Figure6-4: Installed capacity grouped by zone underational marketdesigng LtW (NOA7)
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Source: National Grid ESEE2021, LtW.

As seen ifrigure6-4 above, undel.tW (NOA7)he majority of fossil fuel generation capacity is
retired across all zones by 2035, with almostuatbatedcapacity removed by 2040. This
significantly reduces theigpatchable generation capacity in the zones that include the largest
demand centres (GB4, GB5 and GBBigure6-4).

Offshore wind is deployed in all suitable areas throughout the modelling period, including the
North Sea (GB6, GB4, GB3 and GB2), Irish Sea (GB4 and GB3), Celtic Sea (GB6), and the waters
aroundnorthern and westerrscotland (GB1 and GB2).

Under the LtW{(NOA7)scenario as determined ySO,le combined offshore and onshore wind
capacity in Scotland (GB1 and GB2) increases-fafghtompared to 2021 levels, reaching 35GW in
2030 and 56GW in 2046"

161 Total installed wind capacity in Scotland in 2021 is 7,066MW according to DUKES 2022.
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6.16.

6.17.

6.18.

6.19.

6.20.

6.21.

Solar capacity increases significantly in England, where climate conditions are generally more
favourable for solar generators (GB3 to GB7).

Older nuclear plants, namely Dungeness B, Heysham 2 and Torness 2 are assumed to retire by
2030, reducing nuclear capacity in GB2, GB3 and GB7. However, this is offset by the commissioning
of Hinkley Point C in the same year in GB6.

In the FES datasptovided by ESQhe majority of grisconnected storage is forecast to be
installed near large demand centres, with the vast majority installedeérGBéregion

Zonal

As mentioned previously, in our modelling of the zonal market design, the total capacity of each
technology in each year remains fixed to that set out in FES 2021. However, we allow some
new-build generation capacity, and all giegdnnected storage assets, stte in different zonesn
response to prevailing wholesale market price signals and subject to the technology specific
constraints outlined in Section 5D.

Thesiting of new generation capacifcross zones are not optimisedthin zonesas we assume
that there is no locational wholesale price signal within the zim&gad,these areallocated in
proportion to the distribution oforecastedcapacity by technologgcross the nodesver time
within each zoneset out in the relevant FES scendi® 162

The change in capacity in each zone as a result of moving from the current wholesale market
design to a zonal model can be seefrigure6-5 below.

162 For example, suppose a hypothetical zone contains three nodespwndttorewind capacity of 5GW, 3GW and
2GW at Node 1, Node 2 and Node 3 respectively in the FES dataset. If the zonal capacity expansion model seeks to
locatean additional 3GW afew onshorewind capacity into the zone, 1.5GW would be allocated to Node 1, 0.9GW
to Node 2, and 0.6GW to NodeThe resiting method for site specific technologies, such as CCS or offshore wind
follows a different approach, which is described in detail in Appendix 1.

163 Conceivably, under a zonal pricing regime it might be possible to send a locationabinédssignal through the
transmission charge for each zone and hence potentially influence siting decisions within ¥edmave not
incorporated this feature explicithHowever, given the existing FES roll out incorporates a locational signal that
B NASa o0& f20F0iA2y -MIONRYAE: (IKIGLINBRIAQK YZT 21diNg ZQINRA y3 OK
node (albeit subject to technology specific siting consts)iY A 3K NB I a2yl of & | LILRNIAZ2Y
TNUOoS charge
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6.22.

Figure6-5: Change in location of generation capacity betwaewnal and national marketesigng
Ltw (NOA7)
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Under a zonal market design, a proportion of solar capacity is expected to relocate to the southern
zones (GB6 and GB7) in order to benefit from both the improved local climate conditions
(increasing annual capacity factors) and the higher average whelpsaks in the zones south of

the B9 boundary (relative to the average zonal prices further north).
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6.23.

6.24.

6.25.

6.26.

We also forecast a relocation of onshore wind capacity away from the south of Scotland (GB2)
relative to the FES forecast. Hourly wholesale prices are broadly equal between GB1 and GB2 in the
latter years of the modelling period ands aresult,c.5GW of new onshore wind capacéiyes in
GBlrather than GB2 (as expected under RERO benefit from higher average capacity factors

with minimal impact to the average price received (the capture pritdpproximately2GWof
newonshore wind capacity aldocates inWales to benefit from higher average zonal prices in GB4
and GBG6 relative to GB2, but this is limiteddoy assumeduild limits and local network

constraints.

Our zonal modelling forecasts that some new offshore wind capacity waniltbcate inthe

northern zones (GB2 to GB4)t rather inthe Celtic Sea (GB7). Capacity factors in the Celtic Sea

are comparable to other higivind potential area¥® and resiting to the Celtic Sea allows offshore
wind farms to benefit fronboth higher capture prices and reduced transmission constraints

relative to zones further north. As discussed in Section 5D, we place specific limits on the amount
of new offshore wind capacity that can be sited at each offshore areas based on the seabed leases
awarded and the planned capacity in FES 21 in each area.

Combined offshore and onshore wind capacity in Scotland is still expected toa8a&W by
2040 in the zonal model, constituting a less than 10% decrease under zonal market arrangements
compared to thatet out inNFES 21 for the current market design.

A key finding of our zonal capacity expansion modelling is that an extensive proportion-s¢ajad
batteriesopt to siteaway from demand centraas southern GEnd site inScotland (GB1 and GB2)
instead As detailed further in Box®, Scottish zones see much higher price volatility between
hours, with wholesale prices regularly dropping close to zero in windy periods. Price volatility
between hours is relatively more limited in England and Wales.

164 According to the PECD, new onshore wind fammorthern Scotland can have@41.8%annual capacity factor
compared toc40.4% insouthernScotland based on the 2013 climate year.

165 According to the PECD, new offshore wind farms ardbhadworth-eastScotland can have@53.1% annual capacity
factor compared ta@.52.2% in the Celtic Sea, based on the 2013 climate.year
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Box6-1: Battery siting under nodal and zonal market arrangements

Batteries earn revenues in the wholesale markebhying electricity when prices are low due to
high renewable generation or low demarahd selling this power when prices are high due to logw
renewable generation or high demand. This usually means charging oveanigitiischarging
during the afternoon peaks when prices are higher.

As a result, batteries locaia areas which experience higher pridiferentialsin the shortterm.
This traditionally happens at locations either around demand centres or in areas with high
intermittent renewable capacity. GB includes both areas with high demand, such as London or the
Midlands and areas with high intermittent renewable capacity, such as Scotland, Wales or East

Anglia. To understand why batteries choose to locate at one of these areas rather than the others,
we need to compare the hourly price patterns at each of these areas.

In Figure6-6 below, we present the hourly prices in 2025 under the LtW (NOA7) scenario at a|node
within the largest demand centre in GB, London (Barking) and at a node with high wind capacity in
the northernmostpart of Scotland (Dounreay). The comparison of these two nodes provides an
explanation regarding whg large proportion ofhe gridconnected batteriesend to sitein
Scotlandn our modelling

Figure6-6: Hourly price profiles at selected nodes in 2028V (NOAT7)
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Source: FTI analysis

Prices at Barkingre higher in the afternoon peaks than the prices at Dounreay, allowing batteries
to sellat a higher price. However, ¢idifference between the Barking and Dounreay higites is
below £10per MWhon most days. At the same time, prices in Dounreay decrease pe£BI\Wh
more often than at Barking due to high installed wind capacity in the area, allowing batteries {o
often charge up for zero cost. Overall, this creates a higher spread for batteries on most days
Dounreay, making them mommmercially attractiveéhan batteriessitedat Barking A higher
standard deviation at Dounreay (c.£4@8 MWh compared to Barking (c.£2%&r MWH) also
illustrates this point.

n
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6.27.

6.28.

6.29.

6.30.

The spread remains higher in Dounreay throughout the whole modelling period, as the new
renewable capacity is deployed at a high pace in Scotland and remains high enough that priges
frequentlyfall to £0per MWh At the same time price spikes in theuth of the countryare also

limited by other forms of flexibility that are embedded with the LtW (NOA7) scexapecifically
the FES assumptions on interconnectors and demand side response. Both of these are centred
around thesouthof the country and high demand areas and affect these areas more.

Under the LtW (NOA7) scenario, most of the flexibility on the system is not provided by grid
connected batteries, but rather by thermal generation in the early years and by the demand side
and interconnectors in the later years. Since these are locatedlyniosEngland and Wales (and i
line with our assumptions set out earlier do notloeate in response to zonal or nodal wholesale
prices),the higher price volatility observed Bcotlandnakesit more commercially attractivéor
battery siting The imbalance between price volatility in Scotland and in England and Wales
remains even after most gridonnected storage is built in Scotlanfithe assumptions in FES 21
regardingthe ability of interconnectors to respond flexibly to prices and the extent of demand side
response (particularly2Q were ovely optimistic, then we would anticipate higher price volatility
in the south also¢ whichwould in turn impact battery siting decisions

=]

However, on the basis of the assumptions in the LtW (NOA7) scenario, the siting of batteries|is also
more efficient from a system perspectias in their absence, more wind generation would be
curtailed.Furthermore, beingn an exportconstrainedocationdoes not prevent batteries from
generating at high priced hours when wind is low, as most of the constizéfigeen Scotland and
Englandare caused by wind generation.

Nodal

Asexplainedabove, in our modelling of the nodal market desitire total capacity of each
technology in each year remains fixed to that set out in the relevant FES 21 scenario. Hawever
with the zonal modelwe allow some nevbuild generation capacitfthat are not in development)
and all gridconnected storage assets site in different locationsbut this timeacrossnodesin
response to prevailing wholesale market price sigaaksach node

Importantly, for the nodal market design, our capacity expansion model is used both to assess the
amount of capacity of each technology type that seeksit® at a differennoderather than the

node envisaged in FR3, andto allocate the capacity to the optimal nodes on the system, subject
to the technologyspecific constraints detailed in Chapter 5.

An example of this relocation of capacity between ngdefative to that envisaged in FES,is
provided inFigure6-7 below, which highlights how the capacity of wind, solar and battery capacity
changes in th&tW (NOA73¥cenario in 2030 when moving from the current market design to a
nodal model.

As mentioned above, for presentational purposes we aggregate capacity impacts to the zonal level
for the remainder of this sulsection. However, our underlying modelling results include the re
siting of capacity at the nodal level.
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6.31.

6.32.

Figure6-7: Change innstalled capacity under nodal marka¢sign(2030 ¢ LtW (NOA7)

Wind Solar Storage

D Increase in capacity . Reduction in capacity

Source: FHEnalysis
Note: The size of dots represents the change in installed capacity at each location, but dot size is not
directly comparable acrogschnologies.

The 2030 examplm Figure6-7 showsmore onshore wind farms being locatedriarthern
Scotland and Walesompared to the national modelMore new onshore wind farsarebuilt in
northern Scotland, as the capacity factors are higher in this area and thesjmitae two Scottish
regionsare broadly similain most hours. As a result, wind farmsniorthern Scotland benefit from
higher volume of generation and are not penalised by lower capture prédatve to the South of
Scotland No onshore wind is relocated from Scotland to England due to our assumption that
English onshore wind is fixed to FES 21, ¢leagh this resiting would beeconomicdly

attractive. The extent of resiting from Scotland to Wales is limited by thgsumecdcapacity limit
placed on each node and by local network constraintsilst keep capacity between market
designs constant on a technology basis

Solar generation capacitgcreases areentred around thesoutheastof GBand storage capacity
increa®s are mainlyn Scotlandin line with the zonal result&igure6-8 below showsan
aggregated version dfigure6-7 for all technologesper zone in all modelled year under a nodal
market
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6.33.

6.34.

Figure6-8: Change iocation of installedcapacity betweera nodal and national marketesigng
Ltw (NOA7)
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Source: FHnalysis

The optimal capacity evolution forecast by our nodal mpdbbwn inFigure6-8, isin linewith the
evolutionunder the zonal market desigAttracted by higher nodal prices atite better climatic
condition assumptions as per the PECDrerthan 20GWof new solar generationapacityis
forecastto site inGB6 and GBrather than inother zones by 2040wvhilec.6GW ofonshore wind
does not site irsouthernScotland but rather into northern Scotland and Waldastead

Offshore wind projects connecting at tin@rthern shores of Scotland lead to increased stress on
boundaries within GB1 (B0, Bla and B2). This stress is taken into consideration for new offshore
wind projects under nodal pricing anas a resultwe see a delayed offshore wind buibdit in

northern Scotland (which is ¢.4.6GW lower compared to the status quo-build Most of this
capacity (¢c.3.5GW) is locatedsouthernScotlandnstead where connection sites on the southern
sites of these boundaries aevailable This relocation is natbservedin the zonal modelling, as
these intrazonaltransmission boundaries are not considered for siting decssion
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6.35.

6.36.

6.37.

6.38.

166 ¢ K é

Similarly to the results seen in the zonal sdztion, most new gridonnected batteries are
expected to be built in Scotland. However, more of these new batteries are baduihern
Scotland relative to the results of the zonalsiging, following relatively lower buitdut of wind in
GB1 under nodal markets compared to zonal.

Combined offshore and onshore wind capacity in Scotland is still within 10% ckthadt in
FER1in 2040 and is forecast to increase more than sefaddt compared to the 2021 level. This
compares to an eigHbld increase undethe9 { hQa [ (G2 aO0SylFINA2 Ay C9{

Generation

In this section we compare thispatched generation mix under each market arrangement. For the
national and zonal markets, this includes the effect of generation being constrameadd off by

the ESO in thBMto ensure thatdispatchis compatible with transmission constraints on the GB
transmissiometwork.

National

The generation mix podBM*®under the status quo national market is presentedrigure6-9
below.

Figure6-9: Generation by technology undenational marketdesigng LtW (NOA7)
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Source: Flnalysis
Note: There are no CCS gas generators in the Leading the Way scenario in the modelling period.

0 SNM QUVINBAINB a4 Sy ( a laked thaSOWWS Mdcaurite?l for codbtmifts, ife Sit excludes

generation that was constrained off and includes any generation that was constrained on.
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6.39.

The generation mix under all market arrangemersisown inFigure6-9 for a nationalpricing
market follows the evolution of the capacity mix. The share of generation from fossil fuels
decreases in line with the retirement of gas plants. The shortfall created by this-phasas well
asthe steadily increasindemand forelectricitydriven by the electrification of transport, heating,
and industrial processes, is met by increased generation from intermittent renewables, CCS
Biomass and nuclear plants.

Box 62: Generation mix compared to FES 21 undéw

To validate our modelling assumptions, we have crosschecked the generation mix of our m
the data presented in FES Higure6-10 below provides the differences between the FES 21
generation mix and there-redispatchgeneration mix of our LtW (NOA7) scenario.

Figure6-10: Difference in generation mix under FES 21 and FTI modelling
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Source: FES 21 and FTI analysis
Note: Chart shows FES 21 outcomes less FTI modelled outcomes

As shown orrigure6-10, there are two main differences between in the FTI modelling compare
to FES 21. Firstly, fossil fuel generation makes up a larger proportion of the total generation i
modelling compared to the FES modelling. In 2@25 of the total generation is from fossil fuels
our modelling compared to 5% in FES\®hile bothsets ofmodelling predict that the contributior
of fossil fuel generation falls below 1% during the modelling period, the FES 21 modelling rea
this level in 2035, but it is only reached in 2040 in our modelling (and remains at 3% in 2035)
Secondlyyve forecastower wind generationelative to FES 2TThe difference increases with the
level of installed wind capacity reaches the highest level in 2040. In thiswearedict c.24TWh
less generation, which corresponds to ¢.5% of the total wind generation in FES 21.
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6.40.

6.41.

The increased fossil fuel generation in 2025 and 2830 believe due todifferent underlying
commodity price assumptions. FES 21 relies on commaodity prices from early-gDgfidwhile the
FTI modelling uses commodity pricesnfr April 2022. As a result, some of the effects of the
Ukraine crisigire reflected in our commodity price forecasts, but not in FES 21. These effects
relatively higher on Continental Europe, where reliance on gas from pipelines originating fron
Russia was higher. As a result, generators using gas in GB are likelpdoebsompetitivethan
those in connected countries (such as Germany), leading to an increase in domestic generat
export.

Lower wind generation andh turn, increased fossil fuel generation from 2030 onwards is a

were
N

on for

consequence of different underlying wind capacity profiles. As we describe in Appendix 1, we were
not able to rely on the renewable capacity and demand profiles used in the FES 21 modelling and

instead we used hourly profiles published by ENFES@hile we have adjusted these hourly
profiles to have the same annual capacity factor as the ones used in the FES 21 modelling, t
hourly profile of the two are likelto be different. As a result, overall wind curtailment differs in
the two modellinganalyseswhich in turn leads t&nock on impacts on outpdtom other
generationtechnologies as well.

The transition away from fossil fuel generators relies on increased flexibility from alternative
sources. By 2040, undetW (NOAT)

< residential and industriadlemand side flexibilitypecomes the largest source of flexibilityhile

V2G, smart charging, flexible heating systems and direct DSR participation in the wholesale

marketare predicted to provide up 59GW of flexibility;
< interconnectorcapacity between GB and other electricity markets reaches 28GW;

< generation capacity from gridonnected and behinthe-meter storage assetincreases to
28GW:; and

< 24GW ofelectrolysercapacity is connected to the grid to utilise surplus renewable generation.

Zonal and nodal

Figure6-11 below shows the expected change in generation mix when moving from the current

market design to a zonal or nodal mod€he chart on the leftompares the postedispatch
generation mix in the national model with the equivalent generation mix in a zonal mditket.
chart on the righttompares the postedispatchgeneration mix in the national model with that of
the wholesale market in the nodal model. The nodal model, by design, does not require addit
intervention by the ESO to balance the system.
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Figure6-11: Changes ithe generation mixinder a zonal and nodal market desigtative to the
postredispatchnational generation mix LtW (NOA?7)
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6.42.  Figure6-11shows that moving to a zonal or nodal market could reduce the amount of power
sourced from fossil fuel generators in all years before their eventual phasing out in 2040, as well as
increa® the generationfrom offshore and onshore windfarms. This is made possible by:

< A better siting of intermittent renewable generators under zonal and nodal markets relative to
that assumed ifFEQ1. By incentivising generators to-tecate away from the most
constrained transmission boundaries, a greater proportion of wind generation is able to reach
end-users under a zonal or nodal market design, rather than being constrained off. This in turn
reduces the amount of flexible generation required from fossil fuel generators.

< Amore efficient use of twaway assets such as interconnectors and storage:

T As detailed irBox6-3 below, underthe current market desigrwholesaleelectricityprice
signals can cauge/o-way assetso exacerbatepower shortages in impoitonstrained
areas in some hours’

T Under a zonal or nodal market design, locational wholesale price sigatdadenable
two-way assets to s@uule flows in a morésystemoptimalé way, helping to alleviate
constraints in both exportonstrained and importonstrained nodes across the yehr.
our modelling, this results in a reduction in fossil fuel generalieimg constrained on in
the BM.

< Storage assets siting on the generation dominated side of transmission boundaries reduces the
curtailment of wind generations, as storage assets could use this energy to charge up. Once
wind generation on the system decreases and fossil fuel generatoreguéed to meet

87 1n our modelling the ESO first prioritises the redispatch of domestic generationsalitdulednterconnector flows
reversed in the BM as a last resort. However, in the later years of the modelling period, interconnectors form a key
remaining component of flexible electricity supply, with the flexibility provided by fossil fuel generation largely
retired by 2035. As a result, the reversabohedulednterconnector flows forms a key component of ESO
interventions in the BM in our modelling in 2035 and 2040.
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demand, the storage asset would be able to generate, as the boundaries are unlikely to be
constrained in these hours and would replace generation from fossil fuel generators

< Similar to interconnectors, demand can be optimised on bothssifi¢he boundary taalleviate
stress on the boundary and in turn decrease wind curtailment and fossil fuel generation at the
same time.

Box 63: Worked example of tweway asset flows under national and nodal wholesale pricing

Figure6-12 belowillustratesthe prevailing wholesale price at each GB node in a particular hour of
our modellingg in this case 8am 9 March 208@nderboth the national and nodal wholesale
market designslt highlightsthe net interconnector flows to each connected country and the
prevailing wholesale market price in eatiarket.

Under the national model, a single wholesale price applies to all GB nodes, clearing at a price of
£13.9per MWh. Whileit is a relatively windy hour, renewable generation is not sufficient to meet
total GB demand in the wholesale market, requiring some imports and generation from biomass.
Under the prevailing wholesale price, 3Bcheduled témport relatively cheaper power from
Norway and Denmark and exports to other connected countries. GB exports set the price in both
France and Ireland.

However, in this hour ESO redispatch interventions of £1.5m are required. Scotland is export
constrained, requiring surplus wind generation to be curtailed, while additiGoatbined Cycle
DI & ¢ dZBJGK geSeratioh must be constrained on in the impaxnstrainedsouth of GBto
make up for this shortfall. Thus, in the wholesale market, interconnectorsareduled tamport
additional powerfrom an exportconstrained region (from Norway) and export power from impart
constrained regions in thsouth of GB Interconnectors to Belgium, Netherlands and Germany are
flowing at maximum capacity, while 7.7GWimtierconnectorcapacity to France out of the total
8.8GW is also utilised to export power. Thesbeduled flowgxacerbate local network
constraints.

=

Figure6-12: Indicative snapshot of Interconnector flows under National and Nodal market desjgns
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6.43.

6.44.

However, with nodal pricing, the wholesale market implicitly accounts for transmission constraints
in the initial price settlement. As a resyftrices in the exportonstrained Scotland fall to £0p&r
MWh, reflecting the very low marginal value of energy in an hour where surplus wind generation is
being curtailed, while in northern England prices fall to fs2BMWh. Accordingly, GBlorway
interconnectorsand some of the GBeland interconnectors instead export power from GB,
therefore increasing expostfrom the northern GB expostonstrained region.

At the same time, the wholesale price in the south of GB is higher under the nodal market than it
would have beemnder the national market, as CCGTs are scheduled to generate rather than |being
constrained on. The higher prices also lead to different scheduling for interconnectors in these
areas. France becomes a net exporter of 6.1GW electricity to GB, while eipodgh-western
European countries decrease to 3.6GW from 6.3GW.

The effect orschedulednterconnector flows to Ireland is mixed, as some of these connect in
Scotland where prices decrease, while some of them connect in southern Wales, where prices are
higher than they were under the status quo market arrangements.

It is also worth noting that because of the changséhedulednterconnector flows, prices also
change in the neighbouring countridgar this hour, the prices in Norway decrease by c.f&b
MWh, as Norway can consume wind generatiam the north of GBhat is otherwise curtailed,
rather than consume its own reservédiased hydro resource and export to GB. Given the huge
potential of storage of the Norwegian system, this arguably would seem to allow a significantly
better use of the Norwegian hydro systeby the predominantly renewables GB system than under
the national pricing regime.

The net position ofcheduled=ranceGB flowschangedy nearly 14GW as a result of nodal pricing.
Such a large swing requires gas generation to be turned on in France, leading to a wholesale price
increase of over £6per MWh in this hour. Under a national pricing regirseheduledmports
from GB were setting the price in France. However, thedogt electricityscheduled teexport to
France from GB that occurs under the national market designatain reality, be delivered
because of network constraints on the GB transmission system. Instead, in the BM, the ESO
constrairson gas plants in the south of GB to allow exportbéadelivered td=rance. Notably, the
cost of this ESO intervention is recovered from GB consumers. We observe a similar situation in
Ireland, where a much smaller swing is sufficient to require gas generation to be turned on, due to
the smaller size of the Irish market.

Overall, moving to a zonal or nodal market design leads to a change in the total volume of GB
generation, with effects varying across our modelling perindhe earlier years of our modelling,
total GB generation falls, with improved price signhals to interconnectors enabling imports from
neighbouring countries to displace some fossil fuel generatiotater years, because of more
efficient dispatch and some generation siting in different places, total GB generation increases
under a zonal or nodal markdesign, driven by increased interconnector exports from export
constrained nodes in GB, enabling GB to export additional wind generation that would otherwise
be curtailed under the current market design.

In addition to this, more efficient use of demand side response allows for reduced curtailment
under both zonal and nodal market designs, thus resulting in an increase in total GB gerieration
locationally granular market designs relative to a national market deSigmdemonstrate this via
the worked example in Box4 below.
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Box 64: Worked example of demand side response under national and nodal wholesale pricing

Figure6-13 below shows the prevailing wholesale price at each GB node in a particular hour of our
modelling(17 May 2035 a21:00 under both the national and nodal wholesale market desjgns
with the consumption of smart chargirigy's also highlighted.

Under the national model, a single wholesale price applies to all GB nodes, clearing at a price of
£19.0per MWh. Demand is met by mostly renewable generation, camanted with imports
from Norway and generation from batteries. Smart EV charging decisions are made based on this
national wholesale price, and total consumption fré@vsis a function othe number ofEVs in
each region rather than locational price signals. As a result, electricity consumption by smart
chargingeVs is similarly high on the southern and northern side of the boundaegto the total
number ofEVs in each area.

However, the scheduling under the status quo wholesale market is not feasible due to transmission
constraints and additional CCGT generation on the southern side of the transmission constrajnt
must be constrainedn to meet demand, at a cost to consumers. Conversely, there is insufficient
demand north of the transmission constraint, so wind generation is constraifféd the BM.

Figure6-13: Indicative snapshot &V behaviouunder National and Nodal market designs
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However, with nodal pricing, the wholesale market implicitly accounts for transmission constraints
in the initial price settlement. Prices north of the constraané slightly lower thamvhat they were
under the national market, at c.£18per MWh, reflecting the low marginal cost of electricity.

This causes the demand fra&sin the north of GRo be higher than it was under the national
market.

Converselyprices on the southern side of the constrained transmission boundary increase, as the
import and generation that was previously dispatched through the BM is now paid through th
wholesale market. In response to the higher price, smart EV charging ideteimghifted to a

different hour, when the same transmission constraint is not present on the system.

C. Congestion impact

6.45.  As described in Chapter 4, the current market design requires interventions by the ESO to
redispatch the system in response to transmission constraints on the GB network. This would also
be required under a zonal market desiglbeit to a lesser extent dscational wholesale price
signals would be expected to reduce the volume and associated cost of intervention required of
the ESO.

6.46. Following extensive discussions with both the ESO and industry stakeholders, we have developed a
¢redispatctE model to estimate the volume of generation that would be constrained on or off by
the ESO under both the national and zonal market arrangements. The underlying assumptions for
our redspatch model are discussed further in Secti@ahd Appendix.

6.47. In this section, we present our forecasts of the volume of generation expected to tspatzhed
by the ESO undex national and zonal market desidwoken down by technology

National

6.48.  The figure below shows the evolution of constrair@dand-off generation under the status quo
national marketPositive values represent constrained generation, and negative values
represent constraineaff generation.
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6.49.

6.50.

6.51.

6.52.

Figure6-14: Constrained generation undamnational marketdesigng LtW (NOA7)
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As shown irFigure6-14 above, under the national market, increasing quantities of onshore and
offshore windgenerationare forecast to be constrained atross the modelling period
Constraineebff generation increases from17GW in 2025 toc.42GWh by 2040This takes place
despite significant investments in the transmission netwduk to a combination of factorss
described in SectionBabove such as thaprice signals in the wholesale markKezquentlyresult
in two-way assetbeingused inefficiently from a systeperspective.

This requireshe ESO to constrain on additiormltput from alternative generatorsia redispatch
interventions primarily provided by fossil fugieneration between 2022035.In the final years of
the modelling periodinterconnectors form a significant proportion of remaining flexible capacity
on the system and are utilised extensivédy redispatch action$®®

We havediscussd our approach with ES@garding themodelling of theBM and validated our
findings thatinterconnectors become the main asset to be constrainadis gas generation is
phasedout.

Zonal

A zonal maket would, by designbe expected teseelower constrained volumes than the current
market designdriven by two key factorsas discussed i@hapter Zand Box6-3 above

168 |n discussions with the ES®e havecomparedthe forecast volume oparticipation byinterconnectorson the BM
inourmodellingg A i K GKS 9{ hQa 2GuyreshltydreSchdély dligngdoNiid theireéntadu
future volume ofparticipation by interconnectors.
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6.53.  First, in the shorterm, by accounting for some of the key physical constraints of the transmission
network in the initial wholesale price settlement, a zonal market will reflect some of the physical
capabilities of the transmission network to market peiftants, particularly tweway assets, to
operate in aossystemoptimal way, reducing the volume of ESO interventions required for
redispatch.

6.54. Second, in the lonterm, zonal wholesale prices that better reflect the marginal value of electricity
in a particular area could encourage new generators to site in areas which are more able to export
additional power to demand centres, reducing congestm the transmission network ovérne
longer run.

6.55.  The impact of both these factors is highlightedrigure6-15 below, with forecast constrained
volumes and a zonal market design roughly bathose forecast under the current market design.
As above, positive values represent constrato@dgeneration, and negative values represent
constrainedoff generation.

Figure6-15: Constrainedjenerationundera zonal marketesigng LtW (NOA7)
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6.56.  Similarto the national model, under a zonal market desitre requirement forESO redispatch
interventions increases across the modelling period, witshore and onshore wind generation
increasingly aenstrained off as transmission boundaries become more congektegever, the
volume of wind generation that is constrained off remains significantly below that forecast for the
national model.
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6.57.

6.58.

Thetechnology mix of constrainedn generation follows a similar profile to that forecast for the
current market design, albeit at loweplume levels. Until @35, the majority of rdispatch

flexibility is provided by fossil fuel generation. With fossil fuel capacity retiring across the, 2030s
driven by both rising carbon prices and policy direction, an increasing proportiodispetch
flexibility is performed by interconnectors.

A key result of théorecast constrained volumes of the zonal ketrdesign is that, whiléhe

selected zonal boundaries appear to eliminate the majority of required redispatch actions in the
early modelling yearsncreasing constrained volumes in the 2030s suggest that new-zotnal
boundaries emerge on the system over tinde. noted in previous chaptengnder a zonal market
designre-zoning wouldikely need to be considered atgular intervas, to ensure that the zonal
wholesale market continued to reflect thghysical network over time.

Box6-5: Effect of theBM on interconnector imports and exports

As we describe in Section 5D and Appendix 1, interconnectors can participate in the BM, but|a price
is associated with changing flows on interconnectors. This assumption is based on historic data,
which shows that gas generators are more likely to be dsedalancing than interconnectors.

Figure6-16 below shows how interconnector flows changes a result of redispatchnder the
previously described assumptions on the BM. This data is grouped by the connecting countries to
show how different group of interconnectors behave differently on the BM.

Figure6-16: Interconnector flowsn the BM
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There are essentially no changes in flows in 2025 andlionitgd changes in 2030, as there is
enough fossil fuel capacity (c.37GW in 2025 and ¢.27GW in 2030) in the GB system to provide the
necessary amount of constraingsh generation in each houAs aresult,interconnectosrarely
need tohave their flows changed by the SO in the.BM
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However,constrainedoff volumesacross technologigseep rising in the 2030s under all scenarios,
due to the increase in installed wind capacity in tieeth of GB whichconsequentlyincreasethe
need for constrainegn generation in thesouth. This increase coincides with the phamé of
fossil fuel generation (c.10GW in 2035 and c.1GW in 2040), requiring interconnectors to provide
increasing amount of constrainezh generation. Interconnectors provide this flexibility by
reducing exportso France and NortWest Europe and increasing imports from the same
countries.

Thesdnterconnectords N a4 OKSRdzf SR -aRe &t @80b@3Sad KB YRl 0A2)
able to observe transmission constraints on the GB anebd of gate closuré-or instance, in
hours where GB has a relatively low electricity priotgrconnectors aressometimesscheduled to
export to countries where the price is set by higher cost units. However, once transmission
constraints are accounted folhere may not be sufficientransmission capacity to cover the total
demandin the south of GBRndthe scheduledexport Therefore gither export has to be reduced
(or even switched to import) or other higher SRMC units have to be turned on in GB a&/avell.
return to this issue in Chapter 10.

D. Curtailment

6.59.  Under the status quo national market, wind generation can be curtailedgpreé postgate closure.
Pregate closurecurtailmenttakes place if there is more renewable generation across GB than
demand and export capacity combined. Rgate closure curtailment happens in hours when
there isinsufficient transmission capacity on the GB transmission grid to convey the wind
generation to consumers and, instead, balancing actions are required. As part of this balancing
action, wind generation is constrainedf while flexible generatiomt the other side of the
transmission boundarigs constrained on

6.60. Pregate closure curtailment is expected to increase under zonal and nodal market arrangements,
as more of the transmission constragratre taken into account at the scheduling stage. However,
post-gate closure curtailment is expected to decrease under locational pricing, as there is a
reduced need for redispatch under zonal markets and no need at all under nodal markets. This
reduction s expected to outweigh the increase in gyate closure curtailment, as demand
flexibility and tweway assets schedulivgll be optimised while considering renewable generation
and transmission constraints at the same time.

6.61. InFigure6-17 below, wepresent both preand postgate closure curtailment across all modelled
market arrangements.
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6.62.

6.63.

6.64.

6.65.

145

Figure6-17: Wind curtailment; LtW (NOA?7)
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For the reasons described 8ection6B and 6Clocational pricing allows better utilisation of

intermittent renewable generation, especially wind generatiand reducs theircurtailment, as
illustratedin Figure6-17.

Specifically, under national pricing, aboufTd@h of wind generation are expected to be curtailed
off in 2025 with the figure expected to rise to almost 70TWh by 2035

Over the modelling period, moving to nodal markets reduces wind curtailmeaB8gy TWh or
40%, while zonal markets lead t@ 209TWh or 26% reduction, indicating that under more

locationally granular pricing, the GB market is able to utilise the same quantity of wind generation
with a lower number of wind turbines (and therefore lower investment).

Emissions

Figure6-18 below compares the level of emissions for each of the market designs in each
modelling year.

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 146

Figure6-18: Emissions from electricity generatigi.tWw (NOA7)
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Note: Emissions fromvaste plants are excluded, as these are not currently part of the UK emissions
trading scheme.

6.66.  As shown irFigure6-18, all market arrangements reach the same emissions ldwe2040,

representing an average reductiof 52.3 MtCO2drom 2025 levelsThis reduction is a result of
the fossil fuel generation fledteingphasedout and the negative emissions froBioenergy with
[ F Nb2y [/ I L dzNBECA$yWwhich {slinReNdby3h8 availéable biomass supply.

However, nodal and zonal markets reduce emissions in all other modelledreéstige to the
status quo national markeThis is predominantly becausergeration from fossil fuel plants is

replaced bymore efficient utilisation ofenewable generation and interconnector imports, as
described irSection 6C

6.67.

6.68. Thefasterreduction in emissions would allow the UK to reachiNié$ Zero targets earlier or to

create extra headroom for other industries, where emission reduati@y bemore challenging.
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6.69.

6.70.

6.71.

6.72.

6.73.

6.74.

6.75.

6.76.

Interconnector flows

Electricity interconnectorare crossborder transmission links that allow electricity to flow
between two connected electricity market§heyenable resources to be shared across wider
geographic footprints, with excess supply from one region contributing to meeting demand in
another. This is likely to become increasingly valuable as renewable penetration grows, with
interconnectors helping lovearbon electricity to be shared efficiently across multiple regions.

Interconnector flows are optimised on an hourly basis in our model based on the prevailing price at
the two connected nodesand depend on both the intermittency of renewable generation (arising
from weatherpatterns) and structural differences in power systems (such as the availability of
hydro in Norway and nuclear in France). However, for ease of exposition, we will present annual
imports and exports and mainly refer to annual prices in the connected desrdand nodes, as

these allow us to highlight tamost important trends.

This section first outlines forecast annual interconnector flows under the current wholesale market
design, before highlighting the percentage change in flows under zonal and nodal pricing.
Importantly, this section focusem wholesale market outcomed he redispatch of interconnector
flows to alleviate transmission constraints (and associated cost) is discussed in further detail in
Box6-5.

For the purposes of this summary analysisgrconnector imports and exports have been
aggregated into four broad regions, to highlight overall trends while preserving the commercial
anonymity of individual assets. However, our core modelling and results assess the full impact on
each interconneair individually.

In the charts belowgexport<s refers to interconnector flows from GB to connected electricity
markets, whiled A Y LJ2efefs g dlows into GB from connected markets.

National

As discussed above, interconnectors enable the trading of power between connected electricity
markets, with power exported from the lowgariced to the highepriced region.

Under the current market design, the wholesale electricity price is the same at all points on the GB
network. As a result, for the national model, the difference in the balanceldduledlows

between GB and connected markets is driven by the differences in the national wholesale price of
the connected market.

Figure6-19 below shows thanodelledannual interconnector flowscheduledbetween GB and
connected electricity markets under the current wholesale market design
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6.77.

6.78.

6.79.

Figure6-19: Interconnector imports and expoidsheduledinder a national markedesign
grouped by regioig LtW (NOA?7)
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As highlighted irrigure6-19 above, under thettW (NOA7)scenarig GB is generally a significant

net exporter of electricity to France, NoriWest Europe, and Ireland across the 22280

modelling period:®® This is driven by the rapid deployment of renewable generation capacity in GB,
which outpaces that in the connected markets, causing GB wholesale prices to regularly fall below
those in connected markets.

However, in 2025 when the renewable deployment is in its earlier stage, GB is still a net importer
from France. In this year, high gas prices have a relatively greater impact on GB wholesale prices,
given the greater reliance of the GB system on gas géinard-rench prices are less dependent on
gas prices due to the extensive nuclear deployment.

Annual net interconnector flows between GB and Norway are more balanced, driven by lower
electricity prices in Norway compared to other connected markets. Overall GB is a net importer
from Norwayin 2025 and 2030 by a small margin, while in later years, the extensive deployment of
GB renewable capacity itW (NOA7)eadsto GB becoming a net exporter.

169 FES 21 predicts GB to be a net exporter of TiM® in 2030 and 110:BWh in 2035 under thetW (NOA7¥cenario
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6.80.

6.81.

6.82.

However, as discussedbove the current market design regularly fails to reflect the value of
electricity at specific points on the netwartkereby raising the risk that the price signal provided

to a particular interconnector at a given landing point is either too high or too low. In many cases,
the single national wholesale price is lower for impooinstrained areas and higher for export
constrained areas than it would be under a locational wholesale market. As a, resligpatch of
interconnector flows is required in the later years of our modelling. The impact of this is discussed
further in Box 65.

Zonal

Under a zonal market design, locationally granular pricing differentiates the price across GB and
interconnectors receive price signals which incorporate the effects of the major GB transmission
constraints. When prices fall in certain areas of GB und@nal market model, the lower cost of
electricity leads to higher net flows out of these zones. Conversely, in areaswti€s®zonal

prices rise relative to the national model, interconnectors receive price signals to increase imports
and decrease expast in response to scarce electricity.

Figure6-20 below compares interconnector flows under the zonal modehtuse underthe
current market design

Figure6-20: Percentage change in interconnector import and export volusokseduledis a result
of switching from a national to a zonal market design, grouped by regidWw/ (NOA7)

-10%
-20%
-30%
-40%
-50%

-60%

2025 2030 2035 2040|2025 2030 2035 2040|2025 2030 2035 2040|2025 2030 2035 2040

France North-West Europe Ireland Norway

m Exports mImports

Source: FTI analysis

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 150

6.83.  As shown irFigure6-20 above,exports from the south of GB decrease due to an increase in the
pricesin those zonesinder a zonal market moddb better reflect the higher marginal value of
electricityin those zonesUnder a national market model, prices in tmith are lowerthan the
marginal valueand often send the wrong signals to interconnectors. This results in excessive
exports to France and NortWest Europe in 2025 and 2030, while the resulting congestion is
typically managed by constrainiog fossil fuel generation, as explaineddox 65 in Section6C
The more accurate price signals under zonal pricing relative to a nationalgomacdel result in
interconnectors reducing exports and increasing imptt&Bfrom France and Norttwest
Europe in the wholesale market in 2025 and 2030.

6.84. In 2035 and 2040, imports into GB frdtrance and NorttWest Europe fall, due to the siting of
additionaloffshore wind to GB7 and solar resources to more southerly parts of GB, as shown in
Figure6-5in SectiorbA, as well asmproved use of demand flexibilitpg GB While zonal pricing
sends better signals to twawvay assets, the increased prevalence of intermittent renewable
generation decreases the zonal price in the south of GB in some hours relative to the national
market model, leading to an increase in net expo

6.85.  The landing points of interconnecwio Ireland are located across multiple zones within GB, so
zonal pricing has different effects on imports relative to the national model, depending on the
specific interconnector in question. The reduction in imports from Ireland28% in 2030 is the
result of an interconnector connected tine ofthe Scotland price zones, where the zonal price
falls on average relative to the national model. When placed in the context of total imports from
Ireland in2030, this change is small in absolute terms relative to imports from other regions.

6.86.  Exports to Ireland remain largely unchanged, suggesting that the pricing signals driving exports
under a national market model still exist under a zonal market model.

6.87. In 2025, the only GBlorway interconnectgrwhich is online lands in theorthern England leading
to increased imports under zonal as the prices increase in this region. From 2030, in line with the
FES 21 scenariadditional interconnector capacity landing in Scotlaxdnes online. In response
to the extensive deployment of renewable generation, zonal prices decrease in Scotland relative to
a national pricing market ancbnsequentlyexports to Norway increasa a zonal markelby ¢.20%
and 5% in 2030 an2035 respectivelyrelative to a national market design

Nodal

6.88.  Under a nodal market design, locationally granular pricing provides price signals which even more
accurately reflect the different cost of electricity and transmission constraints at locations across
GB. Although there are some trends which are commonsaceozonal and a nodal market, some
changes in imports and exports are different under each of the two locationally granular market
design choices. Zonal pricing still provides imperfect wholesale market signals-teatyvassets,
notably when there are ansmission constraints within zones.

6.89.  Figure6-21 below compares interconnector flows under the nodal model relative to the current
market design, showing the percentage change in flows to the four aggregated regions
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6.90.

6.91.

6.92.

6.93.

Figure6-21: Percentage ltange in interconnector import and expedlumes as a result of
switching from a national to aodal marketdesign grouped by regiog LtW (NOA7)
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Figure6-21 aboveshows an increase in importis GBfrom France and NorthVest Europe, as well

as a significant reduction in exports to France and Navist Europe, in 2025 and 2030 under a
nodal market model. Nodal prices increase relative to national pricesuthernEngland, resulting

in higher net flows into GB. While this effect is also present uadenal market, it is more
pronounced under a nodal market design, as all of the transmission constraints an®GBiti@sses

are taken into account. Combined, these lead to higher prices isahth of GB Relative to a

national pricing market, this thereformarkedlyreduces exports to Franagparticularly in 2025

and 2030For the same reason, imports to GB increase in the earlier years of our modelling period.

By 2035 and 2040, imports from France and Nakest Europe fall under a nodal market model
(as they do under a zonal market model) relative to a national market. Again, this is due to
increasede-sitingof generationto the southern zones, as well asproved demand optimisation
under the nodal model compared to the status quo national model.

Additionally in 2035 and 2040, exports to France and N@v#st Europe fall relative to the status

quo market design, a result which is not seen under a move to zonal pricing. As sHaowdh,

under a national market model, interconnectors provide constrainadyeneration by reducing
exports to France and NorWest Europe in 2035 and 2040, to alleviate transmission constraints.
This still happens under a zonal market, but to a lesser extent resulting in a larger decrease under
nodal markets.

Interconnectors to Ireland land at nodes which vary across GB geographically. The price effects on
imports and exports vary depending on the interconnector in question, leaving aggregate flows
relatively unchanged (as per our zonal pricing outcome).
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6.94. There is a large increase in exports to Norway across the entire modelling period under a nodal
market model, which is not observed under zonal markélss is the consequence of the landing
point of two of the interconnectors that are assumed to connect GB and Norway. Both connect on
the northern side of their relevant zones and cause wztbaal congestioriNodal prices are able to
account for this congestioby allowing surpluswind generationthat would otherwise be
constrained offto be exportedunder boththe national and zonal marketesigns.

G. Overview of dher scenarios

6.95. In this section we highlight a set cdipacity and generatiooutcomes similar to those represented
above for LtW (NOAT7ixom the SysTr (NOABndLtW (HND) scenariod he full detailecbutcomes
for these scenariosan be found iAppendix 2 and Appendix Bspectively.

System Transformation

6.96.  Our second scenario for our modelling assessmeys,Tr (NOA/)epresents a slower transition to
Net Zero tharLtwW (NOA7)brought aboutby supplyside flexibilityas well asncreased hydrogen
production and utilisation.

Capacity

6.97.  Figure6-22below showdoth the installed capacity under the SysTr (NOA7) scelaadicthe
relative change from the LtW (NOA7Y) scenario.

Figure6-22: Installed capacitynder a national market designSysTr (NOA7)
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6.98. As can be seen in tHggure above relative toLtW (NOA7)the SysTr (NOABcenariohas
significantly lower offshore wind and solar capacity, in lieu of more fossipfaets throughout the
modellingperiod,as well as greatanuclear and CCS geapacityin the latter years.

Generation

6.99. Figure6-23sets out the differences igeneration profiles between the SysTr (NOA7) and
LtW (NOAY) scenarios.
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Figure6-23: Generatiorundera national marketdesigng SysTr (NOA7)
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6.100. As shown irFigure6-23 above,SysTr (NOABnvisagesesswind andsolaroutput than
LtW (NOA7Y) driven bylower demand requirements. Howevencreased demanah the later
years(due to delayecklectrification of transport and heatingg met by additional nucleand CCS
gas outputt’®

Congestion impact
6.101. The congestion impact for national and zonal market models can be foufigune6-24 below.

Figure6-24: Constrained volume under a natiomald zonamarketdesigng SysTr (NOA7)
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0The difference in nuclear generation under SysTr and LtW is greater in our modefiing//h) compared to FES 21
(c48TWh). This is driven by different assumptions regarding thdirigdbehaviour of new nuclear plants. We have
assumed that new nuclear plants (including SMRs) would bid similarly to legacy ones and would provide baseline
generation, while FES treats these in a more flexible way. Since, SysTr includes higher nudiartbépkeads to
a greater difference under this scenario.
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6.102. Similar toLtW (NOAT7)congestion volumes amxpected to increase in both the national and zonal
market designs. Congestion volumes in the zonal market are relatively small in the first decade, but
then expand significantly, indicating the shift of larger boundary constraints from across zones to
within zones.

Curtailment
6.103. Figure6-25shows the wind curtailment across the three market designs unde&tsar (NOA7)
scenario.
Figure6-25: Wind curtailment, SysTr (NOA7)
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6.104.

As showrFigure6-25 above, more granular locationalarket designs result in lower overall
curtailment of wind. As indicated above, tbgeralllevels of wind curtailment between the

national and zonal market designs are broadly similar indicating the shift in constraints to within
zones.

Leading the Way (HND)

6.105. LtW(HND installed capacity is the same a8 (NOA7 across the whole of GRs the two
scenarios differ only by the transmission capacity modelled.
Generation

6.106.

Figure6-26 below shows the generation profile under the L{AND scenario, and the changes
from the LtW (NOAY7) scenario.
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6.107.

6.108.

6.109.

Figure6-26. Generation undea national marketdesign¢ LtW (HND
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As shown irFigure6-26 above, the LIWHND scenarioconsists of greatewind generationand
less fossifuel generationthat LtW (NOA7)n 2030. This is due to the additional transmission
capacitythat primarily comes online ithe period between 2025 an2030, which allows a greater
proportion of demand across GB to be met by wind generation,camdequently a reduced need
to constrainon CCGT generation.

As fossil fuels are phased out, additiotrahsmission capacity allows wind generation to be
exported to France and Western Europe, rather than be constraiffeals inLtW (NOA7)This
explains thegreater levels ofotal generation in 2035 and 204€elative to LtW (NOA7YYespite
the demand profile remaining fixed across the two scenarios.

Congestionmpact
The congestion impact for a national and zonal market model can be foufidure6-27 below.

Figure6-27: Constrained volume under a national and zonal madlkesigng LtW (HND)
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Source: FTI analysis
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6.110.

6.111.

6.112.

6.113.
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Compared td-tW (NOAT,)constrained volumes under a national market reduce from 2030 due to
the additional transmission capacity which comes onlmé&tW (HND)As fossil fuels are phased
out, interconnectors are required tesolve transmissiononstraints but due to increased
transmission capacityn LtW (HND)these volumes are lower than under th&wV (NOA7}¥cenario

Zonal constrained volumes undetW (HNDJnirror the trend observedinder LtW (NOA7)There
is a slight reduction in volumdgom 2030onwardsunderLtW (HND)due to additional

transmission capacity, but this effect is smaller than under a national market model as transmission
constraints are already partially reflected in zonal wholesale prices.

Curtailment

Figure6-28 shows the wind curtailment across the three market designs undeLti&(HND)
scenario.

Figure6-28: Wind curtailmentg LtW (HND)
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Source: FTI analysis

As is the case und&tW (NOA7)more locationally granular pricing reduces overall curtailment of
wind generationDue tothe increase in transmission capacity und&wV (HND)there is less wind
curtailment in the BM under both national and zonal market desfgms 2030onwards
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7.1.

7.2.

7.3.

7.4.

7.6.

7.7.

Pricing and financial outcomes

In the previous chapter, weet out the keyphysicaloutcomes forecagd for each market design
under theLtW (NOA7¥cenario, with a focus omow the location and output of generation
capacitydevelops across the modelled periatbncluding with a brisfomparison of key results
with the other two modelled scenarios.

Buildingon this physical overview of thelectricity systemwe outlinein this chaptetthe resulting
electricity prices and financial flows between consumers and producers undesetofmarket
arrangement.

Similar to the previous chaptefigr presentational purposese presentherethe full set of results
for the LtW (NOAT7)scenarig beforehighlighing key differencedetween scenariostahe end of
the chapter The full set of result®r the LtW (HND) and SysTr (NOS@naris are provided in
Appendces 2 and 3

In the remainder of this chapter, waxplore the following impacts for each matldesign
< change in wholesale electricity prices and cost faced by GB consuSsaisof A;

< reduction in the cost ofonstraintmanagement$ection B;

< changes in CfD payments from consumeésdtion @

< total electricity cost for GB consumers and the impact of K& congestion rent$Sgection D),
and

< producer impact, including producer surplmsthe wholesalenarketandBM, as well as
changes in CfD payments to producess¢tion &

Wholesaleelectricity prices and cost

Wholesaleelectricity pricesin zonal and nodal markewill, by design be differentfrom those
forecast for thenational marketasthe impact oftransmission boundarlimitationsand network
lossesare consideredn the formulation oflocationally granlar prices The extent othis
difference will depend on the level of congestiand degree of lossasbhservedon the system in
each hour.

A key output of our power market modellingtiee estimated wholesale price at evempde on the
GBtransmission networlor every hour across the modelled periddnder the national model, the
price is identical across all nodes within GB, reflecting the single national wholesale price of the
current market design. For the zonal modegholesale prices regularly vabgtweenthe modelled
zones, driven by intezonal transmission constraints, but are always identical at all naiteg

each zone. Under theodal modelthe wholesale priceariesat everynode.

We provide details oprice outcomes from our modelling the two following subsections:
< First,we present analysis of how prices vary acriferent locationalmarket design options

< Second, we provide details of average anmrates under each market design
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Price formulation under each market desigiption

7.8. In this subsectiopwe explainhow prices under each market design diffEheexample below
shows our results for a nodal market relative to a national market design. Very similar, albeit less
pronounced, effects can be observed in a zonal market design.

Example hours

7.9. We highlight, in particular, the impact of wind generation on price formation, by illustrating how
prices are formed under a range of different wind output patterns.

7.10.  Figure7-1below shows thevholesaleelectricity pricesunder the national andbcationalmarket
designs from our modellingt middayon 29 September2040

Figure7-1: Exampleof a veryhigh windhouracross GB
(29 Septmber2040¢ 12:00)

National Locational

ﬁ.r.r'i b

o W 155

£/MWh
Source: FTI analysis

7.11.  As shown irFigure7-1 above, the high wind outpudicrossGBrelative to demand at each location
is sufficiently high enougto cause wholesale electricity priceslie set atzero in botha national
andanodal market.

7.12.  In contrast we showthe wholesale electricity prices farspecifichour (17:00 on
10 December2040)where wind output is high in Scotland andrthern Englandn Figure7-2
below.
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Figure7-2: Example of a very high wind hour in Scotland rorthernEngland
(10 Deember2040¢ 17:00

National Locational

Source: FTI analysis

7.13.  For the example hour shown Fgure7-2 above wind generation in Scotlarehdnorthern
Englands particularly high. Under the national modeind generationin Scotlands high enough
to set the national pricéo zerg as the scheduling process does not take into account any
transmission network constraints. However, there is, in reality, insufficient transmission capacity
betweensouthernEngland anahorthern England to convey all of the wind energy to the southern
part of the country. As a result, balancing action is required to turn down some wind farms in the
north of GBand turn on some genetion in southernEngland; this is reflected in the cost of the
BM instead of the wholesale electricity market.

7.14.  However,n ournodal model, the impact of transmission constraints at particular points of the
network can clearly be observed, causing a decoupling of wholesale prices between specific
regions.Hence everhough thesame constraints binding wholesale electricityrices insouthern
Englandn a locational pricing marketre higher compared to the national market.

7.15.  Figure7-3 below showsa selected hour where wind output in Scotlaadd northern Englands
high but not sufficiently high to clear theationalmarket as the marginal plant.
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Figure7-3: Exampleof amoderatdy highwind hour in Scotland anubrthernEngland
(17 Jaruary 2040¢ 17:00
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Source: FTI analysis

7.16. Intheselectedhour shown inFigure7-3, while wind generation is also high 8cotland and
northern Englandit is not highenough to sethe national pricelnstead, the national price in this
hour isset by a gas plant, causing all demand to pay this price. Howawgtuswind generation
(i.e., net of local demand$ higter than the capacity of the key transmission boundary leading to
O2yaiNIAyGa o0AYRAY3 0SG6SSy {O200DRYRINYRYBROSL
wind generators wilheedto be constrained off by the ESCOradispatch Similarly, the ESO will
require to constrain on additional generatorsdni Y L@2N&ia G NI A Yy SRé | NBFa G2 )

7.17. Inthe nodal market, the price in Scotland decreases to £0 per MWh, while the priogfiern
England andhorthern Wales is also lower compared to the national market. Prices here are set by
imports and storage assets. However, the locational pric®ithernEngland i€.10% higher than
the corresponding national price, as some generation and import are paid through the wholesale
market, rather than through the BM, as in the national market.

7.18. InFigure7-4 below, weshowan example of wholesale electricity pricesaispecific hou(08:000n
27 February 2025)hen there is low wind across GB.
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7.19.

7.20.

Figure7-4. Exampleof a low wind hour in Scotland amdrthernEngland
(27 February 2025 ¢ 08:00
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Source: FEnalysis

In the example shown iRigure7-4 above, wind generation is low and gas generation is setting the
price across all of GB, both under the national and the nodal market. Differences between the
prices still occur, even as no transmission constraint is binding, because losses are taken into
account on the wholesale market.

Price dispersion

Figure7-5 andFigure7-6 below showprice variation under a national pricing regimed either a
zonal or nodal pricing regimé&he price duration curves (shaown black) represenpricesmodelled
under the national pricing regime, witm uplift forthe Balancing Services Use of SysteBSU0S 0
charge!’* We plotthe price ineach hour of thanodellingperiodunder thenational priéng regime,
as well aghe highest (in green) and lowest (in blue) obserpeidein the corresponding houior
the zonal market desig(in Figure7-5)"?andnodalmarket desigr(in Figure7-6).

171 For the purposes of the charts beloiWationalBSUoS have been added to each data point on an equal basis.
172 For the purposes of the charts below, Zonal BSUoS have been added to each data point on an equal basis.
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Figure7-5:; Price duration curves comparing national prices to minimum and maximum prices under
zonal pricing2035 ¢ LtW (NOA7)
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Source: FEnalysis
Note: This chart ranks the prices observed over the modelling period under the national market
design. Weompare this to the lowest and highest price observed under the zonal market design
for the same hour.

7.21.  Figure7-6 shows as expected the spread of prices is greater under nodal than under both zonal and
national market design
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7.22.

7.23.

7.24.

Figure7-6: Price duration curves comparingtional prices to minimum and maximum prigés
each hour, across nodasidernodal pricing(2035 ¢ LtW (NOA7)
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Note: This chart ranks the prices observed over the modelling period under the national market
design. We compare this to the lowest and highest price observed undesdaémarket design

for the same hour

AsFigure7-6 illustrates, the spread of prices under a nodal market desigonsiderabd. Even

under relatively higkpriced hours under a national pricing regime, the blue dots on ta&iX

indicate that, for the same hour, there would be a significant number of occasions when the price
is zero in some parts of the countifithe market was designed on a nodal basis price reflects

the effects of network constraints and energy oversupflgnverselywhen the price is lovi.e.,

zero plus the BSUoS uplifthder a national pricing regintéere are still many nodes on the

system where the price would be significartiigher (as indicated bgreen dots in the top right of

the figure) were the regimeo operate asa nodal market.

Annual averages

The previous subsection highlighted how hourly prices are affected by locational pricing. In this
subsection we aggregate the hourly prices calculated for each of our four modelled years and for
each market design into annual average prices, to providedinationof longerterm price trends
under each market design option.

Figure7-7 below shows how prices in our national price scenario evolve over the timeline of
modelling period.
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Figure7-7: Wholesale market price undamational marketdesigng LtwW (NOA7)

2025 2030 2035 2040

o I, s
£/MWh

Source: FTI analysis
Note: For the purposes of comparing wholesale prices between the different market arrangements
and between the different nodes and zones, we use-tigightedannualaverage price$’

7.25.  As illustrated irFigure7-7, the wholesale electricity price in the national market is £72.6 per MWh
in 2025 andalls to £23.5 per MWh in 2030. This significant fall in annual average price is a result of
large volumes of renewable generation coming online in the 2025 to 2030 pesodell asn
assumed fall in the gas price (as detailed in Chapters 5 and 6). From 2035 onwards the wholesale
price is expected to increase, to an average of £34.1 per MWh in 2035 and £50.9 per MWh in 2040.
While renewables generation is assumed to continue to Bedwmut at pace over the period
thereby exerting downward mssure on pricesthe demand for electricity increases, as new
sectors are electrified, thereby exerting upward pressure on priceaddition to this the assumed
increase in carbon prisgrovides further upward pressure on electricity prices in the 2080s.
alsonote that the wholesale prices do not include the cost of CfDs which, as we will show later in
this chapter, are increasingly material as the system evolves.

Zonal prices

7.26.  The evolution of wholesale prices under zonal market arrangements follows a similar trerat to th
under anational market. Prices decrease sharply between 2025 and 2030, while a steady increase
can be observed from 2030 onwards. This is illustratdedgare7-8 below.

173 This is in contrast to other results, where we present annual-weaighted averages. However, loagighted
averages are affected by the mix of demand mix at the given area and would not providéca-like comparison.
For example, two nodes with theame price in each hour could have different leagighted averages, if one has a
higher share of electrolyser demand compared to the other.
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7.27.

7.28.

7.29.

7.30.

7.31.

7.32.

Figure7-8: Annual average twlesale market price undarzonal marketesign¢ LtW (NOA7)
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Source: FTI analysis

As illustrated irFigure7-8, average annual zonal prices in botbrthern Scotland (GB1) and
southernScotland (GB2) are expected to be lower throughout the whole modelling period than the
national price shown ifrigure7-7. From 2025 to 2035, the prices of the two Scottish zones are
expected to be coupled in most hours, while price differences between the two zones become
more prevalent in 2040, as wind capacity in GB1 increases.

The reduction compared to the national price is the highest in 2025 and 2030, when the Scottish
price is £47.4 per MWh and £17.4 per MWh respectively. Scottish prices increase to
£31.8perMWh in 2035 and begin to converge to prices in the other zonesaay of the new
large-scale transmission projects come online and theitang of generation to more southern

zones starts to take effect. However, a difference remains between the prices even in 2040, when
the price in GB1 and GB2 are £45.4 per MWh attlZper MWh respectively.

The opposite effect is forecast for zones in England and Wales (GB3 to GB7), where, as a result of
zonal pricing, more of the fossil fuel generation is paid through the wholesale market rather than
the BM. English and Welsh zones are frequently price eolipl most hours from 2025 to 2030

and have an average price of £79.3 per MWh and £29.2 per MWh respectively.

In 2035 the prices in thewo southern zones (GB6 and GB7) are expected to reach £37.8 per
MWh, while the price in GBGBS is lower at £36.6 per MWh. In 2040, prices in the English zones
are coupled in most hours, with averages ranging between £50.2 to £50.9 per MWh.

Limited price differetials between the zones within England and Wales and within Scotland are
explained by the resiting of capacity (see Section G#)ichreducesthese differences.

Nodal prices

Figure7-9 below sets out our forecasts of nodal prices in the 2025 to 2040 period.
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7.33.

7.34.

7.35.

7.36.

7.37.

7.38.

Figure7-9: Annual average twlesale market price undamodal marketdesigng LtW (NOA?7)
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Source: FTI analysis

As illustrated irFigure7-9, nodal wholesale prices show similar evolution to zonal prices, with
Scottish nodes expected to have a lower price compared to national and zonal pricing, while nodes
in other areas see an increase in wholesale prices.

However, as we would expect, there is a wider range of prices in each year and they decouple
more often, as all transmission boundaries and losses on all lines are considered in the
determination of the wholesale market price.

Annual averagenicesfor Scotlandn 2025 range from £37.4 per MWh in Shetland to £45.3 per

MWh in the south of Scotlan@round the English border. By 20ZMnual averag@rices decrease,

as a result of renewable redlut and decreased gas prices. Prinear Thurso and Dounreay

become the lowest in GB due to the expected installation of offshore wind farms in the ani¢a

an annual average price of £13%8r MWh.The highest priced areas in Scotland are near the

English border and have a price of £1per MWh. In line with the national and zonal market

designs, prices increase after 2030 and range between £24.9 to £29.9 per MWh in 2035 and £37.0
to £47.0 per MWh in 2040. The lowest priced GB nodes remain in the Thotswreay area, while

the Edinbugh area becomes the highest cost in Scotland, but prices are still lower compared to the
national market.

Annual pices in England and Wales range between £73.6 per MWh and £81.3 per MWh in 2025.
Prices decrease in 2030 to between £23.7 per MWh and £31.0 per MWh, while the price increases
again in the second half of the modellipgriod, ranging fronE32.0 to £43.1 per MWh in 2035 and
£47.1 to £58.7 per MWh in 2040.

The lower priced areasutside of Scotlandre innorthern Englandclose to the Scottish border,
while the highest priced areas are around London.

Figure7-9 also shows that in 2025 and 2030, B6 is expected to be the main transmission boundary,
but by 2040 new boundaries emerge on the system, even after some capaegyawayrom the
congested arearelative to FES 2IThe main new boundaries are across the Midlandsthern

England and within Scotland
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B. Corstraint managementcost

7.39.  As described in Chapter 2, there is a needaf@&Mto resolve congestion unddroth the national
and zonapricingregimes, as thér wholesale marketslo not take into consideration all
transmission boundaries on the GB system. Constraining generators on and ofBikl teguires
payments from theSQ which are ultimately funded by consumers. We analyse these costs in this
sub-section.

National and zonal constraintnanagementcost estimates

7.40.  Constraint managemerdosts will be the highest under thmational market arrangement, since no
transmission boundagsare considered by the market determined schedule ahead of gate closure.
Zonalconstraint managementosts would be expected to be lower compared to national, as
several of the main transmission boundaries are taken into account at the scheduling stage.
However, some&onstraint managementosts will inevitably remain, as there would remain
transmission constraintwithin each zone that would need to be resolved through SO intervention.
Under nodaimarkets, the markeaccounts forll transmission constrainishen settingthe nodal
wholesale priceandthere aretherefore no constraint managementosts incurred by the S&%*

7.41.  Figure7-10below sets out our forecast faonstraint managementosisfor the LtW (NOA7)
scenario under both national and zonal market design

74 We note that under all market designs modelled, there may be instances where the SO is required to intervene to
account for unexpected changes in supply and demasdyell as unexpected outages of the transmission lines, in
reaktime. This occurs under national, zonal and nodal pricing regimes, and we have not sought to model any impact
on the costs that arise from such interventions.
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7.42.

7.43.

7.44.

Figure7-10: Constraint managemerdostsc LtW (NOA7)
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Source: FEnalysis

Constraint managemerdosts follow the congestion volumes described in SedionCosts under
the status quo national market increase steadily in all modelled y@#rde zonatonstraint
managementosts start to increase in 2035, as thés an increase in intrzonal transmission
constraints not reflected in the wholesale market.

Constraint managemerdosts under the national market increase steadily froi8bn to more

than £5bn in 2040, as the volume of constrained generation increases, as illustratiggiia7-10.
Most of this cost is made up by constrained payments to fossil fuel generators between 2025
and 2035while constraineebn payments to interconnectors becomes the largest contributor by
2040.Wind farms with CfDs also receive constrakodfdpayments to compensate for their lost
subsidesin hours when they are constrainelilie to lack of transmission.

The 2025 and 2030 estimates for this scenario have also been published by ESO and show similar
levels of congestioto our estimates (see comparisonhigure7-11 below).
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7.45.

7.46.

1.47.

Constraintmanagementosts undeia zonalmarket desigrremain under £1bn in 2025 and 2030,

as most of the congestion on the system is captured by the zone boundaries. However, as the
system evolves, new boundaries emerge, as we caindeigure7-9. As there would be no

locational wholesale signagthin zonesthis would lead to potential increased intznal

congestion, withconstraint managementosts increasing to over £2bn per yeéhe increase in
intra-zonalconstraint managementosts we observe in our modelling suggests that, over time,
there might be acase for reconfiguring the zones to take account of increasing bottlenecks in some
parts of the transmission systetf.

The main contributors to constraimianagementosts are similar under the zonal markets, with
fossil fuel plants receiving most of the payments in earlier yearsraatconnectorseceiving the
majority in 2040.

Crosscheckagainst ESO estimates

We have crosshecked our constraimhanagementost estimatsfor the status quo national
model under all scenariagainstthosepublished by ES{D August 2022, which they have

undertaken as part ahe NOA’ Refrestplan (incorporatinddND. Figure7-11 below presents this
comparison.

175 We note that this might present some challenges from stakeholdémevitably there would be winners and losers
in any rezoning process.
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7.48.

7.49.

7.50.

Figure7-11: Comparison off TI and ESO constramanagementcost estimatesindera national
marketdesign
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Source: Fnalysisand ESONOA 2021/22 RefreshAugust 2022

Note: ESO has published estimates for the four FES scenarios with NOA7 reinforcements from 2023
to 2029, and for the Leading the Way scenario WMA7 refresh reinforcements (including HND)

for 2030 to 2041. NOAY refresh only differs from NOA7 from 2030 onwards.

The solid blue linen Figure7-11is our forecast o€onstraint managementostsunder the

LtW (NOAT7)scenariathat is also presented above kigure7-10 above.The green and turquoise
lines represent our forecasts obnstraint management costsder the LtW (HND) scenario and
the SysTr (NOABcenario (thaarealsoset out in Appendies 2 and B

These forecasts are directionally as we would expect, i.e., the LtW (HND) forecast for constraint
costs is lower than the forecast for LtW (NOA7) as we include the effects of a greater volume of
transmission in the LtW (HND) scenario from 2030 onward3r$§OA7) has a greater volume of
generation sited in the south of GB which, all else held equal, would be expected to lower
constraint cost forecasts relative to LtW (NOA?7).

AsFigure7-11illustrates,the ESGorecastof constraint managementosts under the status quo
national market argover the forecast period, broadly in line with our own estimatesaistraint
managementosts.
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7.51.

7.52.

7.53.

7.54.

The slight exception B025,whenour forecasts deviate somewhatthere is adifferenceof ¢.30%
underthe LtW (NOA7}¥cenarioand c.15%under theSysTr (NOABcenarioHoweverthe ES@ a
estimatesof constraintmanagement costen the GBsystembetween 2030 and 2040 fdrtwW
(HND)are very similar to our forecastGiven the complexities of modelling the Bikle fact that
our own independenforecasts are reasonably close to those of the B&Widesa degree of
comfortthat our methodology and approachassufficientlyrobust estimate othe evolution of
constraint managementosts for the scenarios that we have modelled.

CfDsupport payments

As discussed iBectiordB, the financial flows between consumers and producers for CfD support
payments ardundamentally linked to the prevailing wholesale price in each hour. Where a change
to zonal or nodal pricing leads to a change in hourly wholesale ptim§financial flows between
consumers and producers will also chaidffén this section, wassesshe extent to which anove
towards locational pricinghangethe CfD supporpaymentsunder a zonal or nodal market

design.

In general, the direction of changé CfD support payment depends on the locatioreath

generator. Generators sited exportconstrainedregions with abundant renewable generation,

for example wind farms in Scotlandill generally receiva lower wholesale pricenderzonal or

nodal pricingandwill be compensated with higher CfD support payments as a rd=uoit.

generators in imporconstrained regions, for example solar generators located close to demand
centres in thesouth of GB the wholesale pdereceivedwill generally be higheunderlocational

pricing, and as a result support payments from consumers to producers would be expected to fall.

National

Figure7-12 below shows the net expected CfD support payments between consumers and
producers under the current market design, for each year of our modelling results for the
LtW (NOA7Y) senario. A positive value indicates a net payment from consumers to producers.

176 In our analysis, we assume that under a zonal or nodal market design, all existing CfD contracts would be
ograndfathered, with generators compensated relative to the local wholesale price in the connected zone or node.
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7.55.

7.56.

7.57.

7.58.
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Figure7-12: CfDsupport paymentsindera national marketdesigng LtW (NOA7)
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Figure7-12 above highlights that, under the current market design, CfD support payments result in
very significant payment from consumers to producers inth&' (NOA73$cenario, particularly

across the 2030s. This is maidlye toaccelerated deployment of renewable generation capacity,
which outstrips growth in electricity demand and regularly leads to extended periods of very low

wholesale prices.

Indeed, CfD support payments are noticeably higher in 2030 than in 20250 asignificant
reduction in average wholesale prices in 2080ichisa result of a large decline scommodity
prices and the acceleration of renewable generation capacity outlined above.

Additionally,Figure7-12 demonstrates that the vast majority of CiDpport paymentsre

expected to be paid to offshore wirgknerators which form a significant proportion of overall

capacity with CfD agreements in pla€dD contracts awarded to offshore wind generators typically
FONRP&a& AyidSNI)YAI

KIS GKS KA3IKSad
higherassumed LCOE

AGNRA1S LINRAOSa

Onshore wind and solar generators receive relativelyelosupport paymentswith the difference
driven by two key factors. First, these assets generally have CfD agreements with lower strike
prices, reflecting their relatively lowarssumed LCOBecond, solar and onshore wind generators
typicallyhave higher average@holesalecapture prices across the yedrhis is particularly relevant
for solar generators, which benefit from the increased consumer demand therefore higher

wholesale pricegjuring daylight hours.

catTAPULT

Energy Systems

i

F T |

CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 173

7.59. Nuclear generation is expected $tart receivingCfDsupport paymentgrom 2030 with the
commissioning of the first unit at Hinkley Poinwith payments amourihgto over £1bn per year
from 2030 to 2040The scale of this payment is driven by the wiliparity between the generally
low forecast average wholesale prices untd&V (NOAJ and HinkleyPoint @& NBf I G A @St &
price of £106.1per MWh.

Zonal and nodal

7.60.  Figure7-13illustrates the chage in CfD payments that would arise under a zonal or nodal market
relative to a national market design.

Figure7-13: Changes in Cfupport paymentsindera zonal and nodamarket designelative to a
national marketdesigng LtW (NOA7)
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Source: Fnalysis

7.61.  As shown irFigure7-13, CfDsupportpayments to both offshore and onshore wind farms increase
under nodal and zonal market arrangements. This is caused by lower wholesale prices in renewable
dominated areas, which in turn reduceapture prices in the wholesale markatd therefore
increases the size of the CfD support payment required

7.62.  Under zonal market$;fDsupportpayments to solar generators increase only marginal8040
and slightly decreasi@ other years Similarly, CfD support payments to solar generatiesrease
for all yearaundera nodalpricing regimeThis is because ost of the solar capacity is located in
the south of GBwhere the wholesale prices increasdative to under a national pricing regime
This effect is reinforced by the-siting, which under locational pricing regimesoves even more
solarcapacityto these zoneswhere wholesale prices are the highest.

7.63.  Similarly, thesupportpayments to Hinkley Point C decrease, as the wholesale price increases at
HinkleyPoint@a&a 1 2yS FyR y2RS dzyRSNJ € 20FGA2y I LINR OA\

D. Totalwholesaleelectriaty cost

7.64. The modelled variable cost tiie electricity generated on the systeoan be calculated bydaling
up wholesale costgonstraint managementosts and CfBupportpayments This metricanallow
us tounderstand how much consumers are payingvitholesaleelectricity under different market
arrangements.
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7.65.

7.66.

7.67.

7.68.

7.69.

7.70.

As sector®f the economy(such as transport) are increasinglgctrified through the modelling
period, the total demand andn turn, the total costof supplying demandncreases. For ease of
comparison between the years, wieerefore present the costs of electricity on a per unit basis.

National

Figure7-14 sets out the total variable cost @fholesaleelectricity under a national market in the
LtwW (NOA7}cenario.The calculation of cost of electricity below is based onwvadjhted prices
as opposed to the timaveighted prices presented in previossctions.

Figure7-14: Total variable cost affholesaleelectricityunder a national market design
LtW (NOA?7)
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Source: FHnalysis

Figure7-14 shows that mder the national market arrangements in 2025, wholesale costs are the
main component of variable costs. Howevieom 2030 onwards, wholesale prices decrease and
the share of generation with CfD contracts increases. As a consequ&ilieipport payments
becomethe largest part of electricity costs 2030

However, he share of CfBupport paymentsas a function of total costdecreassin 2035 and
2040, as the average wholesale price increakesto the reasons discusse@dSection 7A.

Constraintmanagementosts make up more than 10% of the variable costs in each modelled year
Zonal and nodal

All of the components of the total electricity costs change under zonal and nodal market
arrangements, as we have described in the previous sections of this chapter. The total change in
the components can be seenkigure7-15 below.
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7.71.

7.72.

7.73.

7.74.

7.75.

Figure7-15: Changes in the total variable costsadfolesaleelectricity undea zonal and nodal
marketdesigng LtW (NOA?7)
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Source: FTI analysis

As can be seeim Figure7-15, locational pricing leads to a decrease in ttmastraint management
cost element of the total variable prices, as the transmission constraints are taken into account
pre-gate closure and the need for balancing action ggate closure is removed (or reduced in the
case of zonal markets).

Wholesale costs increase under locational pricing, as some of the generators, which are paid
through theBMin the status quowould receivegpayments through the wholesale market.
However, this is not sufficient to outweigh the benetitat arise due to theedudion in constraint
managementosts under nodal and zonal priciregimes

CfD costs aralso expected to be higher under locational priciogthe reasons discussed in
Section 7C

Total variable costs are lower for consumers in each modelled year under a nodal market, even
before we account for intr&5B congestion rent@&s set out in the next sectiorlynder a pnal

market, total variable costare expected tde lower for consumers 2025,but aresimilar to the
status quain 203 and 2040 due tchigher constraint management costs

Differencesin prices between connected nodes and zones lead to the creation of congestion rents
within GB. For the purposes of our assessment, we have assumed that this benefit is accrued to
consumersFigure7-16 below sets out our estimates of congestion rents
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7.76.

1.77.

7.78.

7.79.

7.80.

Figure7-16: Intra-GB congestion reat; LtwW (NOA7)GBP bn
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Source: FTI analysis

As illustratedn Figure7-16, intra-GB congestion rents under nodal and zonal are similar in 2025
(E2.3bn and £2.2bn respectively), as nodal prices decouple at zonal boundaries most of the time.

Congestionents decrease to £1.6bn and £1.2bn by 2030, as the price difference between the
different areas of GB decrease, as shaanlier in this chapter ifrigure7-8 andFigure7-9. The
difference between nodal and zonal congestion rents also starts to increase, as adjacent nodes
within the same zone have different prices more often.

Congestion rents under the nodal market increase to £2.5bn in 2030 and £3.0bn in 2040, as the
price differencedetweenregionsstart to increase, as described$action7A

Zonal congestion rents show only a marginal increase to £1.3bn in 2035 and £1.5bn in 2040. While
congestion on the system increases similarly to the nodal market, this is not captured by the zonal
boundaries, as most of the new congestimecurswithin zonesas showrby increasingonstraint
managementosts under the zonal markandin Figure7-10.

Once intraGB congestion rents are considered, the reduction in costs for consumers under
locational pricing is even greater, as showirigure7-17 below.
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7.81.

7.82.

7.83.

7.84.

Figure7-17: Change itiotal variable costs of electricity under a zonal and nodal market design,
including intraGB congestion rentsLtW (NOA7)
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Source: FTI analysis

Deducting intraGB congestion rents from the variable cost of electricity leaves consumers-better
off in every modelled year under both zonal and nodal market arrangememisiding intraGB
congestion rent¢eads to an average cost reductiona3% for consumers in a zonal market and
€.12% for consumers in a nodal market.

Other scenarios

The directional change in the components of electricity costs set out in the previous section are the
same across all scenari@dbeit to differing extets. For instancethe size of thechanges in
constraintmanagement costand wholesale cosiffer due to the varying levelof congestion

under the national market across the different scenar®imilarly the impact onCfD support

payments will alsdiffer due tothe differing generation mixacross scenarigsvhich results in a

varied impact on wholesale prices.

We set out our findingfor the SysTr (NOA7) and LtW (HND) scenarios below
Systeniransformation

Figure7-18 below sets out the total variable cost of electricity under a national market in the
SysTKNOA7) scenario, followed by the change in total costs under locational pridiigpire7-19.
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Figure7-18: Total variable cost of electriciynder a national market designSysTr (NOA7)
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Figure7-19: Change in total variable costs of electricity under a zonal and nodal market design,
including intraGB congestion rentsSysTr (NOA7)
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Source: FTI analysis

7.85.  Under a national market for SysTr (NOA7), wholesale cost makes up the majority for the variable
total electricity cost across the modelled period. The CfDs support payments make up a significant
proportion of thetotal variable costs after 2030, due to the expected increase in genernaitrs
CfD contractsConstrainimanagementosts make upc.8% of total annual cost per MWh across
the modelled period.

7.86.  As shown irFigure7-19, under SysTr (NOA® move to locational pricing reduces the total
variable cost of electricityunder both the zonal and nodal pricing regimemder nodal markets,
the total variable cost of electricity is expected to decrease in all modelled years, even before
taking into account intra&GB congestion rents.
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7.87. Constraint managementosts are reduced under locational pricihgwever,some of this
reduction is offset by increasing wholesale costs sger volume of generation is renumerated
in the wholesale market. CfD payments also increase under locational pricing because payments to
northern generators increase by a greater amount thiae reduction inpayments to southern
generators.

LtwW (HND)

7.88.  Figure7-20below sets out the total variable cost of electricity under a national market in the LtW
(HND) scenario, followed by the change in total costs under locational pridiiguire7-21.

Figure7-20: Total variable cost of electriciynder a national market designLtw (HND)
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Figure7-21: Change in total variable costs of electricity under a zonal and nodal market design,
including intraGB congestion rentsLtW (HND)
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Source: FTI analysis

7.89.  Thedirection of change for each componamder LtW (HND) is similar to that observed in our
results for the other two scenaripgs can be seen Figure7-21.

7.90. Under both nodal and zonal markets, consumers pay significantly less for electricity in 2025, as the
benefit of reduced constraimrhanagementosts far outweighs the increased costs from other
components.
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7.91. Consumers are forecast to pay less for electricity in all years under both zonal and nodal market
arrangements oncentra-GB congestion rents are accounted for. This reduction in costs is smallest
in 2030when new transmission reinforcemendse assumed to come onlinghis tansmission
reinforcement reduces the cost of constraint management under a national market, decreasing the
benefit of more locationally granular pricing on electricity costs.

E. Producer impact

7.92. Moving to nodal or zonal prices impacts producers in several Wéngs, changes to wholesale
prices mean that generators receive different payments through the wholesale market depending
on their location. Second, the reduction or removatohstraint managementosts undemla zonal
or nodal marketrespectivelyimpacisthe level of revenues earned in the BM. Third, CfD
generators will receive different levels of compensatamna direct consequenad different
wholesale pricesWe set out the effect ofocational pricing oreach of these componentnd in
aggregate bw.

Wholesale market

7.93.  Generators will receive different revenues through the wholesale marider locational pricing
regimes For instance, gnerators located isouthernzones where prices increase under
locational pricingwill see higher revenues frothe wholesale market, while generators in the
north will likely see a reduction in tlrewholesale market reveras due to the converse effecThe
chart below shows th@npact of thesechangesn the producer surplus fazach technology under
zonal and nodal market arrangemisnrelative to under a national market design.

7.94. The effect of changing wholesale prices on generators before any subsidies is presdtitrotan
7-22 below.

Figure7-22: Change in producer surplus on the wholesale markdéer a zonal and nodal market
design¢ LtW (NOA7)
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7.95. The effect on producers follows the changes in wholesale prices described in S&ctivimd
generators, that makaip most of the capacity in the areas where the wholesale prices decrease,
are expected to recover lower revenues from the wholesale matfetvever, nost of these
generators are protected through CfDs and #rerefore shieldedrom the effect of reduced
capture pricedor the duration of thér CfD contracts
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7.96.

7.97.

7.98.

7.99.

Technologies which are locatpdedominantlyin areas with increased wholesale prices, such as
nuclear, solar and fossil fuels in the early years, see an increase in their surplus from the wholesale
market.

Balancingmechanism

BMrevenues decrease undelocationalpricing,albet to differing extens. Under the zonal pricing
regime,the volume of energy dispatcheadrough theBM decreaseslue to zonal boundaries

accounting formost majortransmission constraints. Under the nodal pricing regime, wholesale
pricesaccount fortransmissiorconstraintstherefore removing the need for balancing actidri$
Figure7-23 below shows these changes for each technology in each modelled year under zonal and
nodal market arrangements

For the purposes of the producer surplus calculation, we assume tharttie uplift for the BM

offers is the result of the pagshbid clearing and is captured by producers as a surplus. In practice,
some of this uplift reflects actual costs borne by generators, such asugtadsts. This
conservativeassumptiornpotentially overestimdes the negative effect on producers atiderefore
underestimagestotal GB socioeconomic benefit®m transitioning tolocational pricing

Figure7-23: Change in producer surplirem the BMunder a zonal and nodal market desightW
(NOAT)
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Source: FTI analysis

Changes in producer surplus through @kl primarily affect fossil fuel generators, as they are the
main beneficiaries of thBM, asshown inFigure7-23. Offshore windarmsalsoexperiencea
reduction inrevenuesas they no longereceiwe constrainedoff paymentsvia the BM

177 As explained i€hapter 4, there may be instances where the SO is required to intervene to account for unexpected
changes in supply, demand and outages in transmission lines #timealThis occurs in all market designs and we
have not sought to model this impact.
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7.100.

7.101.

7.102.

7.103.

CfDsupport paymens

CfDsupport paymentshange under locational pricing, as the wholesatstricity price received
by generators is differenelative to under a national pricing regimghe direction of the change
depends on the location of the generator, @D contract holderseceiveless(more) revenue if
the wholesaleelectricityprice at their nodeor zone increase&lecreases)The chart below shows
these changes for each technology in each modelled year under zonal and nodal market
arrangementsrelative to under a national pricing regime.

The effect of different CfBupport payment®n generatorainder the different market
arrangementss presented irFigure7-24 below.

Figure7-24: Change in CfBupport paymentsinder a zonal and nodal market desightW (NOA7)
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Change in CfD revenues mirrors the changes in wholesale revenues for technologies with CfD
contracts as shown ifrigure7-24. Wind generators see an increasesirpport paymentso
compensate them for the reduced revenuesthe wholesale market, while nuclegenerators are
expected to receive lowesupportpayments, as their capture prices increase.

Overall impact on generators

The overallmpact on generators is made up of changes in wholesale reveBi#ssvenues and
CfDsupport paymens. The overall impact for eatkichnology in each year is shownFigure7-25
below.
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7.104.
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7.107.

7.108.

7.1009.

Figure7-25: Change in total producer surplasgeneratorsunder a zonal and nodal market design
¢ Ltw (NOAT7)
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The most significaritnpactis on fossil fuel generatorthat experiencea reduction in their
producer surplus from 2025 to 2035 before thare graduallphased-out. This follows the results
presented inSection 6Bwhich showed a significant reductionfossil fuelgeneration.

Non-CfD onshore wind generatoedso see a significant decrease in their producer surplus in 2025.
Most of these are onshore wind farms with ROCs, who benefit from high capture prices and
inframarginal rents in 2025, due to the high gas prices. Under a nodal model, these wind farms are
still expected to receiven average €42 per MWh on the wholesale marketiong with theirROCs
paymentas a topup, leading to a averagerevenue ofover£90 per MWh 178

These estimates are based on commaodity price estimates from early @d&hincreased

commodity price estimates since the Russian invasion of Ukraine, it is likely that locational pricing
would transfer even more inframarginal rents from wind farms with ROCs to consumers.

{2YS 2F (KSaS AYFNIYINHAYIt NBydGa NB It NBIFRe
Electricity Generator LeW? As policy decisions such as this were not included in our assessment,

the impact on producers dfansitioningto greater locational granularity in wholesale priceay

be overestimated, as thegnay be required taeturn more of their revenues to consunsander

the status quonational market.

Other technologies are impacted less, as they are protected through CfDs or benefit from higher
wholesale prices.

Other scenarios

The directional impact on producer surplsssimilarunder the other twoscenarios However, the
magnitude of the changds different, aghe level of congestion and change in wholesale prices
differsacross the scenarios.

178 Assuming payment per ROCs rensagimilar to the 2021/22 levels, when the buyout price was £p8r&ROC
Ofgem(2021), \Renewables Obligation (RO) Buyt Price, Mutualisation Threshold and Mutualisation Ceilings for
2021-22CYink).

179 45% of exceptional receipts over £@&r MWhis set to be returned by electricity generators covered by the Act
HMRQ2022) Electtcity Generator Levy on exceptional electricity generation recgipts).
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7.110.

7.111.

7.112.

7.113.

7.114.

7.115.

The overall effect on generators under tBgsTr (NOABcenario is shown beloim Figure7-26.

Figure7-26: Change in total producer surplasgeneratorsunder a zonal and nodal market design
¢ SysTr (NOA7)
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Source: FTI analysis

The direction of the impact on producers is simiaunderLtW (NOA7)with any differences due
to the differinggeneration mix, annual demand level and transmission buitdbetween the
scenarios.

The surplus of fossil fuel generators decreases by a smaller margin, as the congestion on the
system is lower under the national market aterefore fossil fuel generators receive lower
revenuesn the BM.

Nuclear generators alsearn higher revenuesnder both zonal and nodal markets compared to

the status quo national market. Thisagonsequence of new SMitgt are expected to be

installed in the 2030s across England in zones and nodes where the wholesale price is expected to
increase. In practice, these generatongybe under some form of revenue stabilisation

mechanism (e.gCfDx) and this extra surplusniaytherefore be returned to consumers.

CCS gas generators are also expettaghrn lower revenues in 2035 and 2040 under locational
pricing, as they lose the surplus they were previously earning on the BM. SmiltRs, it is
possible that theynay alsde under a revenue stabilisation mechanism and some of thishags
be compensatedior by consumers.

The overall effect on generators under the LtW (HND) scenario is shown indtogure7-27.
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Figure7-27. Change in total producer surplasgeneratorsunder a zonal and nodal market design
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Source: FTI analysis

7.116. Changes under thetW (HND scenario are very similar to the changes underlth&/ (NOA7)
scenario, as the generation and demand assumptions are identical.

7.117. The main difference is that fossil fuel generatare impacted to a lesser exterds these
generatorsare constrained on less frequentipnder a national markedesign, due tdghe reduced
congestion caused by thenhancel transmission builebut in this scenario relative to in
LtW (NOA7?)
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8. Assessment of wider system impacts

8.1. As discussed in Chapter 4, a transition to locational wholesale electricity prices may have wider
impacts on the GB energy system beyond direct effects on wholesale electricity markets.

8.2. In this chapter, we consider three areas which could affect the aggregate costenefits of
different options. These are:

< the implementation costs of transitioning to more granular locational pricing
(Section A)

< the potential impact of locational pricing on the cost of capital to market participants
(SectionB);, and

< the potential impact of locational pricing on wholesale electricity market liquid@gction C)

8.3. In each area, we discuss some key theoretical and empirical insights, based on our research and
engagement with stakeholders throughout the assessment process.

8.4. We discuss implementation costs and potential cost of capital impacts in further detail in
Appendices 4 and 5 respectively.

A. Implementation costs

8.5. Implementing more granular locational pricing in GB would require many parties to invest in new
operational functions and systems to carry out the activities required under a zonal or nodal
market® This may include new computing and software systems, updated energy procurement,
hedging and billing processes, and staff training and recruitment, among other cost elements.

8.6. These investments can be grouped into two categories:

< ESO implementation costsvhich are oneoff costs to theSOto enhance processemnd procure
the IT and software systems to operate in a zonal or nodal market; and

< Market participant costs which are oneoff costs to update the systems and capabilities of
market participants to operate in a zonal or nodal market. These may be particularly difficult to
estimate because the cost implications of moving to locational pricing can differ gaeatlys
companies depending on their specific characteristics and requirements.

8.7. In our assessment, we focus primarily on the expected implementation cost of transitioning to a
nodal market and less on aonal market. We would reasonably expect transitioning to a zonal
market to be less costly and complex than moving to a nodal market, so the figures presented here
are likely to ovesestimate the costs involved in moving to zonal pricing.

180 We have not assessed the ongoing costs to the ESO and market participates for any of the market designs. Under a
locational market design, there could be additional ongoing costs fronmgtance, running a centralised
scheduling system or forecasting locational prices. Conversely, there would likely be reduced ongoing costs from the
greatly reduced need to run and participate in a BM.
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8.8. To determine an indicative range for these costs, we have considered data gathered from three
groups of sources:

< implementation costs incurred or estimateddnstbenefit analysesn other jurisdictionsthat
have considered or implemented locational pricing;

< direct conversationsvith system vendors and market participants; and

< discussions with the ES® understand the steps required for implementation.
8.9. We discuss each in turn.

Costbenefit analyses in other jurisdictions

8.10.  Many jurisdictions that have considered or implemented locational pricing have published CBAs.
Where possible, we have used these to identify a range of implementation costs. The case studies
we considered are set out ifable8-1.

Table8-1: International case studies

Jurisdiction Year of CBA Market context

Transitioned from zonal pricing to nodal pricing &
CAISO 2008 part of its Market Redesign and Technology
Upgraded d aw¢ ! € 0 LINR NI YY S

Transitioned from zonal pricing to nodal pricing i

ERCOT 2004, 2008 20102
Introduced nodal pricing under its Energy
LYol flyOS al NJ SiFinancialL {
SIEE AU Transmission Righis 2014 as part of its
GLYGSINF (SR B NJ SGé NE
hydl NA2Qa L 2013. 2017 Planning tamplement nodal pricing for generator|
Electricity System 2019’ ' in 2023 as part of its Market Renewal Program

hLISNI (G2 NJ 6 d Odawkteéo

Considered moving to nodal pricing as part of its

Australian Energy L . o
27 Coordination of Generation aritransmission
Market Commission 20192020 Ly B8a0YSyd 666G/ hDI ¢LED

s ey .
oal! 9a/ €0 NEMES

Source: FTI analysis

181 Wolak (2011)Weasuring the Benefits of Greater Spatial Granularity in Shentn Pricing in Wholesale Electricity
MarketsQp.247 (link).

182 Electricity UtilityCommissior{2011),%exas Nodal Market Implementatifink).

183 NERA (2020¥osts and Benefits of Access Ref@m28 (link).

184 9{ h AR BNePgBtredimBusiness Casip.9, 2426 (link).

18 The inaugural review was completed in 2018. The second COGATI review began in FebruSge2QE81C2020)
Eoordination of generation and transmission investment implementatiancess and chargifjnk).
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8.11. Where data is available, we have broken the cost estimates dowrbi@twsts and market
participant costs. Our approach involves the following steps:

< Market participant costs have been adjusted based on the relative installed capacities of the
jurisdiction (in the year the CBA was conducted) and in GB in 2021.

< SOimplementation costs have not been adjusted for differences in installed capacities between
the jurisdiction and GB. This implicitly assumes ®@tosts are not proportional to the size of
the electricity market in each jurisdiction.

< Implementation costs have not been adjusted for differences in the level of reform required in
each energy market relative to GB.

< All costs have been converted from the local currency to GBP based on the average exchange
rate for the year the CBA was conducted. All costs have subsequently been converted to 2022
prices?8®

8.12. We summarise our findings Figure8-1.

Figure8-1: Summary of implementation costs from international case studlims 2022 prices)

600 560
500
400
5 300 277
238 227
130
200
128 109
100 I 81
: B
CAISO ERCOT  ERCOT SPP IESO IESO IESO NEM
(2008) (2004) (2008) (2009) (2013) (2017) (2019) (2020)
W System operator W Market participants Total costs

Source: CAISO, ERCOT, SPP, IESO, Hard Software.

Notes: 2019 IESO and ERCOT CBAs were conducietphaidentation of nodal pricing. CAISO
conducted an epost assessment of benefits as part of the wider Western Energy Imbalance
Market but did not assess gost costs®’

8.13.  As displayed above, CBAs carried out in other jurisdictions provide a relatively wide range of cost
estimates across each category, with varying proportiorfS8@dnd market participant costs. Apart
FNRY 9w/ h¢Qa wnny /.13 FEf AYLIESYSyGlraGAaAzy O2al

186 All costs deflated using the CPIH annual rate data as published by the Office for National Stati$tics (
187 See the Western Energy Imbalance Markgenefit<ylink).
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814. b2l o6f&X 9w/ h¢Qa wHnny [lmplemDentation gklighidd signicany R dzO G S F
unexpected cost overruns, primarily due to issues around integrating different systems in different
regions. These issues were not experienced in other jurisdicindsnay be unlikely to occur in
GB due to the national role of the ESO.

8.15.  In our assessment of other jurisdictions that have transitioned to nodal pricing, we have not
observed any material impact on generatibry S a i YSy iz 2FGSy RSSYSR I &
As such, we assume that no investment hiatus in our assessmentyé.assume that generation
investment responds to locational pricing as soon as it is implemented (subje te-siting
limits discussed in Section 518 Furthermore, we note that a number afechanisms, such as
CfDs and the capacity mechanisserve to reduce uncertainty for investofEinally, we note that
prices in some areas of the country are likely to increase in a transition to locational pricing which
may encouragénvestment inthesemore favourable locations (e,dmport-constrained areas)
albeit with the corollary that there would begotentially reduced investment in other parts of the
network that are more likely to experiendawer prices(i.e., in exportconstrained parts of the
system)

Interviews with system vendors and market participants

8.16.  Second, we interviewed system vendors and market participants to understand their experiences
and expectations of the costs of moving to locational pricing.

8.17.  We have interviewed twaystem vendorsHitachi and Siemens, with global experience in
implementing IT systems fo0S. Both vendors explained:

< the essential elements required for the transition to a nodal market design including the
network models, bidding engines, and systems for the-@lagad and realime markets;

< how the system requirements required for a nodal market design could be integrated into the
0a SEA&alGAYy3T aeadsSvyaTt |yR
< the roadmap to implementing the necessary changes.

8.18.  Additionally, both vendors highlighted that their bespoke solutions in principle are not novel
systems and have already been in place in many jurisdictions for many years.

8.19.  While the amount of information we can set out in this report is limited due to commercial
sensitivities, a higlevel conservative estimate of the total implementation cost of a standard
system could be between £40m and £60m.

8.20. We issued a request for information fromarket participants following our first workshop held
on 26 May 2022. While we have had several conversations with market participants on the scale of
challenges and investments required, we have not received sufficient data to conduct a reliable
analysis. Nevertheless, iave not noted any unique challenges that might differ from the
experiences of market participants in other jurisdictions.

188 Arguably, an investment hiatus issue may also be present in the status quo market design. For exaojig,
uncertainties around TNUoS reform or the BM may deter investments. Additionally, a potentially greater need for
further transmission investment to resolve constraints may lead to longer connection queues, and in turn, hinder
timely investments.
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8.21.

8.22.

8.23.

8.24.

8.25.

8.26.

8.27.

Discussions with the ESO

We have had several discussions with the ESO on practical considerations for the implementation

of alternative market design solutionshich included discussion with ESO experts at the Electricity
blFrdA2ylt /2yiNRBt /SYGNB 0a9b//é0d !'G GKAA YSS(
markets operate in other countries and requested NGESO provide a view on the difference

between thesenarkets and the GB market.

The ESO indicated that it was not in a position to provide an estimate of costs as the scope of
changes to the system required had yet to be determined. However, it described six key areas that
would require considerable changedata exchange, meteringptimisation process (for the day

ahead market, ancillary services and network configuration), settlement processetnreal
processes, and automation processes to maintain system frequency.

Each of these six areas would require consultation with industry and suppliers, resourcing and
training,as well asmplementing additional system capabilities (whether adding to existing IT
systems or implementing new ones).

Impact on our assessment

We do not have sufficient information to make a fudlysted estimate of the expected
implementation costs of locational pricingowever,based on our analysis of experience
elsewhere and our discussions with the ESO, vendors and market participariiaye assumed
that implementation costs would be£500m

This estimate appears relatively conservative compared to CBAs from other jurisdiotitimestit

Ad Ay fTAYS gA0GK 9w/ h¢Qa HnAnn@BASSeveral stakdholddrd lyader R S NJ
posited that implementation costs in GB wouldech higher than the costs implemented by US

ISOs, as these ISOs already had centralised scheduling in place. This is only the case for three 1SOs
that had fully centralised scheduling and dispatch market designs prior to nodal implemergation

PJM, NYIS@nd ISGNE.CAISO and ERCOT, which had a form of centralised zonal market designs
and dispatch software, but were based heavily on bilateral contracting among market participants,
required completely new systems throughdagcause theiexistingsoftware was wholly

inadequate. Furthermore, unlike the other ISOs, MISO and SPP were comprised of separate utilities
with no centralised dispatch or coordination across the future ISO footptiim¢y even had to

build control rooms when they began opéien of LMP markets.

We have also assumed, conservatively, that the ESO would not incur further costs to manage the
system under the status quo national market (that would not be needed under locational pricing).
Given the large, expected increase in balancing actions bySReusder national pricing, it is likely
that system management costs will increase significantly in the future, and that some of these
costs would not be incurred under locational pricing.

For simplicity, although we recognise that the cost of transitioning to a zonal market is likely to be
lower than to a nodal market, we have also assumed an implementation cost of £500m in our
assessment of zonal pricinBransitioning to a zonal market would also require significant changes
in the areas identified above, for instance in the design and implementation of a new balancing
mechanism
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8.28.

8.29.

8.30.

8.31.

8.32.

8.33.

8.34.

Overall we note that implementation costare materially lower than all of the other costs and
benefits identified in this stud{?®

Cost of capital

Several stakeholders have argued that moving to more granular locational pricing would lead to
greater investor risk and uncertainty. For instance, this could arise due to greater forecasting
complexity, increased variability in locational prices andatliffies in predicting how locational

prices will be affected by future transmission capacity. In turn, stakeholders argue that this could
lead to investors increasing theisk premiato compensate them for bearing more risk, resulting

in an increase inhe cost of capital and thus in the total cost of investment in generation,
particularlyfor renewables such as wind and solar. As a consequence, stakeholders consider that
the higher cost to investors could ultimately be passed to consumers in some manner, for example
throughthe capacity markeauction clearing prices, CfD auction strike prices or wholesale

electricity prices (if participants are assumed to be able to bid in excess of their SRMC).

We carried out three workstreams to help understand how and whether moving to zonal or nodal
pricing would affect the cost of capital for market participants:

< A highlevelassessmenof the risksfaced by market participants due to locational pricing, and
their expected relationship with the cost of capital.

< Review of evidence received frostakeholderson the potential impact to the cost of capital.

< International evidenceon the experience in other jurisdictions when transitioning to more
granular locational pricing.

Based on our assessment, we carried out a sensitivity analysis to understand the impacts of a
change to the cost of capital on the expected net benefits or costs of locational pricing.

We discuss each area in turn.
Assessment of the risks faced by market participants

In this subsection, we consider:

< how transitioning to more granular locational pricing might change the various risks faced by
market participants; and

< K2g (GKSasS OKlFIy3aSa (G2 NRala YAIKG FFSOU Ay@S
Change in risk faced by market participants due to locational pricing
Under locational pricing, market participants could face the following changes in risk:

< Risks related tgrice variability and uncertain dispatchn particular, how the variability of
prices received in locational markets compares to thgtriafes received in the wholesale
market and the BM under the current market design.

189 By way of context, our assumed implementation costs of £500m are equivalent to 54 days of the overall expected
net benefit to consumergacross the entire modelling periodj a transition to nodal pricing under thgwW
scenario.
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< Risks related tmetwork charging and buildIn particular, how network capacity changes might
affect the variability of prices under different market designs, and how TNUo0S charges might
vary under different market designs.

< Regulatory riskglue to potential future changes in market design.

< Transition riskgelating to uncertainties around the process for changing market design.

8.35.  With regards to thavholesale markef our modelling suggests thattertemporal (hourby-hour)
volatility is often highemunder locational pricinghan in national pricingbutthisis not always the
case For instance, in 2@3n the LtW (NOA7%cenariq the average volatility of nodal pricasd
zonal pricess 084 and 0.87 respectivelywhile the average volatility of the national price i§0*°
However, in 2040, the volatility of nodal prices is 0.70, while the average volatility of the national
price is 0.71.

8.36.  Additionally,wholesale pricevolatility can differ considerably by location in locational market
designs For instance, in 2@3 under nodal pricinghe volatility across the different noddsas a
rangebetween 077 and 110.1%*

8.37.  The extent of this effect is driven by sevefadtors, including:

< Variability of demand at a zone or node, both from predictable seasonal changes and
unexpected demand shocks.

< Variability of supply at a zone or node, driven by the amount and type of generation in the area.

8.38.  With regards to théBM, the size and absolute volatility of BM revenues would likely be lower in a
market with locational pricing. Market participants would participate more in the wholesale
electricity market (in lieu of the BM) on a more straightforward ja@clear approach, were
locational prices are likely to be less volatile and more transpaféittis effect might be more
pronounced for flexibility providers with access to more transparent revenue streams reflective of
reaktime locational scarcity conditions on the network.

839. ¢KS NBY2@Ift 2F 3ISYSNId2NBRQ FANY | 00Saa NRIKGA
not automatically be compensated if they are behind a constraint and do not generate; this is
sometimes referred to adispatch or volume risklt means that generators could face uncertainty
about whether they will be scheduled and what their place will be in the merit order (for instance,
if several renewable generators behind a constraint all bid in at zero).

190 We calculate volatility using the standard deviation of the log of hourly prices to normalise theonml
distribution of prices. Average volatility is based on the mean volatility across all nodes or zones.

191 Similarly, under zonal pricing, volatility across the different zones range betwe4ar@i®.9 in 2035In locational
markets, this risk can typically be hedgedsome extenusingFTR®r an equivalent financial derivative product.

192 1n a nodal market, imbalances would still occur; a settlement approach is still required where theeadate
price would be applied to the locational imbalance volume.
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8.40. In practice, investors have some tools available to them to help manage changes in price volatility
under locational pricing, including:

< Policy support mechanismsvhichcan mitigate price risk (such as CfDs), dispatch risk or both
(such aC&Fto an extent). For example, CfD holders are guaranteed the strike price if they
generate and hence are shielded from variations in the reference price. CfDs issued on a

¢deemed generatiofd A 34X gKAOK LI} @& 2dzi oFaSR 2y | 3Sy
would reduce or eliminate both pricing and dispatch risk, but may give weaker locational
signals'®

< FTRswhichcan help market participants to hedge their price risk. As discussed in Section 2,
FTRs are (typically tradeable) financial instruments that entitle the holder to the right to
congestion rents between two nodes.

8.41. Ontransmission network riskgreater locational pricing could be expected to red(meremove in
the case of nodal pricing) the locational signal within the TNUoS tariff as the signal would be
incorporated directly into the wholesale price. For instance, if the TNU0S charge were simplified
into a flat tariff, this would reduce TNU@a8lated risk to investors as well as operational
leverage!®

8.42.  On the other hand, moving to locational pricing could introduce some additional risks for market
participants through network build plart€ Changes to the profile of these assets would affect the
level of congestion in a particular zone or node, in turn affecting locational prices. While this
provides the incentives to market participants to consider the expected value of the electricity they
produce to the system as whole, some effects on prices faced by market participants may be
affected by factors outside their control (notieat this affects the revenue potential of generators
but may not affect shorterm price volatility). In existing locationptice systems, such risks can be
partly mitigated through the purchase of FT#&s.

8.43.  We expect there to be some degreerefyulatory riskA y D. Q& St SOGNAROAGE& YI NJ
market design, as the structure of the market is not fixed and may be altered in the future.
Notwithstanding this, we might expect some reduction in regulatory risk under nodal pricing. This
is because nodal pricgystems incorporate automatic changes in locational signals through the
local balance of supply and demand, and so typically require little or no intervention to ensure that
supply and demand are balancatireasonable cost.

8.44.  Nationalprice markets may also be more subject to risks that, for instance, the rules of the BM or,
given its administered nature, the structure of network charging will change. poicalsystems
are likely to be intermediate in terms of regulatory risk because they introduce risks around the
redrawing of zonal boundaries.

193 There would be important choices about the design of CfDs in a locapdical system. Ser exampleGill,
Maclver and Bell (2023¥xploring market change in the GB electricity system: the potential impact of Locational
Marginal Pricin@!ink).

194 Asdescribed in Chapter 2, in a locational market design, transmission upgrades could be funded through a
beneficiarypays approach more easilywhich may introduce some regional variation in transmission charges.

195 There would be a similar impact from the build plans of other generation or demand assets.

19 The extent of this risk would depend on the precise design of FTRs and their allocation przngssission
planning reports such as NOA would also provide a level of foresight to investors.
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8.45.

8.46.

8.47.

Transition riskmay increase somewhat during a switchover to locational pricing due to

uncertainties around the details of the new market design and how it will function, as well as the
need to adapt to new market features and conditions. The extent of transition riclepiend on

factors such as the clarity and consistency of communication by government, regulator and the SO.
Transition risk is particularly relevant for market participants that do not have a regulatory support
mechanism such as a CfD. Weuld expect any transition risk to be temporary and to fall over

time.

Figure8-2 below summarises our assessment of the change in risks faced by generators from a
move to locational pricing. Consumers could be expected to face qualitatively similar changes in
risk profiles albeit in the other direction due to the transfer of risk betw the two cohorts. The

figure shows that there are several different ways in which risks could change as a result of a move
to locational pricing, often moving in different directions.

Figure8-2: Summary of the impact of changes in risk faced by market generators

Regions of high demand
relative to supply

in price variability (some
in price variability for ' predictable, tools

Variabilit i

o some but not all market available to manage)
of .
holesal 1 participants, e.g. thermal
Wwholesale or nuclear may have lower Greater volume risk due
revenues price volatility 1 to risk of curtailment
Risks related (without receiving
to price constrained off payments)

variability

Under both market

BM will be smaller, so less designs, market
volatile BM revenues. participants (that would
Constraint costs are 0 have been constrained

Variability
of BM
revenues instead reflected in the down in a national
locational price. market) receive the

national/ locational price

TNUoS
charging
risk

TNUoS charges, which are currently volatile and uncertain in
trajectory, will likely be simplified leading to a decrease in
related risks

Transmission
network risk

Future changes to transmission capacity can affect cangestion in
Network a zone/node and therefore prices, which may increase risk for
build risk 1 merchant market participants that do not take account of the

timing of new transmission in their investment decisions

Transition
risk

Temporary increase while market participants adjust to new
market design, expected to dissipate over time

Reg:lilsaktory ‘ in regulatory risk due to lower reliance on the BM

Source: FTI analysis

We have not assessed how locational prices might be expected to change revenue risk for storage
providers or interconnectors any detail These market participants are in a somewhat different
situation from consumers and generators, since their reverieed to be more impacted bthe

level of volatility of prices.
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8.48.

8.49.

8.50.

8.51.

8.52.

Impact of changes in risk on the cost of capital

In this subsection, we consider how any changes in risk as a result of locational pricing could affect
AYOPSaiaNBEQ 0240 2F OFLAGIES RSFAYSR Fa (KS YA,
This minimum expected return is related to the degree of risk associated with the asset and its cash
flows; intuitively, higher riskiness might be expected to result in a higher minimum expected rate

of return.

L'y | aaSaQais@pcally esenatedoly darénde to the CAPRThe CAPM expresses
the expected rate of return for a risky asset as:
i1 YO 'Y i
where:
i is the expected rate of return for the risky asset;

i is the rate of return that an investor would expect to earn on a riskless asset;

I is afactor ((betag) specific to the asset, which is a measure of the sensitivity afsthet
returns to the volatility of the marketturns and

"YU 'Y is ameasure of the return that equity investors expect from holding the market portfolio.

Note that,as an implication athe CAPM, investors are only compensated for bearing systematic
risk, which cannot be diversified by holding a basket of securities. Market indices are thought to
represent this systematic risk.

Assets are often financed by a mix of equity and debt. In such cases, the cost of capital will reflect
the different costs of equity and debt financing and is calculated as the weighted average cost of
OFLIAGEHE 6a21 /] £€0Y

w000 p Y ©O i p O i
whereOis the level of gearing.€.,the extent to which the asset is financed by debtyandi are
the opportunity cost of debt and equity; and T is an appropriate tax rate.
ThecostofdebtNBE Ff SO a G(KS 024G 2F NIA&AYy3I | O2YLI yeéc¢
debt can be assessed asthe fBINS S NI S LJ dz& | ALINBI R NBFE SOGA
GB energy market, the cost of debt for generators is particularlyanfied by regulatory support
mechanisms such as CfDs for wind and solar generation, and-beRA& mechanism for new
nuclear. For instance, CfDs provide price certainty for generators for the first 15 years of operation,
enabling confidene about the level of returns they will earn per MWh of electricity generated.
Similarly,C&Farrangements are typically designed so that the Floor payments can cover the
AYyo@Sai2NREd® 024G 2F RSodo®

197 Ofgemo H n GssaryWf terms: RHOL and GD1 revie@p.3 (ink).

198 While it is occasionally criticised, the CAPM approach remains the standard benchmark for regulatory-decision
YFE{Ay3dd {SST Soads G4KS /2YLISGAGAZ2Y al NJS pardgrdph BR2NR (i & Q&

199 See Ofge &  infeneannector Cap and Floor Regime Handb@ok).
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8.53.

8.54.

8.55.

8.56.

8.57.

Since we would expect regulatory support mechanisms to continue under alternative locational
market designs, we expect limited change in price risk for market participants that are supported
by such mechanisnt§°

Betameasures the covariance of the returns on an investment with the market rétin.

FdadzySa GKFIG Ay@Said2NAR K2fR I RAGSNBAFASR L2 NI
(that is, risk that cannot be diversified away). It is affected by structural changes that change the
correlation between the returns on the investmead the market; all else equal, an increase in
correlation will lead to an increase in beta. The impact of locational pricing on beta is unilear

would not have an impadf locational pricing does not increase the ndiversifiable risk.

However, even if it does, the direction of impact is unclebetacould fall if returns become less
correlated with fossil fuel prices but could increase if electricity prices become more correlated

with aggregate demané?

GearingNBFSNA (2 GKS LINBLERNIA2Y 2F | FANNQa OF LA
O2YLIl yeQa FAYILYyOAlIft fSOSNI3ISP 2SS KIFI@S y2G ARSy
alter the level of gearing materially in either direction.

Our assessment of the relationship between risks faced by market participants and the cost of

capital suggests that locational pricing could alter the cost of capital, for instance by changing the
correlation between returns on investment in the electryciharket and general market returns, or

by changing price risk for market participants not covered by regulatory support mechanisms.
However, our assessment of risks provides qualitative evidence that the overall risk could move in
either direction. This vides an indicative suggestion that the magnitude in either direction could

be limited, because of the range of potentially countervailing factors that we have identified.

Evidence received from stakeholders

We receivedsomeevidence on cost of capital impacts from stakeholdspecificallyseveral
submissions via Ofgem, as wellnagltiple claims of potential impacts at our stakeholder
workshops. Investors in generation asse#ve informed ushat they would expect some increase

in their risk and cost of capitidlom locational pricing; for instancene wind investohas
highlightedthat they would expect an approximately 50 basis point increase in their cost of capital
as a result of nodal pricingn contrast, battery developers have suggested that locational pricing
may lead to a decrease in their cost of capital.

200 Notably, CfD generators located behind constraouald see a change imlume riskdepending on the rules for
support payments for when wholesale electricity prices are negafiverently, CfD generators do not receive
support payments only if the wholesale electricity price is negative for six hours or more.

201 Ofgem (2011)Blossary of terms: RHDL and GD1 revie@p.5 (link).

202 Additionally, with greater locational pricing, investors may be able to diversify locational risk through a portfolio of
assets in different locations.
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8.58.

8.59.

One challenge with the discussions on the impact on cost of capital with stakeholders is the
potential conflation ohon-diversifiableriskimpact versus the overall revenue impagt the
overall change in risk profiles. As such, although many generators would face an increase in

risk or

a decrease in revenues relative to the status quo, we have been unable to place evidential weight

to some of the claims raised as they do not nezeiy translate to a higher required cost of

capital?® Instead, we consider that only changes to the beta parameter are affected by changes in

non-diversifiable risk.

The main quantitative evidence that we received was an October 2022 report by Frontier
Economics, commissioned by RWE, SSE and Greencoat Capital. We discuss this repett.in B

oXx 8

Box8MY CNRY(GASNI 902y2YA OaQmjlicadnsiok @ost bfCapial NE A
report°4

¢KS NBLR2NI 68 CNRYGASNI 902y2YA04a O0AGCNRBYGAS

that could arise under the current market design compared to locational pricing. The report a
examined quantitatively how the volatility of the locatimrsignal may differ by market design.

Frontier argued that a regime witbMPsmight be expected to increase the risks faced by inves
around the volatility of their earnings, because of factors such as uncertainty over whether

y It

generators will be curtailed and uncertainty over the level and location of spare network capagcity.

Its quantitative modelling compared riskiness of returns under a proxyftlPsand the current G

network chargingegime andestimated consequent changes to the Sharpe ratio (a measure ofithe

returns to an asset relative to its variance). Frontier concluded that the expected return dem
by investors could increase by 2 to 3 percentage points, while noting several casateuld
increase or decrease this estimated range.

A cost of capital increase of such magnitude would have a matenact on the expected costs
and benefits of locational pricing. However, we have identified several impostertcomings in
CNRYGASNDRA FLIINRIFOK gKAOK YSIy (KFIG ¢S 2dz
overall costbenefit analysis. These include:

(1) Frontier does not relate its arguments about changes in risk to the benchmark CAPM
framework for assessing the cost of capital. Within this framework, used by regulators globall
(including Ofgem and other GB regulatory authorities), it is key to densihether risks are
diversifiable. Diversifiable risks would not generally be expected to increase required returns.
or all of the price risks identified by Frontier appear likely to be diversifiable, for instance by
investing in a range of generati assets across the country. This suggests that there should be
little or no increase in cost of capital resulting from the changes in risk it identifies.

OHO CNRBYGASNNDA lFaaSaayvySyid 2F (GKS aLINBIFR 2
for an investor that igqually likely to invest at any single noole the system. This does not
answer the actual question that an investor faces, which is how volatile prices are likely to be
LI NI A Odzf  NJ y2RS 2NJ y2RS& (KSé& SELISOG G2 A
ability to hedge risks byvesting in multiple projects at different locations.

nded

Most

at the
VO3S A&

203 Similarly, we consider that generator investor surveys have limited value given the preference of some market
participants for the status quo.
204 Frontier Economics (202%ocational marginal pricingimplications for cost of capit@fink).
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8.60.

8.61.

8.62.

8.63.

8.64.

8.65.

8.66.

8.67.

(3) Frontier does not take into account the impact of those features of energy markets that cquld

mitigate and manage exposure to risks, including CfDs and FTRs. These could enable investors to

lock in prices for a significant period at the point of finahclose.
O6nd CNRBYGASNRAE NBLER2NI R2Sa y2G AyOf dzRS | ye
is difficult to be confident that its results would be replicated in different plausible specifications.

Unfortunately, we have received limited quantitative evidence on cost of capital impacts from
stakeholders other thafrom investorsin generators and battery storage

International evidence

Our review of experience in other jurisdictions identified little direct evidence on the impact of
locational pricing on the cost of capital, in particuiem previous CBAs.

The case studies of countries that have adopted locational wholesale pricing, discussed in
Appendix4, do not suggest strong effects of locational pricing on either the pace or cost of
renewables investment. Jurisdictions both with and without locational pricing have seen rapid
increases in the capacity of renewable generators in recent years. Inséedold other than

market design, particularly the geographical characteristics of a region and the nature of policy
incentives, appear to be more importadtivers of investment in generation capacity.

However, we are not aware of amgbusttestson the effects of locational pricing on the cost of
capital.Moreover, differences in the institutional and policy frameworks across countries mean
that there is little direct reaehcross to likely effects in GB.

Impact on our assessment

Taking into consideration the three assessment areas, we conclude that both the magnitude and
direction of any effect of locational pricing on the cost of capital for market participants are
unclear. Moreover, there are several tools that could help inmestnitigate the effects from more
granular locational pricing.

In our central quantitative assessment, we have therefore assumethange to the cost of
capital of market participants as a result of a move to locational pricing.

Sensitivity analysis

While our base case assessment assumes no change to the cost of capital, we have tested two
sensitivities to assess how an increase in the cost of capital could affect results:

< First, aplausible uplift sensitivity which considers an increase to the WACC based on a
plausible set of assumptions for each technology.

< Second, aextreme WACC sensitivityhich considers what the uniform uplift to the WACC
would need to be to negate the expected benefits of locational pricing, when applied to only
technologies that are merchant dlave CfD$% This approach does not account for differences
in risk exposure that might arise from locations, technology type or regulatory support
mechanisms.

We describe these sensitivities in detail in Appendix 4.

205 These technologies include wind, biomass and solar generators.

P 7 FE.T I

Energy Systems CONSULTING

asy



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 200

8.68.

8.69.

8.70.

8.71.

8.72.

8.73.

The results of these analyses are that:

< Under theLtW (NOAT7¥cenario, the plausible uplift sensitivity would reduce the expected net
consumer benefits of nodal pricing by £7.5bn between 2025 and 2040.

< Under the same scenario, the extreme WACC sensitivityt¥r(NOA7Jinds that an 341bps
increase in the WACC would be required to negate the expected consumer benefits of nodal
pricing, while an 206bps increase in the WACC would be required to negate the expected
consumer benefits of zonal pricing.

Market liquidity

Market liquidity is an important feature of electricity wholesale markets. These markets are
considerediquidif:

< a significant number of market participants are able to sell and buy products in large quantities
quickly; and

< that these trades would not significantly affect prices and/or incur significant transaction costs.

Some stakeholders have expressed concerns that market liquidity will be lmder more

granular locational pricing. These concerns are based on the premise that, in a national market,
market participants are able to trade without due consideration of the transmission network,

meaning larger volumes of trading can occur relativanta zonal or nodal markeéf® This creates

G§KS LISNOSWLIAZ2Y G(GKFEG T2yFt YR y2REE YIEN]SGa 6
each area resulting in less efficient trading and/or higher costs of hedging.

Ly NBaLkRyaS (2 ail 1SK2ft RSNEQ LISNOSLIWiA2Y OGKIFG y
considerable proportion of trades in the national market design do not reflect the physical realities

of the network. This means thabmeliquidity in these marketssillusory¢ that trades are being

made on an unconstrained commaodity that may or may not be realised. As such, the effect of

many of these trades would either be unwound or couri@ded in the BM. In effect, the illusory

nature of liquidity in ndonal markets becomes greater as the proportion of SO balancing actions
increases.

Moreover, one further deficiency of national market designs is the lack of liquid forward markets
for generating resources in impecbnstrained aregavho may seek to contract their outputs at
the (higher)BM price.

To addresdiquidity concerns in nodal marketa/e discuss two points:

< A qualitative description of why market liquidity has not been an issue in nodal markets in the
us.

< A guantitative analysis comparing market liquidity in PJM and GB.

206 Discussed previously in Chapter 2
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Features of nodal markets in the US that supports market liquidity

874. hyS 2F (GKS 1S& TFSIGdzNBa 2F y2RIFf YINLSGa Ay GF
Kdzo 8¢ ® ¢NJ RAYy3I Kdzod | NB YIN)] SiG SEOKIFIy3ISa 6KAOF
buy and sell electricity products through these trading hubkadge against the uncertainty of
future prices?®’

8.75.  The use of these standard products at each trading hub means that these markets are typically very
liquid. Furthermore, trading hubs are used for both bilateral trading and for a wide variety of
exchangetraded products. Unlike the GB national setheduing market design, the wide spread
of exchangdraded products negates the need to find a counterparty and allows all market
participants easier access.

8.76.  We notethat when entering into forward contracts at liquid trading hubs, market participants
would still be exposed to the price differences between the relevant individual node and the
trading hub. This risk is typically hedged using FTR instruments which arelbo#teal and sold
through auctions and rraded in balanceof-period auctions coordinated by most US ISOs,(e.g.
PJM, MISO, NYISO and-IE)?° As such, throughout our research on international case studies,
and from our discussions with US energy experts, we have not observed any critical issues
concerning liquidity around these markets.

8.77.  Therefore, we consider that the organisation of nodal markets around trading hubs (and
complementary use of FTRs) allays concerns regarding market liquidity. To this end, we have also
not observed any liquidity issues present in trading Hvalsed nodal maets. Additionally, we note
anecdotally the following:

< PJM accommodates over 20 trading hubs with over 12,000 nodes and is widely considered as
one of the most liquid energy markets globafy.

<¢KS /.! F2NJ!dAGNIEAIQa Y20S (2 [ata y2G68SR G
RSGSNR2NI GA2y 2F G2yaNI OG YINLSG tAldARAGRE ®

Analysis of market liquidity between PJM and GB

8.78.  We have also attempted to show quantitatively that trading hubs have comparable liquidity as in
GB exchanges. We analyse forward trading volumes across two comparable electricity future
exchanges:

< UK baseload and peakload electricity futyrasd

< PJM Western Hub Red@ime offpeak and peak future$!

207 Products are typically differentiated depending on whether they areatesad or reatime products, as well as
peak or offpeak.

208 This is discussed further in Box2@nd Section D.

209ClimatePolicyL Y AGA L GA GBS onHamMmMOZ WLYGSNYFGAZ2Y LT [IQ)EMERNKEBOS ava®d
description of their LMP model (k).

210 NERA (2020} osts and Benefits of Access Ref@mil01 (ink).

211 Intercontinental Exchangélarket Reports ICE End of Day Futuf®sk).
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8.79.  We note that an analysis of forward trading on exchanges does not include trades made within
verticallyintegratedentities nor does it account for bilateral contracts. Hence the results
understate the level of forward trading and hedging. Nevertheless, despite its limitations, such an
analysis might be useful to identify whether market liquidity might be preseniarstlected
exchanges.

8.80.  Furthermore, we note that there is no universal measure of liquidity in energy markets making
such an analysis challenging. As such, we utilise the following metrics given the data available:

< Metric #1: The total number of trades made in a month as a proportion of the total available
stock (defined as open interest). This measuresréiativetrading volumeof the market
adjusting for the contract market size.

< Metric #2: the number of days in that month where trade was made. This measures the
frequencyof trades occurring in the market.

8.81. We observe trades made in October 2022 for contracted delivery in December 2022 on the ICE
exchange. Our results are showrHigure8-3 below.

Figure8-3: Assessment of liquidity between PJM and GB

1.80 30
1.60
. 25

1.40
1.20 20
1.00

15
0.80 ¢
0.60 10
0.40

.

5
0.20
0.00 0

PJM Western HUBJM Western HUbK Base Electricity UK Peak
RT Off-Peak RT Peak (1 MW) Future Electricity Future
Future Future

H Total volume traded/total contracts held in month (LHS)

 # of days in month where a trade was made (RHS)

Source: The ICE (product codes are OPJ, PMI, UBL and UPL); FTI analysis
Note: Each product has slightly different contract definitions (size, pricing and relevant hours)

8.82. As shown above, the evidence we found is that nodal markets have at least comparable, if not
greater, liquidity relative to GB power markets based on our assessmiegieotricity futures?!?
Adjusting for the contract market size, PJM is shown to be more liquid than in GB, particularly for
AG& LISF]1 LISNA2R LINPRdAzOG o6akKz2g¢gy 2y (GKS STl air
had more days in the month where a trade was made (showthe right side of the figure).

212 This is subject to the limitations highlighted above, such as thatitwecounter trades in both PIJM and GB are not
included.
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8.83.

8.84.

While this illustrative analysis cannot be concluded due to the limitations highlighted albaye (
does not include both trades in bilateral contracts and withéntically-integratedentities, as well
as data limitations based on information available from thé |@Edicates that a liquidity issue
seemsunlikely to occur in nodal market exchanges

Impact on our assessment

Overall, we have found nevidencethat a transition to a nodal market with trading hubs would

reduce liquidity compared with mational selfdispatch market desiggindeed, on the basis of the
evidence we have observed, it may well increase it. As such, we have not made any adjustments to
our overall locational assessment for the perceived impact on market liquidity.
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9.1.

9.2.

9.3.

9.4.

9.5.

9.6.

9.8.

Overall @st Benefit Assessmentesults and impact on consumers

As described in the previoahapters, the overall impact on consumers from more granular
locational pricing is composed afrange of differenfactors These are

< areduction in the cost of transmission netwocknstraint managementastransmission
constraintsbetween two areas would be incorporated into the respective locational wholesale
price;

< changes in wholesale prices resulting from greater granularity of power prices being formed
across GB

< the creation of intraGB congestion rent arising from the price differentials between two
locations which represents a surplus for consumers

< changes to the cost of CfD payments (borne by consumers) due to changes in wholesaje prices
and

< the implementation cost of transitioning to a new locational market design.

The sum of the five impacts above provide an estimate of the net consumer benefits of locational
pricing. In conjunction, total GB socioeconomic welfare is composed of the same impacts above in
addition to thefollowing:

< The change in producer surplus (that is the reductioprafits or rent to generation resources)

< Changes to theevenues fromCfD payments (received by generators) due to changes in
wholesale prices.

Thischapterconsolidates our assessment of each of the areas above to set out the overall impact
on GB consumers as well@sGB socioeconomic welfa(8ection A.

Additionally, we also consider thregionalimpact of locational pricingp reflect thefact that
benefits and cost of locational pricing would mecessarilype spreadequally across GB
(SectionB).

Based on our assessments, then explore the mpactof locational pricing orthe socioeconomic
impact of reduced carbon emissio(ection (.

Lastly, we explore a range of transitional and mitigation measures that policymakers could use to
support the transition to locational pricing, amiscusshow these measures may affect the overall
impact on consumeréSectionD).

Overall impact on consumers and socioeconomic welfare

Below, ve set out the overall impact on consumers and socioeconomic welfare for each of the
three scenariog LtW (NOA7) LtW (HND), an8ysTr (NOA7Irurther details of our outputs can be
found in Chapters 6 and 7 for the LIWOA7)scenario, Appendif for the SysTr (NOA7) scenario
and Appendix for the LtW (HND3¥cenario While we have used thetW (NOA7¥cenario to
present ou findings initially, 8 three scenarios areonsidered to beequalandwe note that this
studyonly covers two out of four of the FE&enarios

These resultare based on a 2025 to 2040 modelling period (inclusive) and are in present value
terms (2022 figures).
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9.9.

9.10.

Overall CBA impaat LtW (NOA7)

206

Figure9-1 andFigure9-2 below show the breakdown of consumdrenefits and socioeconomic
welfare for both the zonal and nodal market designs in the LtW scenario.

Figure9-1: Overall Cost Benefit Assessmentdanal market design relative to a national market

design (202582040)¢ LtW (NOAT7)
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Figure9-2: Overall Cost Benefit Assessmtamta nodalmarket design relative to a national market

design (2028040)¢ LtW (NOA7)
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As shown irthe figuresabove, our analysisuggestghat, under the LtW (NOA7) scenar&zonal
market produces a net consumer benefit &H#Bn and socioeconomic benefits of £15ionthe
period 2025 to 20400ur assessment of a transition to a nodadrket produces a higher net
consumer benefit of £8bn and socioeconomic benefits of &h.
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9.11. Inboth sets of resultsthe overall consumer benefits aderivedprimarily from theredudion in
constraint managementosts followed bythe gain ofintra-GB congestion rent. These benefits are
partially offset byhigher wholesale costst some locationgas thecostsof transmission constraints
arereflected in locational wholesale pricés)andlarger CfD support paymentmder either the
zonal or nodal pricing regimes

9.12.  This assessmemntlieson several key assumptions and limitatiomsich couldaffectour estimates
of consumer benefits and socioeconomic welfdf&We set tleseout in Table9-1 below.

Table9-1: Key assumptionshich could affect the overall CBA

Key assumptions Likely impact on results

if assumption relaxed

Fixed transmission buildBased on ETYS, NOA7 and information provid '
by ESO. Does not vary across market desiyesset out in Chapter 10 an

assessment of whigss transmission is likely to be required in locational
marketsdue to improved locationadnd operational price signals for
market participants.

Fixed capacity mixOverall generation capacity and technology mix is fix
to FE1. Allowing the capacitynix acrossechnologiedo change
between national and locational market designs could increassumer
and socioeconomic benefitsmd reducehe costs of achieving Net Zero

No demand resiting and inward investment We havefixedthe location of
demand across each market design assessed. Locational market desig
could incentivise demand tsite in different locationsind/or attract

further investmentsby energyintensive companiewhich could lead to
further benefits beyond those assessed

Operational benefits:Our modelling does not account for operational
benefits from centralised scheduling as welb#iser potentialbenefits
from using a securitgonstrained economic dispatch. For example, we d
not consider the impact of the ability to emptimise energy and reserves
more effectively in a nodal market.

Consumer exposureo locational prices We assumed all consumers are
fully exposed to locational pricing. Shielding consumers (or specific
consumer types) from locational prices would reduce the estimated
benefits

Further policy support for existing generatiof©€ompenséhg the f‘
investments of some cohorts ekisting generatioffior reduced revenues

would lead to a reduction in consumer benefitsffset byhigher producer
revenue$. This would not lead tohanges to socioeconomic welfare unle
interventions distort market incentives.

« 5 » »

213 UnderLtwW (NOAT7)the NPV ofvholesale costi a zonal market iigher thanin a nodalmarket. This is because
for a significant amount of the early modelled perjaeholesale costs are higher under zonal than under nodal (and
the discounting process used to calculate NPV giveater weighting to the earlier years).

214 A more detailed discussion on our approach and assumptions are discussed in Sections 4 and 5.
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9.13.

9.14.

Key assumptions

FTR<onferfull congestion rent benefits to consumer§Ve assume that
all FTRs are auctioned at efficient prices (i.e., with perfect foresight). A
differences between FTR auction revenues and congestion rent collect
the settlement processes would affect consumer benefits (in the form o
direct transfe with FTR holde)s There would be no change in
socioeconomic welfaranless there is an inefficient risk transfer

Likely impact on results

if assumption relaxed

L} 4

No change in cost of capitale assumed no change in cost of capital dy
to lack of evidence, but an increase would reduce the estimated benefi
and a decrease would increase the estimated benefits

LR 4

New generation capacitye-siting assumptionsAssumptions on
technology siting were developed in discussion with stakeholderg.
changes to these assumptionsuld impact the overall benefita either
direction.

*r9

No other reforms assumeddOur status quoassessmenis based on the
current market structure and policy landscape. Further changes (e.g.
network charging, Capacity Market reforms) could change the overall
benefits

*y

Choice and design of zoneQur severzone model is based on the six mc
constrained boundaries whichfixedin the modelling period. lkernative
zoral boundaries wuld change thdenefits of our zonal pricing
assessment, while periodic rezoning, if assumed in our assessment, w
be expected tancrease the benefits.

*y

Modelling year:Delaying the start of the modellingeriod, while keeping
the length of the modelling period the same, colddd to multiple effects
in either direction. Overall, the net benefitsre uncertain aghey would
depend on the energy system beyond 2@48nd in particular whether the
benefits in later years would exceed the foregone benefits in early year,

*¥

Source: FHnalysis

Overall, we expect that these results are a conservatst@nate given our assumptions. These
assumptions are also applied to our assessment for the other scenatiash we set out below.

Overall CBA impaat LtW (HND)

Figure9-3 andFigure9-4 below show the breakdown of consumers benefits and socioeconomic
welfare for both the zonal and nodal market designs in the LtW (HND) scenario.
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Figure9-3: Overall Cost Benefit Assessmentdapnal market design relative to a national market
design (20258040)¢ LtW (HND)
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Figure9-4: Overall Cost Benefit Assessmentdandal market design relative to a national market
design (2028040)¢ LtW (HND)
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9.15.  As shown inthe figuresabove, under the_tW HND scenario, a zonal market produces a net
consumer benefit of £9bn and socioeconomic benefits ofh. Similar to the LIVINOA7)
scenario, a nodal market produces a higher net consumer benefit4ifrE8nd socioeconomic
benefits of £8bn than the zonal markett is worth emphasising that our assessment does not
take account of the incremental costs of the transmission build out associated with the LtW (HND)
scenario relative to LtW (NOATY). This caveat shbelborn in mind when comparing the results
between the two scenarios.

Overall CBA impaat SysTr (NOA7)

9.16.  Figure9-5 andFigure9-6 below show the breakdown of consumers benefits and socioeconomic
welfare for both the zonal and nodal market designs in&ysTr (NOABcenario.

P 7 FE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 210

9.17.

9.18.

Figure9-5: Overall Cost Benefit Assessmentdapnal market design relative to a national market
design (20258040)¢ SysTr (NOA7)
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Figure9-6: Overall Cost Benefit Assessmentdandal market design relative to a national market
design (20282040)¢ SysTr (NOA7)
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As shown irthe figuresabove, our analysis shows that a zonal market produces a net consumer
benefit of £15bn and socioeconomic benefits 0. Additionally,our assessment of a transition
to a nodal market produces a higher net consumer benefitZ8bfi and socioeconomic benefits of
£13bn.

Overall CBA impact across all three scenarios

Table9-2 below sets out the CBA impact for each of the locational market design options relative
to the national market design across the three scenarios.
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Table9-2: CBA impact of locational market design options relative to national market design (GBP
bn), 20252040

. Zona
Scenario Consumer Socioeconomic Consumer Socioeconomic
benefit welfare benefit welfare
LtW (NOAT) 30.7 15.3 50.8 240
LtW (HND) 18.7 7.1 34.2 14.4
SysTr (NOA7) 15.2 6.2 28.0 13.1

Source: FTI analysis

9.19. As shown in the table above, a nodal market produces highecaretumer benefit and net
socioeconomic welfare benetihan thezonal market in each of the three scenarios modelled.
Notably, however, we do not consider the incremental cost of transmission in the different
scenarios, i.ewe do not consider the cost of HND.

9.20. We have also assessed the size of the modelled consumer benefits relative to the modelled
wholesale cost of electricity and constraminagementosts. This provides an indication of the
potential future bill impact of transitioning to more granular locational market designs based on
our assessmenilable9-3 below sets out the relative size.

Table9-3: Size of modelled consumer benefits compared to wholesale component of the cost of
electricity (for the NationdltW (NOA7%cenario)

2030 2035 2040 Total
(2025-2040)
GBPm GBPm GBPm GBPm
Electricity wholesale cost 21,978 8,976 15836 27,420 272,254
Constraintmanagementosts 3,199 3,663 4,573 5,123 66,143
Total yvholesale component of theost of 25176 12,639 20,409 32543 338,397
electricity
CfD costs 1,205 11,332 12,450 7,220 144,186

Totalwholesale component of theost of

482,582
electricity (+ CfD¥ 26,382 23971 32,859 39,763

Consumer benefit from aodal market 4,586 3,465 4,387 5,178 68,551
Nodal C(_)n_sumer benefit relative to cost 18% 274 21% 16% 20%
of electricity

Nodal consumer benefit relative to cost 17% 14% 13% 13% 14%

of electricity + CfDs

Source: FTI analysis

Note: Costs and benefit values stated above are not discounted, i.e., are in real terms. The total
value for each item represents the total costs and benefits over the modelling period, with
interpolation between the modelled years.

9.21. As shown in theéable above, the overall consumer benefits from transitioning to a nodal market
represents approximately 20% of the modelled cost of the wholesale component of consumer
electricity bills in the national market (or 14% if the cost of CfDs is includedyetlbids the
increasing wholesale cost from 2030.
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9.22.  Overall, the benefits to consumers from transitioning to locational pricing reduces the wholesale
cost of electricity by %to 20% depending on the scenario and locational granularity of the prices,
as shown below ifable9-4.

Table9-4: Consumer benefit relative to the cost of electric9252040

Zonal Nodal
Consumer Consumer
S : Consumer benefit relative Consumer benefit relative
cenario benefit relative to cost of benefit relative to cost of
to cost of electricity to cost of electricity
electricity _ electricity _
(incl. CfDs) (incl. CfDs)
LtW (NOAT7) 12% 8% 20% 14%
Ltw (HND) 8% 5% 15% 10%
SysTr (NOA7) 8% 5% 15% 9%

Source: FTI analysis

9.23.  This represents a material reductionthre wholesale market component of trenergy bills for
consumers® By way of comparison, we note that the NETA market reform was expected by
Ofgem to reduce wholesale prices by 18%.

9.24.  While the aggregate impact on consumer and socioeconomic welfare is clearly positive for each
locational market design and scenario, consumers in different locations may be impacted
differently. We consider the regional impact on consumers in each loch&tmw.

B. Regional impact of locational pricing

9.25. In this section we considérow the impact of changing to a more granular locational pricing regime
may vary between regions. We explore two outcomes:

< the impact of locational pricing on GB consumers in different locatimd;
< a comparison of GB wholesale prices in each refgiamther countries in Western Europe.
The regional impact of locational pricing on GB consumers

9.26.  As discussed abovéhd overall consumer benefits are derived from changes in constraint
management, intreaGB congestion rent, wholesale costs and CfD support payments.

9.27.  Each of these components can be disaggregated into the seven designated zones across GB to
estimate the benefits to consumers in different parts of GB. This is done by either:

< calculating the wholesale costs for each specific zaunéch is a function of the wholesale price
for the relevant zone; and

215 As emphasised elsewhere, the LtW (HND) assessment shown above does not include the incremental cost of
transmission. Hence, any comparison between the LtW (NOA7) and LtW (HND) scenarios need to note that,
everything else held equal, consumers would bdghhbr transmission costs under the LtW (HND) scenario.
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< smearing the benefits or costs of components on the basibetonsumeroad present in each
zone for each year modelledhis approach is used to disaggregate constraint management
benefits, intraGB congestion rents, CfD support payments and implementation costs.

9.28.  We show the regional distribution of benefits (and costs) borne by consumers as a consequence of

transitioning to a zonal pricing regimehigure9-7 below. This is a disaggregation of the benefits
shown inFigure9-1.

Figure9-7: Regional distribution of consumer benefits from transitioning to a zmaaket desigrg
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9.29.  As shown irFigure9-7 above,consumersacross all seven zones benefit from transitioning to zonal
pricing. The extent to which they benefit varies as a result of the wholesale pricsoasdmer
load across the respective zones.

9.30.  All seven zones benefit from the reduction in the cost of constraint management, with zones
consisting of a greater proportion obnsumersacross GB (i.eGB4 and GB6 specifically)
benefiting to a greater extent from the reduction in constramanagementosts in a zonal pricing
regime, in comparison to under a national pricing regime. Conversely, zonal pricing results in an
increase in CfD support payments across all zones in GB.
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9.31.

9.32.

9.33.

9.34.

Separately, wholesale prices in the northern zones (GB1, GB2 and GB3) are lower under the zonal
pricing regime in comparison to under the national pricing regime, resulting in lower costs to
consumers and therefore an increase in benefitalised by consumers in those zones. In contrast,

the southern zones have higher wholesale prices relative to the national pricing regime resulting in
greater costsand therefore a reduction in the benefits realised by transitioning to zonal pricing

We conduct an identical assessment of the distribution of benefits (and costs) borne by consumers
as a consequence of transitioning to a nodal pricing reginfégare9-8 below (vhich for

presentatioral purposes is aggregated into the relevant zone the node is located in). This is a
disaggregation of the benefits presentedrigure9-2.

Figure9-8: Regional distribution of consumer benefits from transitioning to a nodaket desigrg
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As shown irFigure9-8 above,consumersacross alfegionsbenefit from transitioning to nodal

pricing, but to agreater extenthan from transitioning to a zonal pricing regime. Similar to the
assessment early in this section, the extent to which they benefit varies as a result of the wholesale
price andconsumenoad across the respective zones.

We observe the same trend above replicated for transitioning to the zonal or nodal market design
under both the LtwW (HND) arglysTr (NOABcenarios, with the magnitude of benefits realised in
different zones differing on the basis of generation mix, price changes@mlimeroad across

the different scenarios. We discuss this in greater détalppendix 2 and Appendix 3.
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9.35.

9.36.

9.37.

9.38.

9.39.

Comparison of wholesale prices in each GB zone versus other countries

Based on the information above, we also compare the wholesale electricity prices in GB with the
rest of Western Europe, under both a national and nodal market in GB. This is seFayured-9
below, demonstrating the impact that nodal pricing would have on the relative wholesale price of
electricity across GB when benchmarked to otjugisdictions

We have calculated wholesale prices for European countries using otEyrapearelectricity

market model, as described in Section 5. The use of consistent inputs for calculations relating to
both GB and European countries, such as underlying commaodity prices, means that comparisons
are on a likefor-like basido some extent

Figure9-9: Comparison of Wwlesale prices in GB and Western Eunapeer anational and nodal
market design2025 and 204Q LtW (NOA7)
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Source: FTI analysis

Note: This assessment does not include the impact of renewable support mechanisms in any
country, which would also impact tlewerall prices faced by consumdred portions of the GB
wholesale price indicate the BSUoS component. We are unable to calculate the corresponding cost
recovery oftonstraintmanagementcosts for the European nations shown, as this can be done via a
variety of mechanisms and consists of different components.

As shown on the left panels Kigure9-9 above, under a national pricing regime, GB has one of the
highest wholesale electricity market prices in Western Europe throughout the modelling period.

Conversely, under a nodal pricing regime, Scottish wholesale electricity prices in 2025 would
become the lowest in Western Europe, whilst prices across other GB zonesalsnlok lower

than in other jurisdictionsMore efficient siting and dispatch decisions under the nodal market
would alsolead to a larger decrease in wholesale electricity by 2040 relative to the national pricing
regime, resulting in northern England and northern Wales wholesale electricity prices also
becoming amongst the lowest in Wesn Europe.

This also indicates that there may be additional benefits from nodal pricing, such as internal
investment changes via demand-sding, wherdarge consumebehaviour may adapt in response
to the price differentials across GB.
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9.40. Collectively, this distributional analysis indicates that consumers across all zones in GB stand to
benefit from lower wholesale prices when transitioning to more locationally granular pricing. The
benefits derived from decreases in constraint managemestsand intraGB congestion rents
significantly exceed the increases in wholesale prices or CfD payments.

Impact on prices in neighbouring countries

9.41. As described i€hapter5, we have integrated our nodal GB model with our {i&th model, which
covers all countries that are part of the ENTIS£Y This allowed us to model wholesale prices in
each European country.

9.42.  Figure9-10below provides the average annual wholesale prices in some of the countries
connected to GB.

Figure9-10: Average wholesale prices in selected European counttigd (NOA7)
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9.43.  Average prices in other European countries evolve similarly to prices in GB, due to similar
developments across the markets and because of the high level of interconnection between the
different European price zones.

217The modelling of European countries is simplified compared to the modelling of the GB side, as the main purpose of
this report was to estimate the effect on GB. More detailed description of the European side of the model is
provided in Appendix 1.
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9.44., Prices decrease in all countries between 2025 and 2030, as low marginal cost renewable
generation is rolleebut and prices are less frequently set by fossil fuel generators. However, prices
increase from 2035 onwards, as demand for electricity increagearallel with the electrification
of transport, heating and industry.

9.45.  On average prices are lowestdauntrieswith the most renewable generation, such as Norway
and in countries with significant nuclear capacity, such as France. Prices are higher in countries
with high demand and relatively lower renewable generation, such as Germany.

9.46. Moving to nodal or zonal prices in GB from the status quo arrangement would lead to changes in
the way in which the two wholesale marketse linked, which would affe@éhterconnector flovs
between GB and other European countries, as described in Section 6F. Different flows on
interconnectors to and from other European countries imptaet operation of generators those
countries and, in turn, the wholesale priceslwsemarkets.

9.47. InFigure9-11below, we present how prices 8electedEuropean countries change, as a result of
moving to nodal pricing in GB.

Figure9-11: Change in average wholesale prices in seleetedpearcountries as a result af
nodalmarket desigrin GBg LtW (NOA7)
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9.48.  AsFigure9-11above shows, nodal pricing in GB has different effect on the connected countries,
depending on the level of interconnecti@md on where the interconnectors from each country
connect in GB.
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9.49. Prices in Norwagecreaseunder the presence of a nodal pricing regimé&iB. This arises as the
interconnectors between Norway and GB land in either northern England or Scotland. Both of
theseregionsare forecast to have lower prices under nodal pricing relativa tational market
and interconnectors expoftom these areas more often. This allows Norway to utilise wind energy
from GB that otherwise would be curtailed under the status quo s€ledfects increasin size
across the modelling periods he interconnection level between the two countrigereases by
assumptionunder FES 238

9.50. By contrast, prices in France and Ireland increase as a result of nodal pricing in GB, as both of these
countries are well connected to the southern part of GB, where prices increase under locational
pricing.As a result riterconnectors from countries located closer to southern Britain export more
to GBas a consequencén some hours, these countries experience large shifts in prices (as shown
in Box6-3), which leads to an increase in annual average wholesale prices in those countries.

9.51. The effect on countries like Germany, where the interconnection level is smaller compared to the
size of the markets limited The change in flows is not sufficient to change the prieriallyin

most hours.
C. Socioeconomic impact of reduced carbon emissions
9.52. In Section 6E, we discussed how the GB energy market decarbonises faster under both zonal and

nodal markets relative to the national marketlthough emissions under all market arrangements
reachsimilarlevels by 2040 to reflect Net Zero objectives, the zonal and nodal markets have lower
emissions in all other years relative to the national marketaggregate, this means that locational
pricing leads to lower total emissions over the modelling period, as showalile9-5 below.

Table9-5: Total emissions in 2025040, million tonnes

Scenario National Zonal Nodal
LtW (NOA7) -14 -67 -114
Ltw (HND) -55 -81 -120
SysTr (NOA7) 55 30 -32

Source: FTI analysis

218 We note that some stakeholders in Norway have sought to prevent the increase in interconnection capacity to GB
(and other countries) on account of concerns that such interconnection would increase local peedsr example
the discussion of NorthConnect published in NRK on 16 March 202316 our assessmenhorway would, under
a GB nodal pricing regime, receive significantly greater volumes ofovegostrenewables generation from
Scotlandwhich could potentially mitigate thesestakeholderconcerns Greater GBNorway interconnection would
therefore increase the exports from GB to Norway which in turn wiasebr wholesale pricesn Norwaymore than
if the GB markehad anational price. Furthermore, and as noted elsewhere in this report, this would, on the face of
it, appear to be make better use of the storage potential of the Norwegian energy system.
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9.53.

9.54.

9.55.

9.56.

219

As shown imTable9-5, locational pricing markets inlascenariodead to loweremissionghan in

the national market in aggregate over the modelling period. In particular, carbon emissions are
significantly lower in the nodal market relative to the national market, with ¢.65 to 100 MtCO2e of
lower emissionsThis is driven primarilgiue to theutilisation ofrenewable resources and flexibility
assets more efficiently in locational pricing markets, thereby redutiagroportion of electricity
generated via fossil fuels.

The reduction in carbon emissions in locational pricing markets could have a considerable impact
on overall socioeconomic welfare depending on the monetary value attached to carbon emissions.
In policy appraisals in the UK, these monetary values, knowarasn values, are assigned by
DESNZ with the intention of measuring the societal cost of emis&idns.

OurCBApresented earlier in this chapter only includde direct financial impact of locational
pricing on consumers and producer®., itdoes notconsider the additional impact on
socioeconomic welfare when assigning the carkaluesprovided by DESNZ to reduced emissions
We show irFigure9-12 below how assigning carbon values to changes in emissions might affect
the CBA of our locational pricing assessment.

Figure9-12: lllustrative impact of assigning carbon values on our CBA
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As observed ifrigure9-12 above, the additional value from the reduction in emissions could be
represented as an additional benefit, leading to an increase in socioeconomic welfare. We describe
our calculation of this additional benefit below.
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9.57.

9.58.

9.59.

9.60.

Calculation of the benefits from reduced carbon emissions

In ourcore CBA, he reduction incarbon emissions is reflected as a consumer and societal benefit
as a result ofeduced spending on carbdaxes (administered through the UK ETi®)ese savings
are based on the forwardarbon priceassumedn our analysisvhich are reflected through
changes in the wholesale pricéhe lower wholesale price, in turn, leadsctmsumerbenefits As
such, our assessment includemanetised portion of the benefits caused by reduced emissions,
based on forecast carbon pricethrough the reduction in total electricity costs in locational
markets.

The carbon pricés a directly observable cost set by a market (such as the UKIE$8)stinct

from the carbon values used in policy appraisals. Carbon values, which are set by policymakers, are
intended to reflect the full societal cost of carbon emissions. As such, these carbonwalues
typicallybe higher than forecast carbon prices. In the UK, carbon values have been specified by
DESNZ up to 2058

Our corequantitative analysitherefore does not capture the impacof locational pricingon the
societal cost of carbon emissions based on carbon values

In order to estimate this impact, we multiply the forecast reduction in emissions in each year by

the difference between the carbon price assumptions used in our assessment and the carbon value
assigned by DESNZ in each year. The overall benefits, pthiérbenefits already captured in the
analysis and the incremental benefits due to the reduced emissions, are shown for zonal and nodal
market arrangements under LtW (NOA7Figure9-13 below. These benefits represent the

expected societal benefits resulting frdower carbonemissionsrom the electricity market

Figure9-13: Annual benefits from reduced carbon emissions under zonal and nodal rdeskgts
relative to the national market design, LtW (NOA7)
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220 BEIS (202Maluation of greenhouse gas emissions: for policy appraisal and evalu@tian
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9.61.

9.62.

9.63.

9.64.

The figures above show that quantified benefits from reduced carbon emissions are greatest in
early years when locational pricimgexpected to reducemissionssignificantlycompared to
nationalpricingdue to the faster integration of renewables. Nodal pricing leads to a faster
reduction in emissions than zonal pricing and therefore greater benefits. By 2040, all market
arrangements are projected to achieve Net Zero, resulting in negligible emissiotisesefbre
identicalcarbon savings between markatrangements.

Impact of reduced carbon emissions on CBA

¢c2 Ffft2g F2NJ O2YLI NRA2YS 6S RA&O2dzyd GKS alF RRA
on carbon values) across the modelling period for each scenario and market arrangement, as

shown inTable9-6 below.

Table9-6: Discounted additional benefits from reduced carbon emissions based on carbon values
(GBP bn)

Scenario Zonal Nodal
LtwW (NOA?7) 9.7 17.9
LtwW (HND) 4.9 11.7
SysTr (NOAT) 4.3 15.0

{ 2dzNOSY C¢L lylrfeara olaSR 2y 59{b%Qad OINb2Yy ¢
Overall, ourassessment indicates that a move to more locationally granular pricing results in

significant benefits from reduced carbon emissions across all modelled scenarios. In line with the
trends observed throughout our modelling results, the magnitude of benisfiise greatest under

LtW (NOAT)This increases socioeconomic benefits considerably as shdviguire9-14.

Figure9-14: Impact of carbon valuation on our CBA of LtW (NOA7)
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Table9-7 below shows the impact of carbon valuation on GB socioeconomic benefits across all
scenarios.
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Table9-7: Impact of carbon valuation on our modelled GB socioeconomic benefits (GBP bn)

Excluding impact of carbon Including impact of carbon
valuation valuation
Scenario Zonal Nodal Zonal Nodal
LtW (NOA7) 15.3 24.0 25.0 41.9
Ltw (HND) 7.1 14.4 12.0 26.1
SysTr (NOA7) 6.2 13.1 10.5 28.1

{ 2dzNOSY C¢L Fylrfeara olaSR 2y 59{b%Qa OINb2Yy ¢
9.65.  The significant impact on carbon emissions highliglastecal normonetised benefit of locational

pricing This could support the acceleration of Net Zero objectives, and/or provide headroom for
the decarbonisation of other industries.

D. Transitional and mitigation measures

9.66. Inevitably, given that a move to a locational market design would lead to changes in financial flows,
certain cohorts ofnarket participantould be significantly impacteds set out in Section 9A,
even though such reforms may lead to increased consumer benefits in aggregiate cohorts of
market participants may experience a reduction in revenues due to market outcomes from
locational pricing?®

9.67.  As such, policymakers may choose to implement certain measures to either (1) ease the transition
for certain market participants; and/or (2) reduce the overall impact of locational prices on certain
market participant cohortsThese measures may reduce the overall benefits to consuanrs/
attempts to dampen the locational effect on wholesale prices or reallocate consumer surplus to
market participants would unavoidabtgduce consumer benefits.

9.68. In this subsection, we discuss:
< the overall impact of transition and mitigation measures

< the grandfathering of existing investmentas a transitional measure, where one approach to
delivering this policy objective would be atiocate a portion of FTR® specific market
participants over a defined temporary period instead of selling them through a market auction;
and

< providing asingle uniform price exposuréor certain cohorts of participants in the energy
system either longerm or over a defined period.

9.69. We discuss each in turn.

221 The impact of these future changes in revenues may be reduced by the fact that a switch to a lopatorl
market would occur several years into the future allowing investments and forward contracting to be made in light
of those expectations.
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Impactof transition and mitigation measures

9.70.  Giventhat the impactof locational pricing on individual market participamsuncertain
policymakers might wish to consider rules that cushion the financial impact of the transition. This
may be desired to reduce possible abrdpliff-edge disruptions to revenue streams and cost
profiles or to reduce the risk of contractual disputes and honour éiyeandfathering principléby
allowing existing contracts to béweaned off or tapered down towards expiry. This goal would
need to be supported by a firghecision to transition to a specific market design, allowing several
years for market participants to plan around the change.

9.71. This effecttould be realised during the implementation period of the locational market design,
GAOGK Fye GNFyarAldA2yl{£X@S&8dzREE SOV RRYI IS SE2 NB € I
extend transitional measures beyond this date, for example to allow castexttered prior to the
discussion of implementing locational market designs to expire.

9.72.  The measures that shield existing investments from the effects of a policy change, in this case a
move toalocational pricingegimeare] Y2 6y | & & 3 RETHIRCEAA rangeSroldhay 3 ¢ ©
relatively light touch approach (e,dpy only maintaining existing contracts) to a relatively
heavyhanded approach (e.goy guaranteeing the expected revenue stream under the previous
market design)ln the GB context, examples of these approaches could include:

< maintaining prezonal or nodal contract terms for certain market participants (existing
CfDsy:?®

< allocating a subset of FTRs over a defined temporary period to certain market participants to
immunise them to variations in the difference between the trading hub price and the locational
price; and/or

< maintaining a single price exposure to certain cohorts (¢hgpugh the settlements process).

9.73. Inevitably, the greater the size and duration of the support for existing investments when
transitioning to a more granular locational market design, $haaller the consumer benefits that
would arisen the transition to a nodal markeThis is illustrated ifrigure9-15 below.

222 § y2(1S (KFUG G@3INIyRTIGKSNAY3IE LREAOASA ySSR (G2 0SS 02y
unintended consequenceBor example, if policymakesgjree tograndfather to all contractsignedahead ofa
locational markets 3 2 A y,Inarkehpdrficipantsnay be incentivisetb enter into as many advantageous
contracts as possible ahead of that date.

223 We have assumed that the current contractual terms of any market participants such as CfDs would be respected in
the transition to a nodal or zonal market. Notably, in practice, policymakers would need to set a fixed date early on
in the transition aftemwhich all new contracts wouldot be grandfatheredc this is to avoid unintended
consequences where market participants would seek favourable contracts. Given the continued operation of these
O2y (N OGaz 6S KI@S y2i I aadzycihough/n noteFhatNdng paitsftieA y @S & G Y
system vill be less financially attractive to site after a transition to locational pricingConversely, some sites will
be more financially attractive to site in.
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Figure9-15: lllustrative example of the effects of transitional and mitigation measures
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Source: FTI analysis

9.74.  As can be seen in the figure above, such measassuming no distortion to the marketould
effectivelyreallocate a portion of congestion rent benefits from consumers onto producers. This
results in the following:

< Theamount of benefits allocated toonsumesis reduced

< The amount of benefits allocated to producenerease (by theequivalentamountto the
reduction in consumer benefits

< In the shortterm, this leads to no change to socioeconomic welfare, which means that any
grandfathering policies represent a pure transfer in surplus.

9.75. Ultimately, the precise extent and design of transition and mitigation measures remain a policy
choice and judgement. Policymakers will have to consider and balance the overalbffada the
extent of continued investor support against greater consuiyemefits.

9.76.  Policymakers will also have to consider the potential impact of grandfathering on market
participant decisions in the longéerm. For example, grandfathering an investment for an asset
that would otherwise have closed might affect market outcomes, aridrim, socioeconomic
welfare, instead of a simple transfer.

9.77.  We also recognise the myriad of further options and complexity to policymakers, for example on
gKIFG O2yaidAaldzi Swhetierit reteS o hendratoys That aré &peratidnal or includes
investments with a Final Investment Decision, or planned investments with awarded renewable
contracts), as well as whether certain cohorts of new investors should be protected. We do not
as®ss these options in our assessment.

9.78.  We discuss two tools that could be used to grandfather existing investments laetmvallocation
of FTRs and maintaining a single uniform price to certain cohorts.

Allocating FTRs

9.79.  As described iBox 92, FTRs are financial instruments that compensate the holdeghéovalue of
congestion costs. In effect, FTRs award the holder an entitlement to the congestion charges, that is
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9.80.

GKS LINAOS RAFTFTSNBYOS 0SigSSy g2 t20F0A2ya

where it exits or is consumed). This is described further in Bbeédow.

Box 92: Illustrative exampleshowing how FTRs work

Figure9-16: Indicative example demonstrating FTRs

Generator sells power at Node 1 for £P

\
/l l

Generator P,
PZ-Pl e m
P, Trading

ﬁ hub

Retailer

Load buys at Node 2 for £P

Congestion causes;R B, ...

X odzi AF NBGFAf SN K
covering retail volume, receives RP1.

Alternatively, retailer could buy power at the
trading hub and hold an FTR from N3 to N2}

—0-0- 000

Source: FTI analysis
Benefits to generators:

1. A generator can sell power forward at a trading hub and buy an FTR to bedgestion

between its location and the trading hubsing the example above, the generator can hold an

FTR from N1 to N3, receiving F31 at settlement (as well as P1 in the wholesale market).

2. It can also use the same FTR to hedge sales to different buyers at the hub in different periods.

01y

3. The FTR hedges congestion charges so the generator is essentially selling power at the trading

hub price (plus or less any creditischarges for incremental losses).
Benefits to retailers:

4. Similarly, a power consumer or retailer damy power forward at a tradingub and buy an FTR
from the trading hub toits load to hedge congestion charges.

5. The buyer can similarly use the same FTR to hpdgehases from different buyers at
the trading hub in different periods.

6. The FTR hedges congestion charges so the lisigassentially buying power at the trading hub
price (plus or less any credits/charges for incremental losses).

FTRs havkeen used widelgas a hedging tool against congestion charges for markets that have
nodal pricing. In zonal markets, equivalent instruments can also be developed for the same
purpose, albeit across zonal boundaries rather than a rlodeode or nodeto-hub basis.
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9.81.

9.82.

9.83.

9.84.

FTRs are typically sold through competitive auctions administered bg@h€hey can usually be
sold in subsequent auctions to reconfigure the allocation. The auction proceeds are typically
returned to consumers because consumers fund the cost of the transmission neff®His
reflects the congestion rent benefit to consuméfs.

However, policymakers could decideatocate FTR® market participants directly, thereby
protecting them from outturn variation in prices between the relevant node and hub. The level of
protection depends on the quantity of FTRs relative to the transmission capacity as well as the
duration of such comacts.

In effect, allocating FTRs instead of auctioning them would reduce the auction proceeds, and also
shift congestion rergfrom consumers to the recipient of the frBeallocated=TRs (as congestion
rents collected will be used to settle these FTRS). As above, with regards to our CBA assessment,
this would reduce consumer benefitait leave our assessment sbcioeconomibenefits

unchanged

We set out a higtevel case study in B&3 below on the experience of using FTRs to grandfather
existing generation investments in the US when transitioning to a nodal market design.

Box 93: Grandfathering in the US when transitioning to a nodal market design
Grandfathering of generatiornvestments:

There has beelittle -to-no grandfathering of generator entitlemento use of the transmission
system to date. However, investments have been grandfathered in a few cases, including for

1. certain regulatedvertically-integrated utilities (SPP & MISO), where the entitlement to use the
generation system to meet their load has been converted into a corresponding allocation 0
FTRsand

=

2. generators withexplicit capacitybased contractdor use of the transmission system, who had
contracts grandfathered for their remaining duration and given the option to convert to FTRs.
However, thecontractual charges for transmission serwieere in excess of thealueof FTRs,
so the agreements were terminated as soon as possible.

To date there have beeminimal issues withexistingrenewableinvestments(as they were
typically under contract with the retailer who purchased FTRs and/or received them in the
allocation process).

The anount of grandfathered FTRs typically decreases over time as contracts &tpgrergest
concentration of grandfatheringan be foundn SPP and MISO wighmix ofverticallyintegrated
utilities and integrated transmission providers

224 payments made by retailers will always exceed payments received by generators as long as there is congestion in
the market.

225 The revenues raised by FTR auctions are basecpecteccongestion rent which may be different from actual
congestion rent. Congestion rent is created in the market depending on actual prices and flows. These are passed to
holders of FTR#. proceeds from the FTR auctions are lower than the congestiorcotlected this means that
consumers receives less than the full congestion rent begdiit this is represented as a transfer from producers
to consumers, not a reduction in socioeconomic welfare.
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Support to retailers

In US regions like NYISSONEand PJMvhere most load is served by competitive retailers,
several approaches have been taken:

1.

NYISOOnetime allocation of historical entitlements to use of the transmission systethe
customers of individual transmission owngvghich was were converted into Auction Reven
wA 3K a ?5ARRsmaved vabiaht of FTRslare not tradeable. The auction revenues
attributable to a specific ARRere credited tathe consumers of thatransmission owner
through a reduction in transmission charges for embedded costs of the gricit&ong
transmissiorcontracts are grandfathered within this design.

ISONE ARRSs from all generation assigned to retailers in each load zone. Some specific
entitlements flow out of contracts between municipal utilities and the transmission owner

PJM Retailers nominate ARRs from their generation resources to their load each year. T
a complex grandfathering process of prior year designatiangart of the capacity market
resource adequacy desigihese ARRs can then be converted into FTRs in the annual FT]|
auction, or the retailer can in effect sell the ABRSg proceed$o buy another FTR.

TR
5.

here is

R

9.85.

9.86.

9.87.

9.88.

9.89.

226 ¢ Ké

As with the principle of grandfathering existing investmeatkcation of FTRs is primarily a policy
choice.The design of FTRs, its auction process and market, and allocation process does not impact
our overall CBA results set out in Section 9A.

Maintaining singleuniform wholesale electricity prices for specific market participants

Instead of allocating FTRs (and in effect allocating congestiog) r@alicymakers could also
maintain single wholesale electricity price exposure to specific market participants.

For example, policymakers may choose to only expose consumers to a uniform national price (or
uniform zonal price if a nodal market design is implemented). Retailers, and ultimately the end
consumer, would be exposed to the average nodal price in theantearea (e.g.on a load
weighted average basiff)rough the settlements procesgliowever, generators (and storage
providers depending on the policy choice) would continue to be paid the nodal price.

Inevitably, while this shields the impacted consumers from the locational variation in prices, a
uniform price would reduce overall consumer benefits by providing inefficient price signals to price
responsive load (as in the case in the current marketgigsiFor example, a uniform price may
incentivise consumers in higlemand areas to increase electricity consumption due to the low
uniform price relative to the nodal price that would otherwise have been incurred.

We briefly set out several key design elements that could be considered. These are:

<

<

the type of consumers to be included in the load shielding measure ifegstrial demand,
other large demand users, domestic consumers, storage and interconnectors)

tKkS SEGSYyd 2 ¥ whethd dinBotnRolicgsthge Das&l @rHadnational or zonal average

price;

twwa NB OFftftSR 9EAAGAY3I ¢NIyaYA&aarAz2y [ LI OA
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9.90.

9.91.

9.92.

< how the uniform prices are calculated and implemented in the settlement processds.lpad
weighted nodal price)and

<tKkS FoAfAGE F2N) O2yadzySNB (2 aOK22a8¢ G(GKS

On the last design element described in the previous paragraph, consumers could be given the
ability tochoosewhether to be exposed to a locational price or not, thereby being able to benefit

from either approach. This is the option adopted in several jurisdictions including PJM and MISO

FYR A& LINRL}RAaSR TBok&4beloy teSciibesitipioposed debigid IESD.®

Box94Y LO9{hQa I LILINEBIOK (2 2R aKAStRAYST

Ly L 9{ h QamplerSeatatigin/of alngdR market, policymakers are planning to shield
consumers from the nodal price by exposing them to a uniform zonal price. However, consun
g2dAZ R 0SS I f-ZRBESR2 W20 LAy A FT2NY T 2y Ff  LINRK O

Theuniform zonal pricewould be calculated based on the average leasighted nodal price in
each zone. This calculation would exclude the load of consumer®ptidto pay under the noda
price.Additionally, any financial surplus from congestion rent or losses would be subtracted fr
the cost of meeting load.

Consumergouldchoose to pay th@odal priceat their location. These consumers would not
benefit from the allocation of congestion resend loss surplus. This approach is in part designe
to allow consumers in expoedonstrained areas time to observe the operation of a new market
a period of time before opting into the nodal price.

The ability toopt-out of the uniform zonal price also reduces the incentives for large consumer
located in low nodal price areas to install inefficient behihd-meter generation as to avoid
paying a higher uniform zonal price. Rather than making such inefficient investmemssincers
can simply opt to pay the nodal price.

w

g e L

Ners

A

D

2d
for

Ultimately, the choice of whether to shield certain cohorts such as consumers from locational

by R

prices, as well as the detailed design of implementing this feature, is a policy choice and is outside

the scope of our assessment. As such, we do not considantpact of shielding specific market
participants in our overall CBA results set out in Section 9A.

However, given the importance of this measure from a policy perspective, we have carried out a

sensitivity to our quantitative assessment. We discuss our findings furti@napterll.
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10.

10.1.

10.2.

10.3.

10.4.

Impact on the benefits of incremental transmission investment

In Chapter 4, we identified that more granular locational pricing could potentially lead to a change
in the method for evaluating the economic benefits of transmission enhancements. At the
commencement of this study we did not envisage testing how the fiesnef transmission

investment might alter between market designs. Rather, after consultation with stakeholders and
Ofgem, we agreed to keep the configuration of the transmission network constant when assessing
the benefits between the three market desigptions.

However,our analysis evaluated locational pricing options against a pair of scenarios that differed
in the rate of transmission netwothuild-out: the LtW(NOA7)scenario reflects a forecast of
ambitious transmission network development, and the LBIND scenario representa further,

even more ambitiousypgrade to the transmission netwarlComparing these two scenariabows

us to evaluate how the case for incremental transmission investment would change between
market design scenarios.

In this chapter, w first explain the background to our approach for assessing the benefits of
transmission, and then present our findings for both the national madlkesign and the nodal
market design and compare the two sets of results and finally set out our conclusions.

Background to approach

FigurelO-1 below shows some of the main differences in transmission network capabilities across
the main transmission boundaries in the model (albeit in practice, we model a nodal
representation of the network) between the LtW (NOA7) scenario and the LtW (HNDJiscena

FigurelO-1: Transmission capacities across key boundaries in GB

Source: FTI analysis
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10.5.

10.6.

10.7.

10.8.

AsFigurel0-1 above indicates, the LtW (HND) scenario envisages a faster roll out of transmission
relative to the LtW (NOA7) scenario in the n@th GBas well as incremental enhancements in the
southern half¢ notably the reinforcements across the B9 boundary.

Therefore, the LtW (HND) scenario represents an adjustment to the level of transmission
investment, while holding the generation and demand assumptions constan&@.eer the

LtW (NOAY) scenario). We can therefore evaluate the benefits of the proposed HND transmission
enhancements relative the NOAY level of transmissidmile keeping the generation arather
backgroundassumptiongonstant és per theLtW scenarig)under each market design. This does
not require us to do additional modellirgbut rather can be assessed from comparing dfxtan
existing model runs, as shownhigurel0-2.

Figurel0-2: Schematic of assessment methodology

Approach to assessing benefits of nodal marke Approach to assessing benefits of nodal market deg
design under LtW under LtW HND
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Z
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>
\‘
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Benefits of HND under national Benefits of HND under nodal

Source: FTI analysis

AsFigurel0-2 illustrates, our assessment initially focused on the impact of locational price
granularity, keeping generation profiles and transmission capacity constant across different market
designs. Our model runs for this assessment can also therefore be repdriipkeep market

design and generation profiles constant, while comparing the impact of different transmission
capacities, as shown in the lower two panels.

Benefits of HND transmission investment under national market design

As discussed in Chapteruhder a national pricing regime the benefits of the transmission
enhancements will manifest themselves in reduced constraint management costs incurred by the
ESOFigurel0-3 below reproduces our estimates of constraint management costs under the

LtW (NOATY) scenario and the LtW (HND) scenario shown earlier in Chapter 7.

Ul Fr F T I

CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 231

10.9.

10.10.

Figurel0-3: Constraint management costs forecast under LtW, with transmission capacity as per
NOA7 or HND, GBP bn

6

Transmission
investment
benefit

2025 2030 2035 2040

7| estimates under NOA7 s FT | estimates under NOA7 incl. HND

Source: FTI analysis
Note: Constraint costs are depicted in real terms and have not been discounted.

AsFigurel0-3indicates, additional investment in the transmission network associated with the
HND scenario brings a significant reduction in constraint managementgpatticularly in 2030
when the difference in the transmission network capabilities between thegwenarios is most
pronounced.

The difference between the two trajectories of constraint management costs is £28bn ovi-the
year modelling period from 2025 to 2040. This would be the potential benefits that might
reasonably be assessed to accrue under the national market design for the incremental
transmission investment associated with the LtW (HND) scenario relative taMhE@NOA7)

scenario. Indeed, we understand that this is broadly the methodology currently adopted by ESO in
its Network Options Assessmenalbeit in a simplifid form 2%’

227 See theNOAmethodology, published by the E®02020(link) that describes the approach that ESO take to
assessing the benefits of network reinforcements
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C. Benefits of HND transmission investment under a nodal market design

10.11. We explained in Chapter 2 that, in a nodal market, the resolution of transmission constraints is
inherent to the market design itself aridat there is, therefore, no requirement for the ESO to
incur constraint costs by intervening in the market to resolve congestion as per a national (and,
albeit to a lesser extent, zonal) market design.implication of this is that the benefits of
enhanced transmission manifest themselves differentlya nodal market design, transmission
investment leads to changes in wholesale prices in some parts of the system (which impacts
producer and consumer surpluses), as well as the overall congestion rehtzif&in the
settlement process®®

10.12. Figurel0-4 below illustrates how the incremental transmission investment changes nodal prices
under the LtW (HND) scenario relative to the nodal prices observed under the LtW (NOA7)
scenario. As elsewhere in our report, for ease of exposition we haveneaghted he average of
the nodal prices for each of the seven zoA®s

FigurelO-4: Percentage change in LtW (HND) nodal prices relative to LtW (NOA7) nodal prices
across GB price zones
el
25%

20%

2030 2035 2040

Source: FTI analysis
Note: The values presented in the figure aboverareal terms and have not beersdounted.

228 The assessment of the benefits of enhanced transmission in a nodal market are therefore somewhat analogous to

the current approach for assessing the benefits for electricity interconnectors. A key part of the interconnector

benefits assessment is a cathaiation of the price changes that are likely to occur in each market because of the

transmission upgrade, the resulting impacts on consumers and producers in each candttige congestion rents

earned on the cableitsele& T2 NJ SEI YLX ST h¥3ISY 6HAaum0 WLYGSNDP2YY SO
229 We do notcompare results in 2025 as there are no differences in the transmission capacity between the two

scenarios in this year. The additional transmission capacity under LtW (Hdfl§dted in our2030modelling year

onwards.
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10.13. AsFigurel0-4 above illustrates, annual average nodal prices move as we would expect given the
additional transmission in the LtW (HND) scenario. Notably, in 2030 when there is significantly
more transmission in the HND scenario connecting Scotland to England thanN©Ow#&7
transmission scenario, average nodal prices in the expamstrained Scottish regions (GB1 and
GB2) increase hy.20%, whereas in more southern parts of England prices fall as a result of being
able to access greater volumes of electricity generated at lower cost and conveyed via the new
transmission lines.

10.14. By 2035, the differences in the transmission build between the LtW (NOA7) and LtW (HND)
scenarios relate principally to tH& boundarywhich is in southern Englandence, north of the
B9 boundary average nodal prices are generally higher in the HND scenario, whereas south of the
B9 boundary, nodal prices are lower. The same, albeit more muted, effect also occurs in 2040.

10.15. Given the change in prices that are observed under a nodal pricing regime and the change in
electricity flows across the network as result of transmission investment, we can now calculate the
change in the consumer and producer surpluses that arise asuét id the change in prices and
volumes Figurel0-5 below shows the impact.

Figurel0-5: Consumeprice benefitand change in producer surplus, GBP bn
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Source: FTI analysis

Note: The values presented in the figure above are in real terms and have not been discounted.
Price benefits abouwepresents the&onsumer surplus generated due to changes in the wholesale
price.

10.16. AsFigurel0-5above illustrates, in regions where nodal prices generally increase as result of the
enhanced transmission, the producer surplus increases and the consumer surplus decreases. The
opposite is also true. This is in line with our expectations given the ghnieges shown previously
in Figurel0-4.
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10.17.

10.18.

10.19.

In addition to the change in consumer and producer surpluses discussed above, a socioeconomic
evaluation of a transmission investment would also need take account of the change in congestion
rents. This could be in aggregate either positive or negativee additional transmission increases

the volume that is conveyed across the system, thereby increasing congestion rent, but narrows
the spread betweetow- and highpricedregions, thereby decreasing congestion rent (on the
existing transmission lines aglvas new ones). Which effect prevails is an empirical question and
will vary for each individual transmission enhanceméiidurel0-6 below illustrates how the
congestion rents vary as a result of the enhanced transmission investment associated with HND.

Figurel0-6: Difference under the LtW (HND) scenario relative to the LtW (NOA7) scenario-of intra
GB congestion rents across the modelling period, GBP bn

1.0
0.8
0.5
0.3
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-0.3

-1.0
2030 2035 2040

Source: FTI analysis
Note: The values presented in the figure above are in real terms and have not been discounted.

In the LtW (HND) scenario we have modelled, we find that there is an aggregate decrease in
congestion rents earned of £1.7bn over the modelling period of 2025 to 2040 as a result of the
enhanced transmission.

Aggregating the total benefits to both consumers and producers and the change in the congestion
rents for theentire period allows us to assess the benefits of the HND transmission enhancement
under a nodal pricing regime. This is set out belowigurel0-7.
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Figurel0-7: Socioeconomic benefits of HND transmission investment relative to NOA7 transmission
investment under a nodal pricing regime in GB (22@%0), GBP bn
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Source: FTI analysis
Note: The values presented in the figure above have been discofniee benefits above
represents th&onsumer surplus generated due to changes in the wholesale price.

10.20. AsFigurel0-7 above shows, the benefitsf HND transmission enhancements that accrue under a
nodal pricing regime are c.£3bn. We note that, of this, c.55% of the benefits accrue to consumers
and c.45% accrue to produce®We have not included in this assessment the changes to the CfD
payments. To the extent that these change, they would represent a change in both consumer and
producer benefitg; but there would be no change in the overall socioeconomic welfare.

D. Comparison of assessment of benefits of transmission enhancements under
a national and under nodal pricing market

10.21. Figurel0-8 below compares the benefits of the same levetrahsmission enhancement, albeit
evaluated under a national pricing market design and a nodal pricing market design.

230Fom a strict socioeconomic perspective, impacts on consumers and producers should be treated equally as we have
represented above. However, we note that while some regulatory authorities adopt this approach, others, have
deviated from it and have focusedare on consumer impacts. Ofgem, for example, have tended historically to
place less weight on producer impacts and more on consumer impacts in its approach to assessing the benefits of
proposed interconnectors. See our 2018 study for the Australian mapeariator, AEMO, for further details of
different approaches to assessing transmission investment business tasges (
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Figurel0-8: Benefits of enhanced transmission investment under a national and nodal pricing
regimein GB (2022040), GBP bn
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Source: FTI analysis
Note: The values presented in the figure above have been discobnieg benefits above
represents the consumer surplus generated due to changes in the wholesale price.

10.22. AsFigurel0-8illustrates,our assessment of the magnitude of the difference between the benefits
of a given set of transmission investments under a national pricing regime and a nodal pricing
regime is material. Indeed, it would appear that the benefits for this particular trarssonis
enhancement example a@90% lower under a nodal markétan under a national pricing regime.

10.23. We have nosought to evaluate the costs associated with the HND transmission enhancement.
However, our analysis would sugg#sat if the estimated incremental cost of the transmission
reinforcementsof HND relative to NOAWas greater than £3bover the period 2030 to 2048hen
the investment would, under a strict socioeconomic assessment approach in a nodal market, be
net detrimental to society. Our understanding is that to proceed under the current regivae
exact same investment would need to be estimated to cost less than £28kmthe same period
to be judged net beneficiap!

B2 § y23S (KFG GKS O2YLI NR&az2zy 2F GNryavYAaaizy o0SySFTaAGa
given transmission investment. See our 2018 study for the Australian market operator, AEMO, for further details of
different approaches to asssisig transmission investment business ca&es)( Other factors that we are aware of
GKFG GeLAOrffte YAIKG SYyGSNIAyG2 | GNIyaYAaarzmhe  aaSaa
latter was introduced in the US as part of FERC Order 1000 and could be used in the assessment of transmission
needed to connect generation assets to meet environmental targets. It would seem to us that the level of
non-economic benefits would be inviant to the market design (for example, the same volume of renewable
ASYSNI A2y OFLI OAGEe A& O2yySOGSR Ay SIOK YEQR$AYRO&AT
benefits would accrue for the transmission enhancement that we assess.
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10.24.

10.25.

10.26.

10.27.

10.28.

To datethere has been considerable debate ihre potential benefits of nodal pricing that might
arise from improved sitingr dispatchof generation Howeverthere appears to have been limited
consideration of the potential impadf nodal pricingon the need for incremental transmission
network investmenincluding the wayn which the networkshould beexpandedand/or enhanced.

Given the magnitude of the difference shown above in our assessment was considerably larger
than we had expectedve have carefully interrogated the data and verified the resifter
extensive review of our analysiss well agliscussions with Ofgem and with the E&@ believe

that there are three main drivers of the difference in the assessment of benefits of the HND
transmission upgrade that arises in the two market designs. These relate to:

< first, the way in which BM bids and offer assumptions are used to evaluate congestion costs,
which in turn, impact the assessment of benefits of transmission enhancements;

< second, the fact that our modelling assumes some change in the siting decisions of generation
that arise as a result of stronger incentives in locational wholesale market which results in
changes in locational generation patterns; and

< third, the changes in the operating profiles of flexible assets and, in particular, interconnectors,
that would arise as a result of a transition from national to nodal pricing that we highlighted
earlier in Section 6F and impact significantly on flowss&the system.

We discuss each in turn and then set out some concluding remarks on this topic.
Forecasting congestion costs

One driver of the difference in the benefits assessment of the HND transmission upgisete

from assumptions used in the participant bidding strategy in the BM and how the constraint
management cosforecast data is then deployed to assess transmission benefits. In this regard,
under a national pricing regimihe level of benefit of a transmission enhancemeaderived from
two sources:

< First, a reduced need for the SO to pay to constogiigenerators (typically sited in the south of
GB) in the BM. By virtue of the increase in transmissapacity these generators will be
displaced by greater volumes of lower cost generation that can reach the market from
generating unitghat would otherwise have been constrained off.

< Second, a reduced need for the SO to pay (or be paid) to consffagenerators (typically sited
in the north of GB).

The first of these is, in part, an efficiency gain that arises as a result of the incremental transmission
investmentg represented by a reduction in the production cdasmore generationlocated in
export-constrained locations that were previously curtailgghnow be utilised. However, the

offer prices that we have used in the BM to evaluate the forecast level of congestion for thermal
plants (that are typically constrainexh in the earlier years of our modelling period) reflect an

uplift to the marke clearing SRMC. As discussed earlier, thegsdyd design creates an incentive

to submitoffersthat deviate from marginal cost. We, and the ESO, calibrate this uplift on the basis
of historically observed BM bidding behaviours. As we nptediously some of the uplift is likely

to reflect startup costs. It will, however, also reflect the idiosyncratic nature of thegssyid BM,

the locational value of electricity, and potentially also a degree of market power. Hence, while
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some of the uplift may reflect underlying cosésd.,start-up costs) which is an efficiency gaii,
also potentially includes other nesociceconomic cost factors.

10.29. The second element is, as we discussed in Chapter 2, a transfer payment from consumers to
generators and does not reflect underlying coassevaluated under a socioeconomic baBiather,
it tends to reflect the degree of compensation that a generator requires to forgo operating to meet
its commitments in the wholesale market and, in practice, is often likely to reflect the strike prices
of CfD contracts (relative to the prevaiinvholesale prices) of wind generators. Hence, this
element of the reductionn cost can only be a reduction in transfers from consumers to
generators. While no doubt welcome from a consumer perspective, this has zero economic value
from a socioeconomic perspective

10.30. Our methodology for assessing constraint management costs has been discussed at length with
ESO and, indeed, as we reported in Chapter 7, our forecast is reasonably close to the ESO forecast.
As we described earlier this therefore provided us comfort thatrmethodology for the constraint
management cost forecast is reasonably robust (or at least accords with the ESO approach).

10.31. It therefore appears to us that there is a risk that using an estimate of the constraint management
cost savings to assess the potential economic benefits of a transmission enhancement potentially
risks overstating these benefits compared to an approachkhith the benefits are evaluated on a
conventional socioeconomic basihe main reason for this is that the BM bids and offers do not
completely reflect underlying economic costs. Rather the NOA methodology appears to conflate
both economic cost savingthat arise from the reduced need to incur costs of constrainad
generatorsand non-economic cost savings. These reEgonomic cost savings inclutlee transfers
that incur in the BM as a result of participants including uplifts in bids and offers from the
underlying costas well aghe transfers to compensate constrainedf plant¢ particularly those
that hold CfDs. Moreover, we note that the risk of overvaluing the benefits of transmission
enhancements appears to be true under the current nationalipg regime.

10.32. We would note that we have discussed this finding with the HB6y had, independently of our
analysis and findings, recently identified this issue internally as part of their review NiQke
methodology*?and had initiated internal analysis of their own on the topic.

Change in generation location and output

10.33. As we discussed earlier in this report, when we analysed the impact of changing from a national to
a nodal market design, we assumed that there would be some changes in the siting decisions of
generators in response to locational price signals (albeitduirby real world factors described in
Chapters). Given, under a nodal pricing regime, transmission enhancements will lead to changes in
nodal prices, it is methodologically consistent for us to assume that there would be the same
impacts on generatingtsig decisions too.

232 National Grid ESO, Consultation on the Draft NOA 2023 Methodolwgy, (
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10.34.

10.35.

10.36.

For example, the lower nodal price in LtW (NOABadntland relative to the national pricing
market design leads to a reduction in wind generation opting to site in Scottbowlever, under
the HND scenario, higher average nodal prices observed in Scotland (as show dbguecsitn-4)
encourage slightly greater volumes of wind capacity to site in the region relative to the NOA7
scenarioFigurel0-9 illustrates the difference in the volume of wind generation in Scotland for
2030 to 2040 under the LtW scenario for the national market design, the nodal market design
under NOA7 and the nodal market design under HND.

Figurel0-9: Differences in the projected volume of onshore and offshore wind capacity in Scotland
(GB1 and GB2) 2030, 2035 and 2040 under national and nodal market designs
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Source: FTI analysis

Note: In the charts above, a positive number indicates an increase in capacity relative to the
scenario to the left, while a negative number indicates a decrease in capacity relative to the
scenario to the left.

AsFigurel0-9 above illustrates and as indicated earlier, a switch to a nodal pricing regime from a
national pricing regime reduces the volume of generation that sites in Scotland (as we explained in
Chapter 6). In 2030 this effect is somewhat muted as we assumed |tlzairgent projects in (even

the early stages of) development proceed as planned at the current planned locatisreffect
unwinds by 2035 under the LtW (NOA7) scenario, as wind generation capacity is ¢.15% lower in
Scotland under a nodal pricing regimedative to a national pricing regimBy 2040, the increasing

roll out of wind generation capacity across the country (and given the assumed restrictions on
re-siting elsewhere in the country) means the difference in installed wind capacity between a
national market and a nodal market underethtW (NOA7) scenario is only 2.7GWe., under 5%.

Figurel0-9 also illustrates that the enhancement in the network included under the LtW (HND)
scenario mean that, as capture prices increase slightly in Scotland, there is a small increase in
capacity of wind generation that opts to site in the region. This accoitthsour intuition that
additional transmission investment would, under a nodal pricing regime, likely encourage greater
volumes of generation capacity in the part of the network that has had its export capabilities
enhanced as a result of the transmissiodestment.
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10.37.

10.38.

10.39.

The converse is true in the south of England in that, under the LtwW (NOA7Y) scenario, a nodal
market design induces more wind generation to site in the southern zones relative to a national
market design. However, under the LtW (HND) scenario, the loweggpthat arise because of the
transmission enhancements induce less wind generation capacity to site in that part of the country.
Figurel0-10 below illustrates this effect.

Figurel0-10: Differences inhe projected volume of onshore and offshore wind capacity in
southern Englan¢iGB6 and GBT) 2030, 2035 and 2040 under national and nodal market designs.
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Source: FTI analysis

Note: In the charts above, a positive number indicates an increase in capacity relative to the
scenario to the left, while a negative number indicates a decrease in capacity relative to the
scenario to the left.

As noted Figurel0-9 and Figurel0-10illustrate that there is relatively little change in siting

decisions of generators in 2030his is mainly due to our assumptions set out in Chapter 5 that
projects already in (even early stages of) development proceed as planned in their respective
locations.By 2035, the change in location is more marked as new unannounced projects opt to site
differently from the siting decisions assumed in the FB%the same reason, the impact on
generation siting of the HND transmission upgrade is more markedriaralysis in 2035 than in

2030.

The effect manifests itself in the change in the levels of output by wind and solar resources in each
of the regionsFigurel0-11 andFigurel(0-12 below illustrate thechanges in output for both solar

and wind generation in 2030, 2035 and 2040 for tleethern and southermegions ofGreat

Britain.
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FigurelO-11: Differences in the projected renewables generation (solar, onshore wind and offshore
wind) in ScotlandGB1 and GB2) 2030, 2035 and 2040 under national and nodal market designs.
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FigurelO-12: Differences in the projected renewables generation (solar, onshore wind and offshore
wind) in southern Englan@B6 and GB1) 2030, 2035 and 2040 under national and nodal market
designs
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10.40.

10.41.

10.42.

10.43.

10.44.

Figurel0-11 andFigurel0-12 above shows that in 2030, there is little change in output, by region

of solar and wind renewables resources, reflecting our underlying assumptions on the location
decisions of generation. The one exception is that the additional transmission that canives loy

2030 under the HND scenario allows for a significant increase in renewables output in Scotland
under a nodal regimeBy 2035, however, greater location of renewables generation in the south

that is assumed to occur under a nodal pricing regimedda a material increase in renewables

output in the south (and a modest reduction in output in Scotlad)we would expect, the

impact of HND somewhat reverses this effect as, under a nodal regime, HND encourages marginally
more generation to site in the north and less to site in the south.

Overall therefore, the fact that nodal pricing offers the potential to encourage somsiting
decisions would, in the GB context, potentially led to more generation to site in the south of the
country. In turn, greater production of electricity nearer centréslemand would, everything else
equal, impact on the need for incremental transmissidence, in these circumstances and as our
analysis confirms, the benefits of additional transmissominevitably somewhat reduced.

Change in interconnector flows and use of other flexible assets

In the previous subsection we explained that, to the extent that locational wholesale market price
signals impact on siting decisions for generators (and demand) then, everything else equal, there
would be a need for less transmission. However, it isthis@ase that locational pricing offers

improved operational signatsparticular to some classes of assets such as interconnectors, storage
and demand side flexibility which could potentially lead to significant changes in the way such
assets are schedudeto operate by the wholesale market. For example, as indicat&ibiunre6-12

in Chapter 6, under a nodal pricing regime we would anticipate a significant reduction in market
scheduled exports from GB to France and an increase in scheduled imports from France to GB as a
result of the increase in the wholesale market price in thetlBern part of GB. The opposite would

be true of interconnection from Norway that connect in the north of GB.

This change arises because, under a national regime, the GB market design assumes infinite
transmission capacity within the GB market footprint and therefore sometimes encourages flows
from Norway (and Scotland) to transit through England for onward expdftance. The physical
realities of the transmission system are such that in practice these transit flows cannot alevays
accommodatedand instead, the ESO needs to intervene to address the imbalances (the costs of
which, as we have shown earlier inghieport, are recovered frormonsumer$. By design a

locational market incorporates the physical realities of the network in the way in which prices are
formed and, in so doing, prevents the market from scheduling infeasible flows across the system.

Given that an impact of HND would, relative to the LtW (NOA7) scenario, be to increase prices in
the north of the country and reduce prices in the south (askigurel0-4 earlier in this

subsection) then we would anticipate an increase in exports from GB to France and a reduction in
imports from France to GB with the opposite impact occurring in flows to and from NoRigaye
10-13 below illustrates this effect for flows to and from France and Norway for 2030.
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Figurel0-13: Differences in the projecteadterconnectorflows to France and Norway in 2030 under
national and nodal market design§wWh
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10.45. AsFigurelO-13illustrates, a transition from a national pricing regime to a nodal pricing would, for
2030, result in a.65TWh change in net flows to France (with exports to France decreasing by
¢.12.5TWh and imports to GB increasing [®%TWh)Enhancing the grid as per the HND scenario,
leads to a 8.5TWh change in net flows to France, witb&5TWh increase in exports to France
andc.2.1TWh reduction in imports.

10.46. Norway would experience the opposite effeatith a net change in flows of&5TWh (with
c.2.7TWh increase in exports to Norway and@7TWh reduction in imports from Norway) in the
transition to nodal pricing under the LtW (NOA7) scenddiader a nodal pricing regime, the HND
grid expansion facilitates an additionad 8TWh of imports from Norway in 2038and a c1TWh
reduction in exports to Norway.

233 The fact that the HND enhancements leads to more imports in a nodal regime than a national regime is a counter
intuitive result. It arises as a nodal pricing regime sometimes leads to exports from Scotland to Norway that are then
transited through Norwayor import back to GB south of the B6 boundary
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10.47. Our results for 2030 shown abovekigurel0-13 emphasise the point that under a national price
regime,wholesale market price signals will frequently lead to a situation where interconnectors
are exacerbating congestion. For example, the GB market price in a national market will often
indicate that Norway interconnectors should flow into GB, when the physsalities of the
transmission system are such that such inflows would in practice exacerbate congestion. Instead,
exports to Norway at these times would be beneficial to the GB syskéis.is the effect that nodal
pricing would deliver through the whesale marketThe reverse is true to France with exports to
France under a national pricing regime frequently exacerbating congestion in GB when in fact
imports would be beneficial to GB¢

10.48. By 2035, this effect, although directionally the same in noases, is more mutedhis is shown
below inFigurel0-14.

FigurelO-14: Differences in the projectedterconnectorflows to France and Norway in 2035 under
national and nodal market design§Wh
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10.49. By 2035, the impact of flows on interconnectors of both a transition to nodal pricing (as shown by
the comparison of nationdltW (NOAJ and nodalLtWw (NOA7 outputs) and the impact of the HND
transmission upgrade (as shown by the comparison of the Hald(NOA7 and the nodal
LtW (HND outputs) is less than in 203The reason for this is due primarily to the relatively
significant change in generation siting (particularly in the south) that reduces the change in
interconnector flows relative to the 203futputs (in which, as we showed above, there is little
change in location)zven so, in 2035, when theage significantly greater volumes of renewables
locating in the south under the nodal NOA7 scenario there is a still a reduction of 20TWh in net
flows to France.

234 Note thatall interconnectors from GB to all other countries have some change in flows as a result of changes to the
market design and to the transmission ghitie have highlighted the flows to and from Norway and France as the
impact is most marked for these interconnectors as they tend to connect to the GB system at its extremities and in
turn have the most pronounced impact on the flows on the GB transmission g
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10.50.

10.51.

10.52.

10.53.

10.54.

10.55.

A final point to note is that the HND transmission upgrade may well facilitate flows across the
network to other countriesln 2030, theHNDtransmission upgrade in GB allows for an increase of
22% in exports to France and an 11% reduction in imports from France under our nodal pricing
scenario.This has a potentially material benefit to the French consugnghere average annual
wholesale prices falling by 9% in France to those showigure9-9, were GB to implement nodal
pricing and then also undertake the HND transmission upgrade.

We have in this analysis, highlighted the way in which a transition to nodal pricing changes the
scheduled flows on interconnectors. In so doing, interconnectors would always be scheduled to
operate in a way that is consistent with the prevailing confitjoraof the transmission network,
rather than sometimes against Hence, overlaying additional transmission, as per our HND
scenariowill inevitably therefore be less beneficial in a nodal regime than in a national regime
because the scale of the phyaiégmbalances in the system, absent the incremental transmission
investment, will be less.

While we highlighted interconnectors in the analysis above, the same effect is also true of other
flexible assets such as batteries and also the demand Agle/ie have shown earlier in this report,
locational pricing improves operational signal to batteries and to that portion of demand that can
flex its consumption of electricity (such as vehicle charging) so that they operate in line with the
physical charderistics of the networklin turn, this will reduce the benefits of additional
transmission.

Overall conclusions of impact on benefits of transmission investment of
move to locational pricing

Intuitively, as locational pricing leads to wholesale market outcome in which the scarce capacity of
the transmission network is allocated efficiently through thieolesalemarket, we anticipated that

the potential benefits of enhancing the transmission network would be lower, which in turn would
imply potentially less costs need to be incurreddoysumers However, the magnitude of the
differenceq that the benefits of the HND transmission enhancement were nearly 90% lower under
a nodal pricing regime rafive to a national pricing regimecame as a surprisélence, we should
emphasize that, at this stage, we would caution against extrapolating too widely to other
transmission investments as further investigation of different transmission configurations is
needed to ensure a more robust assessment.

We believe that there aréhree reasons for the sizeable differencéhe first is an issue associated
with the way in which BM bids and offers feed into the transmission investment case under a
national market design and is not directly related to the choice on wholesale market dé€bign.
other two reasons are, however, highly relevant to the debate on market design.

First, locational wholesale price signals could encourage generation to site in locations that are
closer to centres of demand which, everything else equal, will reduce the need for transmission.
The converse could be true for large users of electricity that will be encouraged to site in areas of
the network close to lowcost generation that is itself sited in regions that are often export
constrainedln turn, this would also reduce the need for transmission investmésatdiscussed

earlier in this reporive have not sought to capture the potential benefit of demanesiting as

part of this study but note it as a potential upside to our base case assessment.
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While the first reason relates to improved investment signals that potentially arise from locational
pricing, the second reason relates to improved operational sighatsational pricing, and nodal
pricing in particular, provides the price signals that ensure that flexible assets, notably
interconnectors and batteries, are scheduled to work with the configuration of the transmission
grid rather than, as is often the casagainst itThe same will also be true of demand side that can
offer flexibility in esponse to price signaldaving a market that is designed to use the existing
controllable flexible assets of the system in a way that helps the system balance, rather than
potentially exacerbating tensions in the system that the current national market design creates,
must inevibly reduce the requirement for transmission.

The balance between the investment and operational impact on the need for transmission
investment that arise from improved locational signals is empirical and will, in our modelling,
depend on our assumptions that feed intoktowever, it is worth noting that the two effects are to
a degree offsetting, in that less responsiveness to price signals by newly locating plant (as some
have argued will in practice be the case) will result in greater changes in the operating patterns.
We can see this effect in ovesults.Figurel0-15below illustrates the change in interconnector

net flows and generator output in 2030 and 2035 in the south of Britain (which is one of the main
drivers in the need for transmission investment) and the difference in the benefits case for
transmission inlose years that arise as a result of a change from national to nodal pricing.

Figurel0-15: Net change in inflows in South of England as result of chiagigesen national and
nodal pricing under the NOA7 scenario and benefits of HND transmission upgrade in 2030 and 2035
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AsFigurel0-15indicates, in 2030 most of the change in net flows in the sot60¢6) is result of
change in flows in interconnectors, with less exports to France from GB and more imports from
France to GBlhe additionat.40% is made up of some increase in renewables output located in

the south.The relatively limited change in output of renewables under a nodal regime in 2030 is
because, as we explained earlier, that due to our assumptions there will be very limited change in
siting decisions in 203With better operational signals arising under nodal pricing leading to
significantchanges in flows on interconnectors (and better use of other flexible assets which we
have not shown here), then the benefits of adding additional transmission are significantly reduced
as compared to when evaluated under a national reggméth differenae of c.84%in 2030 in the
benefits case (as indicated in the right chart).
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10.59.

10.60.

10.61.

With greater variability in the siting of generation in 2035 (given our assumptions on the siting
impact of nodal pricing) we observe the opposite effect, with the investment signals arising from
locational signals impacting on siting decisions and theecf@ving a greater impact on the need

for transmission enhancementé/hile the difference in the NOA7 and HND transmission scenarios
is much reduced by 2035 (with a few minor and one major transmission enhancemghthese
locational effects of nodalrfting, together with enhanced operating signals, mean that the
benefits of the transmission enhancements are almost entirely negateith a ¢.97% difference
observed between the benefits case under a national and a nodal regime.

Hence, it is both the operating and investment signals from locational pricing that leéhd to
reduced benefits of transmissioAnd, to the extent that our assumptions on siting are considered
over optimistic (as some stakeholders argue), then it would follow that wddvaticipate a

greater impact on operating flows which would lead, directionally at least, to a similar reduction in
the benefits case for transmission.

To conclude, we understand that the current plans for transmission expansion amoufitfibn
(which encompasses both the NOA7 investments and the HND investmafhig}. we would
recommend further investigation is heeded, our analysis would suggest that a move to locational
pricing creates both operating and investment signals to market participants that significantly
reduces the benefits of incremental transmissiomestment and, in turn, therefore, potentially

the need for such levels of investmeiitis could therefore represent a potentially significant
additional benefit toconsumersf locational pricing over and above that identified earlier in this
section.
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11.

11.1.

11.2.

11.3.

11.4.

11.5.

11.6.

Sensitivity analysis

In this chapter, we consider the two sensitivities introduced in Chapter 5 to test the impact of
specific hypotheses or policy options raised by Ofgem and stakeholderswo sensitivities are

< adispatchonly sensitivity, that assesses the benefits of transitioning to a nodal market design
under the assumption that efficient sitinghder a national modetan be achieved through
alternativemechanisms such as central planning. Wastested by using the siting decisions
from the nodal market design in the national market modispatch run(discussed in
SectionA); and

< aload shielding sensitivity, that assesses the benefits of transitioning to a nodal market design
but with consumers beingshielded from the variation in prices caused by more locationally
granular pricingput rather continuing to face an average national piidscussed ifsection B.

This chapter outlines the key modelled outcomes that are affected by the sensitivities, as well as
the overall CBA as conducted in Chapter 9, for the two sensitivities outlined above.

Dispatchonly sensitivity

In our dispatckonly sensitivity, we isolate the benefits derived from increased locational
granularity of prices by controlling for the benefits that arise from the more efficient siting of
generators We do this by using the capacity siting decisideterminedunder the nodal pricing
marketbut incorporate thesén our national pricing modealispatchrun. This therefore mirits the
effect ofa national scenario where generators are already assumed to be sited efficiently
(potentially through other alterntive policy measures)

A comparison oé national pricing regime under this scenario adodal pricing regimender
LtW (NOATallows us to isolate the benefits caused specifically by locationally granular prices, as
generators are sited identically under both market designs.

We conduct this assessment becaitseas been cited by nmy stakénolders thatother
mechanismssuchasd y & Sy KI y OS R , allooatichdl éapablihachavii§rand/or better
central planningnay be able to encourage more economically efficient siting decisions than those
in the FESThis would therefore imply that sormad the benefits oflocational wholesale electricity
pricescould be achieved through othéarguably morecentralised andlirigiste) measures.

Below, we set out the key outcomes of the assessment, specifically generation paafilegaint
managementostsand CfDsupport paymentsas well ashe overall benefits to consumers and GB
socioeconomic welfare. We compare these outcomes to our results for the national LtW (NOA7)
scenario for reference, and conduct the overall benefits assessment relative to the nodal pricing
market design for LtW (@A7) in order to quantify the benefits that arise purely as a function of
the locational granularity gbrices.
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Generation

11.7. InFigurell-1 below, we depict the generation profile of a national market design that uses the
capacity as sited under a nodal market. We also compare this against the generation profile of the
national LIW(NOAT7)scenarigi.e., thecomparisonin the panel to the rights calculated as the
generationvolumes with generators sited under a nodal priciagime, relative to the generation
sited under a national pricing regime.

Figurell-1: Generation by technologyDispatch sensitivity
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11.8.  As seerin Figurell-1, the trend in technology mix is broadly consistent with the generation profile
observed under a national market design for LtW (NOR&®D main effects can be observed:

< First, he siting of greater volumes of generationthe south of GBallows greater volumes of
renewables generatioon the system

< Secondthe overall generation levels are higher in 2035 and 2040 when using sitidg|
decisions, by 4% and 6% respectivAly the demand profileare the sameunder both
scenariosthe netincrease in generatiois a result ofdue to greater export opportunities in the
dispatchonly sensitivity

Constraint managementosts

11.9. InFigurell-2 below, we depict theeonstraint managementosts incurred under a national market
designin the dispatchonly sensitivity (capacity sited as under a nodal market) reldtvie
constraint managementosts incurred under a status guationalmarket design.
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Figurell-2: Constraint managemertdostsc Dispatch sensitivity
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11.10. As shown ifFigurell-2 above,while constraint managementosts are generally lower over the
forecast periodas a result of improved siting génerators relative to the FES 21 baase
assumptiong3®

11.11. However, the rise iconstraint managementosts in 2040 for the dispatatnly sensitivity
demonstrates that economically efficient siting is insufficient in addres#inige constraints that
are likely to arise as the capacity and generation mix evolve under théN®X7)scenario.

11.12. Notably, despite theentrally-directedcapacity sitindeingdoptimal given it as sited as per the
signals in a nodal pricing mark#éte annualconstraint managementosts continue to exceed
c.£2bn under the dispatclnly sensitivity Overall, in terms of the NPV adnstraint management
costs over the modelled periothe system continues to incur@und 68% ofconstraint
managementosts despite th@ptimal capacity siting.

CfD support payments

11.13. InFigurell-3 below, we show the net expected CfD support payments between consumers and
producers under the dispatebnly sensitivity. As discussed previously, a positive value indicates a
net payment from consumers to producers.

235 While constraint management costs are generally lower over the forecast period, the constraint management costs
in 2025 are marginally higher in the dispatmhly sensitivity relative to the status quo market. This potentially
counterintuitive result is beause capacity siting decisions are based on locational prices over the forecast period
rather than in a single year (albeit limited by our technolsggcific siting assumptions).
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11.14.

11.15.

11.16.

Figurell-3: CfD support paymentsDispatch sensitivity
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Figurell-3indicates that the trend in paymentas well as the proportion of payments made to
the different technologiesare broadly in line with th€fDsupport paymentsinder the status quo
market.

However,CfD support payments are marginally lower than the statusiqu35but marginally
higher than the status quo in 204This is due to small changes in the wholesale prices between
the two scenarios, which are a result of the differences in capacity siting as the strike prices and
generation profiles are broadly consistent between both scenarios.

CBA results

In Figurel1-4 below, we set out the overall impact on consumers and socioeconomic welfare for
the dispatchonly sensitivity Thisshould be viewed relative to the benefits of nodal to the status
quo for LtW (NOA7), which is presented in Sectionfgufe9-2) and repeated for ease of
comparison below ifrigurel1-5, in order to isolate the benefits derived from increased locational
granularity

Figurel1-4: Overall GstBenefit Assessmentfor a nodalmarket design unddrctW (NOA7jelative
to a national market design undéne dspatchsensitivity(20252040)
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Figurell-5: Overall CBA fa nodal market design relative to a national market design (2@230)
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11.17. As observed ifrigurell-4 above, despitggenerators already being sitegbtimally (assumed to be
achievedhrough some other policy mechanism), transitioning to a nodal mastitesults in
£38.7bn in net consumer benefits and £78n in total GB socioeconomic benefitthese are
assumed to be the benefichieved through morgranularlocational pricing.

11.18. Relative tathe benefits of a nodal market relative to tls¢atus quo national markethe transition
to anodalmarketin the dispatchonly scenarideads to consumer benefits and socioeconomic
benefits that are ¢.24% and c.43% lower respectivysreduction in theproportion of the
benefitsin the dispatchonly sensitivityare driven asa direct result of more efficient siting of
generators under the nodal market.

11.19. In the dispatchonly sensitivity, the majority of consumer benefits continue to be driven by the
reduction inconstraint management costchieved by nodal siting decisigradbeit at a lower
amountwhen the status quo national markdesignis used as a counterfactudlhere is no change
in the intraGB congestion rents between the two sets of analyses as there is no change to the
modelled nodal market outcomes under this sensitigitgtional markets have no intr&B
congestion rents)Additionally,we only see amarginal chang@ CfD payments under the dispatch
only sensitivity

11.20. Overall, this sensitivity demonstrates that consumers specificaty GBnore widely,would still
accrue significant benefits in a movedceaterlocationalgranularity of wholesale prices, even if
the siting decisionsf generatorsvere determinedoptimally by a central planning functiofi®

236 To the extenthat other policy mechanisms failed, in practice, to deliver optimal siting of generation and storage,
then we would anticipate a higher level of congestion costs incurred under a national market (i.e., greater than the
£33.4bnset out in Figure 14. In turn, it follows that the benefits of a transition to nodal pricing would be greater to
the extent that other policy mechanisms were less optimal than hoped by policymakers.
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B. Load shielding sensitivity

1121, ¢KS t2FR aKAStRAYy3I aSyardaAirorde GSada GKS AYLI C
their connected nodelnstead, we test the impact efkposing all consumers (both domestic and
non-domestic) to auniform average national wholesale price in each hour, while retaining
locational pricing for generatorbattery storage and electrolysers. The purpose of this sensitivity is
to test how the estimated system benefits of nodal pricing change when flexible consumer load,
provided for example through smart charging of EVs and heat pumps, is unable to optimise
consumptian around the local price at the connected node.

11.22. Intheory, a load shielding policy would be expected to lead to an increase in average annual
wholesale prices and the total cost of meeting demand, relativ@iteshielded locational pricing
This is because flexible demand that is shielded from the locational price would consume without
regard to the limitations of the transmission network amuturn, move a portion ofonsumption
to sub-optimal hours from a system perspective.

11.23. For example, under locational pricireg a node with excess solar generation capadigxible
demand from EVs ankat pumpswould be expected to charge up in the sunniest hours of the
day, when the local price would likely be lowest. Howeifdlexible demand is shielded from the
locational pricethis demand would instead charge up when national average prices were lowest
without consideration of local conditions, and may do so efdime true nodal price at the
connected node were actually much hay.

11.24. In the following suksections, we set out our load shielding assumptions, our underlying modelling
approach, the impact of load shielding on consumption and dispatch, and the overall
socioeconomic welfare impacts of introducing locational pricing with &aelding.

Load shielding assumptions

11.25. There are several factors to consider in the design of a load shielding policy, in particular the extent
to which different types of load should be shielded from the locational wholesale price at their
connected node. We have identified four key items thaticymakers would need to consider, as
set out below

< First is whether shielded demand should be exposed to a unifoationalwholesale price, or a
uniform zonalwholesale price, and how these uniform prices would be calculated (typically as
the loadweighted average of nodal prices in the relevant region).

< Secondis whichgroups of consumershould be shielded from locational wholesale prices, f
example whether industrial and commerc@nsumers should also be shielded from locational
prices in addition to domestic consumers

< Third is whichtypes of consumptioshould be shieldedFor example, uptake of V2G
technology is expected to enableiavo-waye participation in electricity markets by domestic
consumers, with EV owners selling surplus power back to the grid ptieas are high
Notably, allowing domestic consumers to pay a shielded uniform price when charging EVs, but
receive the unshielded nodal price when discharging power back to the grid (in line with other
generators and gridonnected storagedeems potentially highly distortionary
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11.26.

11.27.

11.28.

11.29.

< Fourth is whetherconsumers would be able tapt outof a load shielding policy should they
prefer to pay the local price at their connected notteadditionto both domesticand
non-domesticconsumers, this would be of particular importance to developers of electrolysis
capacity, which are expected to rely on low wholesale power prices as a key driver of their
project economics. A compulsory load shielding policy walddpotentially reduce the ability
of locational pricing to incentivise demand toloeate to exporiconstrained regions*’

For the purposes of this sensitivity assessment, we have assumeshilkeéded demand would be
exposed to a uniform national wholesale price, calculated in each hour as thevisigtted

average of nodal prices across GBdAmestic consumers and industrial and commercial
consumers ar@assumed to behielded from the locational price at their connected node, instead
payingthe uniform nationalwholesaleprice in each modelled hod?® However, weassume that alll
electrolysers, the majority of which are located in Scotland, would opt to receive the nodal price at
their connected node.

In practice, this means that in our modelling of the sensitivity, the only forms of flexible demand
for which a load shielding policy might influence the underlying pattern of consumption are the
smart charging of priceesponsive EVs and heat pumps.

One challenge to the setp of this sensitivity assessment is on whether to applyad shielding

policy to the charging of V2G assédn one hand, most V2G assets are likely to belong to domestic
consumers who would face a shielded price in this assessment. Howepeising V2G assets to

the shielded pricdut leavingtraditional gridconnected batterieso the prevailing nodal pricenay

lead todistortionary outcomegfor example V2G assets coulkearn outsized returns in export
constrained areas)

As a resultto be consistent with batterieand other generatorswe assume that V2G assets are
exposed to thaunshieldednodal price wherboth charging and discharginBrice-responsive

flexible EV demangthat is not part of V2Gand all inflexible EV demaridcethe uniform national
wholesale price in each modelled hour in our sensitivity assessiignurel1-6 below highlights

the deployment of EVs with fixed charging, flexible charging, and V2G participation under the LtW
and SysTr scenarios.

237 As noted elsewhere in this reperve have not soughto evaluatethe potential benefitof locational pricingarising
from therelocation of demand in any of our modelled scenarios or sensitivities.
238 As described above, policymakers may wish to treat domestic consumers but not industrial and commercial

O2yadzyYSNE aSLINIdGSteod 2SS KI@FS y2i( RAAGAYIdZAEAKSR o0Sis

benefit of nodal pricing that would remain with shielding.
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11.30.

Figurell-6: Number of EVs with fixed chargirilgxiblecharging, and V2G participation, LtW and
SysTr
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As can be seen frofigurel1-6 above, in the SysTr scena2G uptake is relatively low across
the modelling periodwith the power used for V2@&preseningless than 1.5% dfexibleEV
demand in all modelled yearkloweverunderthe LtW scenariothe proportionof V2G uptakes
significantly higher. Box 11 below describes the implications of tlus the choice of the energy
scenario modelled for this sensitivity

Box 11-1: Challenge$o modelling load shielding for LtW (NOA7)

To model the load shielding scenario, while demand faashiglded national average price, all
generators and batteries continue to optimise dispatch around the local price at their connect
node.

A keydecisionin ourmodellingof the load shielding scenario is thake assume that policymakers
would ensure thalV2G assetsontinue to be exposed to the nodal price when both charging an
selling power back to the grid. This does not affect the majority of EV demand, forrhethof
priceresponsive smart E\(@hich adjust their charging profiles in response to wholesale prices
do not discharge power back to the gritt & ¢ Siketl demand iaflexible EVs

In practice, we would expect domestic consumers (as opposed to industrial and commercial
consumers) to form a large proportion of V2G patrticipatibhis means that, in our modelling, a
proportion of domestic demand remaitisdzy” & K AeSeih Bn8dR & load shielding polidgstead
a portion of domestic demand optimises its consumption and production relative to the local
wholesale price. This has the effect of dampening the impact of a load shielding policy, by
continuing to allow a proportion of demand to optimise relative to tisgstem2 LJ( A n6daf ¢
price. This is particuldy relevantfor the LtW scenario, as highlightedrigurel1-7 below, which
shows the forms of system flexibility available in the LtW and SysTr FES scenarios.
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Figurell-7: Supply and demand flexibility in Leading the Way and System Transformation, 2025
2040 (GW)
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In the LtW scenaridy2G forms a significant proportion of system flexibilitjater modelling

years, with a maximum potential of 39GW by 20%ke extent of V2G adoption under the LtW
scenario means that the assumed pricing treatment of V2G assets by policymakers would impact
the modelling outcomes for the load shielding scenario. For example, while a load shielding policy
might generally causergge-responsive load to shift to hours that require higkemrst generation to
operate to meet demand, the operation of V2G assetsdayastemoptimallQ Y I yy SNE [0 &
their exposure to the nodal wholesale price, could largely negate the price impact of this.

Bycomparison, V2G represents a very small proportion of system flexibility in the SysTr scenario
across the modelled period, at less than 4% of total flexibility, meaning the exclusion of V2G from
shielding should have a relativelyow impact on modelled results. As a result, nsesefocused
our assessment of the load shielding sensitivity on the SysTr scenario.

However, given th@reater penetration of priceesponsive demand ibtW scenario, a load
shielding policyvould likelyhave avery material negativeffecton consumers should
policymakers opt to shield V2G assets from the local nodal price.

11.31. Figurell-8 below shows the proportion of demand that is prmeEsponsive in the SysTr (NOA7)
scenario. The three categories of demand are:

< Inflexible demandwhichis demand that is not priceesponsive, such as domestic consumers
turning on their electrical appliancés certain hours regardless of the prevailing wholesale
price.lt is shielded from the locational wholesale price in our modelling, affecting the price paid
by consumers in different regions, for example increasing the wholesale price in Scotland while
reducing the price paid at nodes further south. However, by its megtilnis change in the
wholesale price faced by inflexiblerdand does not influence the underlying pattern of
consumption

< Flexible demands the portion of demand that is prie@sponsive, namely the smart charging
of EVs and heat pumps by domestic and commercial consumiishis shielded from the
locational wholesale price in our modelling. The shielding of flexible demand alters the
aggregate locational price impacts in our CBA, by shifting consumption to less efficient hours
from a system perspective
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11.32.

11.33.

11.34.

11.35.

11.36.

< Electrolyser demandive assume that all priceesponsive electrolysers would opt out of a load

258

shielding policy and continue to pay the nodal price at their connected node.

Figurel1-8: Proportion of different types of demand in SysTr (NOA7)
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As observed in the figure above, the proportion of demand affected by load shieldiaglsw in
2025 and 2030 but increases 18%by 2035 an@0%by 2040 We assume for the purposes of our
modelling that the uptake of priceesponsive demand technologies would remain unchanged

under a load shielding policy

On the generation side of our modelling, all generators and batteries continue to pay and receive

the nodal price at their connected node.

Modelling approach

As set out above, the aim of the load shielding sensitivity is to test the extent to which locational
pricing would continue to deliver benefits should consumers be exposed to a single, imperfect
national price, rather than the locational price at theinoected node, while continuing to expose
generators and gridonnected storage assets to the local price at their connected node. In theory
this will lead to an increase in average annual wholesale prices and the total cost of meeting
demand, with flexibldoad moving consumption to sutyptimal hours from a system perspective.
RSaA3dys OFfA®OBBGSALIG
with the purchase of energy by flexible demand assets optimised according to the marginal value
of energy at each point on the network. It is not designed to mba#h a full nodal dispatch that
accounts for all transmission constrainthile simultaneously optimising flexible demand around a

ThePlexos softwar¢hatisdza SR A & =

single, imperfect, national average price.

0e

2035 2040

2 an

As a result, we have developed an approach, set out below, that provides an approximation of the
impact of a load shielding policy on flexible demand.
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11.37.

11.38.

11.39.

11.40.

In our modelling of the curremationalmarket design deployed elsewhere in this report, flexible
load in thedpre-transmission constraigtmodel runs responds to a single, albeit imperfect,
national price, rather than the locational price at each individual node. Usingstilarheavy

nodet example above, smart EVs and heat pumps charge up when the national average price is
lowest, rather than in a sunny spell when the local nodal prieg i relativelowest.

To model the load shielding scenario, we take @isperfect load profile of smart demand from
the national model and set it as a fixed demand profile in a new nodal modéftlmdoing so, we
use the outcomes generated by the current market design as a proxy for the impact that a load
shielding policy could have on flexible demand. We then see how nodal dispatch adjusts to this
new demand profile, before calculating associatesisumer and producer impacts in the manner
followed in Chapters 5 and 6

Dispatch impact

Without load shielding, flexible demand in a nodal pricing regime is incentivised to operate in a
GadaASivA Yt ¢ YIYYSNE O2yadzYAyd Ay (KS K2dz2NB 6K
private benefit of lowpriced consumption aligns with the sgm-2 LJG A Y I -©O2 & ti 6 & dzi O2 Y S
However, with load shielding, masked price signals could distort this coupling of private and system
interests, should the national average price faced by consumers differ from the sgstarof

serving demand at particat points on the network.

Figurell-9 below presents a comparison of the behaviour of smart demand under our nodal and
load shielding model runs for SysTr (NOATY), focusing on the behaviour of flexible heat pump
demand at the Chessington GSP across adayoperiod in March 2040.

Figurel1-9: Hourly heat pump demand with nodal pricimgthout and with load shielding
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23 n an ideal methodology for the sensitivity, flexible load would optimise around a single average national price which
includesthe impact of transmission constraints on individual nodal prices. By usinggaj@elosure load profile
which, by nature, does not account for the impact of transmission constraints on national average prices, our
proposed approach will likely leadbkoRRAGA 2y RAFFSNBYyOSa o0SiG6SSy (GKS GAF
flexible demand.
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11.41.

11.42.

11.43.

11.44.

11.45.

As set out in Section 5D and Appendix 1, in our modelling flexible heat pump demand seeks to
optimise a set level of demand across each day atleast Theleft panelof Figurel1-9 depicts

that under the nodal model, flexible load concentrates its consumption in the lepréstd hours

of each day. Where possible, the displayed heat pump avoids consuming in-pigtesr hours but
is sometimes forced to do so (for example in the early hofitd March) to ensure that the
minimum daily demand threshold is met.

The right panebdf Figurel1-9 depicts thatload at the node instead faces a lower national average
gK2tSaltS LINROS® C2NJ O2YLI NRA2Y > (KS (GNHZS aqaez
hour is represented by the dashed line. The difference in the displayed hourly nodal price between

the two model runs is driven by the variation in hourly smart demand across all GB nodes.

LG OFly 6S aSSy GKIFIGX gAGK f2FR AKASE RALWAXYITKS
actions, for example charging in thaajority of the lowestpriced hours on 19 March. However, on

20 March, influenced by an artificially low average wholesale price, the heat pump directs the

majority of its daily consumption towards hours with the highest systest, and in general,

flexible load fails to follow the lowegtriced hours.

The resulting impact of load shielding on dispatch is shoviaigare11-10 below, which compares

the annual generation mix und@odalpricing with and without load shielding for the SysTr

(NOA7) scenario. A positive value indicates an increase in generation by a specific technology in the
load shielding sensitivity run, relative to the unshielded nodal run.

Figurell-10: Change in generation mix with load shielding relative to an unshielded nodal market
designg SysTr (NOAT7)
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It can be seen frorkrigurel1-10 above that a load shielding policy would be expected to lead to a
re-balancing of generation between renewable generation resources and flexible alternatives. In
particular, with load shielding, output from wind generators falls, replaced by thermal atiees,
largely gas CCGTrhis impact increases across the modelling period, caused both by the increasing
proportion of smart demand on the GB system and the increased deployment of renewable
generation capacity, which leads to more hours with excess renewable generation.
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11.46.

11.47.

11.48.

This demonstratethat a load shielding policy would shift some priesponsivedemandaway

from hourswith high output fromlocalrenewable generators. Without load shielding, flexible
demand consumes in hours where the local wholesale price is lowest, which generally correspond
with periods of high, and often excess, renewable generation.

However, with load shielding, imperfect wholesale price signals cause flexible demand to consume
in less efficient hours, often when local renewable generation is lower. By shifting demand away
from hours of high renewable output, load shieldiegds toboth increases the curtailment of

wind generation and increases the use of thermal generation in alternative hours of consumption.

Tablel1-1 and Table11-2 below show the impact of this change in dispatch on the generation
weighted average wholesale price received by generators, comparing outcomes under an
unshielded and a shielded nodal market design under the SysTr (NOA7) scenario. Importantly,
Tablel1-1 and Table11-2 do not adjust for the impact of CfD support payments on generator
revenues.

Tablell-1: Generatiorweighted wholesale price received by generator under a nodal market
designg SysTr (NOA7) (GBP)

GBI1¢ Northern Scotland 37.34 15.18 21.03 19.59
GB2¢ Southern Scotland 41.29 13.97 17.91 20.62
GB3¢ Upper northern England 70.95 24.26 29.71 39.09
GB4¢ NorthernEngland and northern Wale 77.25 28.45 31.58 35.70
GB5¢ Midlands 85.35 44.76 50.47 59.42
GB6¢ Central 82.37 30.40 31.88 34.31
GB7¢ Southern Coast 82.62 32.93 35.62 31.39
GB¢g Average 69.11 25.86 29.03 31.33

Source: FTI analysis
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11.49.

11.50.

11.51.

11.52.

Tablell-2: Percentage change in generatiareighted wholesale price received by generators
under load shielding SysTr (NOA7)

Zone 2025 2030 2035 2040

GB1¢ Northern Scotland 0.6% -0.3% 0.8% -0.6%
GB2¢ Southern Scotland 0.3% -0.3% 0.5% -1.6%
GB3¢ Upper northern England 55% 0.2% 0.5% 1.0%
GB4¢ Northern England and northern Wale 4.1% 0.3% 0.1% 0.5%
GB5¢ Midlands 1.6% 0.1% 1.0% 2.0%
GBeé6¢ Central 1.8% 0.2% 1.7% 3.4%
GB7¢ Southern Coast 1.7% 0.3% 1.0% 4.1%
GBc¢ Average 26% 0.2% 1.0% 2.0%

Source: FTI analysis

It can be seen ifablel1-2 above that, with load shielding, generators in England and Wales
receive higher average prices in all modelled years. By causing load to shift to less efficient hours,
load shielding increases the need for higleest flexible generation. This increasestbthe hourly

cost of generation in specific hours and annual average nodal wholesale prices in those locations.

In Scotland, however, the impact of load shielding on the average wholesale price received by
generators varies across modelled years, driven by two opposing factors. On the one hand, load
shielding leads to more regular periods of excess wind generatibere prices fall to neazero

with renewable generation being curtailed, lowering the average capture price of renewable
generators. However, flexible generators sited in both Scottish zones, mostly CCS Biomass, benefit
from higher prices in periods oféewind output.

The average wholesale price received by generators, and therefore the average price paid by
consumers, increases in all modelled years.

Socioeconomic welfare impacts

Figurell-11: Overall Cost Benefit Analysis for a nodal market design relative to a national market
design (20282040)¢ SysTr (NOAF)gurell-11andFigurell-12 below compare the

socioeconomic welfare impact of a nodal market design under our core unshielded SysTr (NOA7)
scenario, as presented in Section 9A, with outcomes under the load shielding sen3itigity.
modelling of the current market design does not change between the unshielded and shielded
model rung(in effect all demand already pays a shielded price under the current market design)
the impact of nodal pricing on theduction in thecosts of constraint management is unchanged.
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Figurell-11: Overall Cost Benefit Analysis for a nodal market design relative to a national market
design (20258040)¢ SysTr (NOA7)
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Source: FTI analysis

Figurel1-12: Overall Cost Benefit Analysis fdoad-shielded nodal market design relative to a
national market design (2028040)¢ SysTr (NOA7)
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11.53. It can be seen frorrigurel1-12 above that wholesale costs increase by £3.2bn across the
modelling period under load shielding, driven by the shifting of flexible demand towards sub
optimal hours requiring highercost generators to operate to meet demanahile the avoided
costs of congestion management remain unchanged

11.54. The impact of this on consumers is somewhat tempered by two countervailing efféstis.a
£1.3bn increase in intr&B congestion rents. With load shielding increasing the system price at
particular points of the network, driven by a less efficient use of flexible demand, an increased
divergence of local prices between connected nodesgases the congestion rents that is passed
back to consumers.
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11.55.

11.56.

11.57.

11.58.

11.59.

Second, a £0.7bn decrease in the CfD support payments made from consumers to producers. As
highlighted above, load shielding increases the average wholesale price received by generators
sited in England and Wales and reduces the average price receiveténatprs sited in Scotland.

In turn, this increases the CfD support payments required for Scottish wind generators, but reduces
that required for nuclear, wind and solar capacity sited in England and Wales. The net effect of this
is a small decrease intad CfD support payments.

For GB producersaisedaverage GB wholesale prices increases the average revenue received by
generators across GB. However, as highlighted above, load shielding also leads to an increase in the
average cost of generation, with increased curtailment of-tmst renewable generats and a

resulting increased use of higheost alternatives. The net result of these two effects is a £0.2bn
increase in producer surplus relative to the unshielded nodal pricing scerbmweever, this

benefit to producers is caudered by a £0.7bn decrease in CfD support payments received from
consumers.

Overall, the impact of a load shielding policy is a 13% reduction in the socioeconomic benefits that
could be delivered by a transition to nodal pricinggludng the benefitsby £1.2bn for consumers
and £1.7bn for GB overall.

Importantly, our modelling cannot capture the broader negative impact that a load shielding policy
could have on the development and uptake of pfiesponsive demand technologies across the

GB system. By reducing or removing effective price signals te@mslmers, a load shielding

policy would reduce the ability of prie@sponsive demand technologies to provide flexibility to

the system. To the extent that this reduces the incentive for derasidd operators and

technology providers to innovate, and ieed reduces the value to the system of an increased
uptake of such technologies by emdnsumers, a load shielding policy could limit the deployment

of an important form of lowcarbon flexibility for the future system.

Further, as we noted earlier in this section, there are a range of different policy levers available
regarding the extent of the application of the load shielding pol&yen the roll out of more

flexible demand, we would anticipate, as we have shown here, that all of them would be costly to
consumergelative to one in which nodal prices are not adjustBdferent policy choices only

effect the extent of the cost teonsumersHence, we would suggest a different range of options
and scenarios be modelled to fully understand the consequences of load shielding should
policymakers wish to consider this issue in more detail.
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12.

12.1.

12.2.

12.3.

12.4.

12.5.

12.6.

Conclusions

As discussed in the first three chapters of this report, discussions and consideratiameof
granularlocational wholesale electricity pricing have increased around the world, as well as in GB,
given the evolving nature of energy supply and demand conditions brought forward by
decarbonisation objectives and technological advancements.

In the GB context, these conditions have been placing additional burdens on consumers beyond
the intentions of the original NETA design, particularly through the increasing cost and role of
balancing the electricity system. Furthermore, while Net Zero ahijes provide key opportunities

in addressing climate change, concerns have been raised that the cost of meeting these objectives
may be materially higher than they need to be under the status quo market design.

Against this backdrop, our assessmeansideed the potential costs and benefits of introducing
locational pricing into the GB wholesale electricity market, which has been informed by substantial
stakeholder engagement and-depth modelling of future electricity market.

We set out a summary of our assessmensatction Afollowed by our final concluding remarks in
Section B

Summary of our assessment on locational pricing market design

Ourassessment approach, methodology and assumptidrse been set out in Chapters 4 and 5.

In these chapters we discussed our overarching approach which have been underpinned by the
guiding principles to be as transparent, straightforward, clear and robust as possible. Our
assessment relied on a set of itgassumptions based on as much publicly available information as
possible, which wre subsequently agreedponwith Ofgem following discussions with

stakeholders. These input assumptions were utilisedaimous analyses, including our power

market modellingwhich produced detailed capacity, generation and price profiles at each hour
and node. These analysesabled us to calculate expectadgregate consumer and

socioeconomic benefits for each locational market design relative to the status quo market design
for each scenario.

Chapter 6 sets out theutcomes on physical outputrom allocating capacity to different locations
when it is economic to do ssubject to varying limitdased on locational pricing. We observed

the impact on generation, congestion impact, curtailment emissions and interconnector flows.
Overall, our assessment shows that the zonal and nodal market designs, compared to the status
guo national desigrare expected tgroduce adifferent allocation of capacity across GB, as
investorswould consider interzoral and intrazonal constraints respectively in their siting
decisionsWe find that more efficient dispatch and-giting of generation capacity is expected to
leadto significantly reducedongestion volumes for the SO to resolve (or none in the case of a
nodal market), lower curtailment volumes, lower emissions and more efficisatof twoway

assets such as interconnectors
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12.7.

12.8.

12.9.

12.10.

Chapter 7 sets outricing and financial outcomefom our analysisbased on the physical output

of each unit and demand profiles at each node. We observed the impact on wholesale cost of
electricity, constraint management costs, CfD support payments, which in sum showed the total
variable cost of electricity, as well dwtproducer impact. Overall, our assessment shows that the
zonal and nodal market designs produce a lower total variable cost of electricity to consumers.
Theselocational market desigraisolead to lower inframarginal rents for producergsulting in
lower producer surplus, even when considering the increased transfers from CfD support
payments.

We also assessed threader system impact®f locational pricing beyond our quantitative
modelling assessment in Chapter 8. These are:

< First, onimplementation costs we explored a range of CBéwmveringjurisdictions that have
transitioned to nodal pricing and had bilateral discussions thi¢hESO andendors for SO
systems. As a conservative estimate, we have selected the top end of the range of potential
implementation costs (for the SO as well as market participants).

< Second, we explored the potential impact on ttest of capitalbased on a higlevel
assessment of the risks faced by market participants, stakeholder evidence and international
evidence. In this assessment, we concluded that both the magnitude and direction of any effect
of locational pricing on the cost of capitale unclear, and to the extent that they might exist,
they could be mitigated by market or policy tools. As such, we have assumed no change to the
cost of capital of market participants in cassessment but have conducted a sensitivity to
indicate the potential impact if a change were to occur

< Third, we assessed the potential impactroarket liquidity from more granular locational
pricing. However, we have not found any evidence of any market liquidity issues in nodal
markets that use trading hubs and FTRs. We do not observe any potential liquidity issues in
power exchanges in PIM relative to GB. Afiswe have assumed no impact on market
liquidity in our assessment.

In Chapter 9 we set out our consolidated CBA results across the three scenarios. We highlight the
figures below ifrablel2-1.

Tablel2-1: Results of consolidated CBA analysis (Ebn, 2022 prices)

Zonal Nodal
Scenario Consumer Socioeconomic Consumer Socioeconomic
benefit welfare benefit welfare
LtW (NOA7Y) 30.7 15.3 50.8 24.0
LtW (HND) 18.7 7.1 34.2 14.4
SysTr (NOA7) 15.2 6.2 28.0 13.1

Source: FTI analysis
Note: Covering the modelling period of 2025 to 2040, and discounting to 2024.

Overall, we expect that these results are a conservative estimate given our assumptions. We set
out several key assumptions that might affect our results (in either directiohialitel2-2 below.
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Tablel2-2: Key assumptions which could affect the overall CBA

Key assumptions Likely impact on results

if assumption relaxed

Fixed transmission buildBased on ETYS, NOA7 and information provide
by ESO. Does not vary across market deslyfesset out in Chapter 10 an
assessment of whigss transmission is likely to be required in locational
marketsdue to improved locational and operational price signals for
market participants.

Fixed capacity mixOverall generation capacity and technology mix is fix
to FER1. Allowing the capacitynix acrossechnologiego change
between national and locational market designs could increassumer
and socioeconomic benefiemd reducehe costs of achieving Net Zero

No demand resiting and inward investment We havefixed the location of
demand across each market design assessed. Locational market desig
could incentivise demand to site in different locations and/or attract
further investmentsby energyintensive companiewhich could lead to
further benefits beyond those assessed.

Operational benefits:Our modelling does not account for operational
benefits from centralised scheduling as welb#iser potentialbenefits
from using a securitgonstrained economic dispatch. For example, we d
not consider the impact of the ability to emptimise energy and reserves
more effectively in a nodal market.

Consumer exposuréo locational prices We assumed all consumers are
fully exposed to locational pricing. Shielding consumers (or specific
consumer types) from locational prices would reduce the estimated
benefits

Further policy support for existing generatioil€ompensahg the f‘
investments of some cohorts ekisting generatiofior reduced revenues

wouldlead to a reduction in consumer benefitsffset byhigher producer
revenues$. This would not lead to changes to socioeconomic welfare un
interventions distort market incentives.

« » » »

FTRs confer full congestion rent benefits to consuméh&e assume that f‘
all FTRs are auctioned at efficient prices (i.e., with perfect foresight). A

differences between FTR auction revenues and congestion rent collect|
the settlement processes would affect consumer benefits (in the form o
direct transfe with FTR holders). There would be no change in
socioeconomic welfare unless there is an inefficient risk transfer.

No change in cost of capitale assumed no change in cost of capital dy f
to lack of evidence, but an increase would reduce the estimated benefi
and a decrease would increase the estimated benefits

New generation capacitya-siting assumptionsAssumptions on f‘
technology siting were developed in discussion with stakeholderg.

changes to these assumptionsuld impact the overall benefiia either
direction.
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12.11.

12.12.

12.13.

12.14.

Key assumptions Likely impact on results
if assumption relaxed

*ry

Choice and design of zoneBur severzone model is based on the six mq f‘
constrained boundaries whichfixedin the modelling period. leernative

zoral boundaries wuld change thdenefits of our zonal pricing
assessment, while periodic rezoning, if assumed in our assessment, w
be expected to increase the benefits.

Modelling year:Delaying the start of the modellingeriod, while keeping f‘
the length of the modelling period the same, colgdd to multiple effects

in either direction. Overall, the net benefire uncertain aghey would
depend on the energy system beyond 2@48and in particular whether the
benefits in later years would exceed the foregone benefits in early year

No other reforms assumedODurstatus quoassessments based on the
current market structure and policy landscape. Further chariges
network charging, Capacity Market reforms) could change the overall
benefits

Source: Fnalysis

We underboka distributional analysis showing the spread of consumer benefits in each region of
GB (for both the zonal and nodal models). We obseétiat while the wholesale price impact may
vary considerably, net consumer benefits are positive in each region.

We highlight that a transition to locational pricing would reduce carbon emissions faster

estimating between 25 and 100 MtCO2 less emissions between 2025 and 2040 relative to a
YIEGA2YyEFE YENJSGo 2KSy FLILX @Ay 3 509 { dutsdelingl ND 2y
CBA results presented above, socioeconomic welfare increases by a further £4.3bn to £17.9bn
depending on the scenario.

Our assessment alsssumes thathe transition to locational pricing occsiat a single point in

time. Wetherefore consideed the qualitativeimpact ofanytransition and mitigation measures

that may be requiredWe explained the impact of grandfathering of existing investments and how
that sets a tradeoff between consumer benefits and producer benefits. More specifically, we also
exploredtwo broad types of transitional and mitigation measuregthe allocation of FTRs and
providing a single price exposure.

In Chapter 10 we set out our findings on two key sensitivity analysis following our discussions with
stakeholders. These sensitivities are:

< Adispatchonly sensitivitywhichteststhe benefits of more granular locational pricimgthout
the benefits of resiting generation. This sensitivity was conducted on the basis that several
stakeholders believed that improved-siting of generation and storage could be achieved vi
other policy mechanisms. In our sensitivity we find that even withoptimal sitingof
generation and storage, a transition to a nodal market still delivers considerable consumer
benefits at £3bn (albeit c.2% lower than ouLtW (NOA7) scenario).
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12.15.

12.16.

12.17.

12.18.

12.19.

< Aload shielding sensitivityhich teststhe benefits of more granular locational pricing while
shielding consumers from these locational prices. This sensitivity was conducted luastbef
apotential policy desire to shield consumers from the locational price at their connected node.
In our sensitivity we find that, with load shielding reducing the ability of flexible demand to
optimise around thesystemoptimal nodal price, wholesale costs rise by £3.2bn relative to
aunshielded nodal pricing for te SysTr (NOA7) scenario. Howedshielded nodal pricing still
generates net benefits of £26.8bn for consumers across the modelled period.

Concluding remarks

Overall, our assessment shows a positive case for transitioning to a locational market design from a
consumer perspective, with a nodal market design having greater benefits than a zonal market
design.

Furthermore, as several of our assumptions and appraachd be consideredonservative (for

example by assuming total capacity is constant across each market design or that demand does not
site differently relative to FES Rlve expect the benefits to be higher in practiédditional

benefitsare alsolikely to arisefrom the potential reduced need for transmissi@mhancements

under a locational pricing regime and we have noted that the benefits assessment would be higher
still if we adopted the DESNapproach for evaluating the benefits of redions incarbon

emissionsWe should alsaote, however,that amending some of our assumptions might leacto
smaller increas& consumer benefits, such as by removing the volume risk exposure of existing
CiDs or through an increase to the cost of capital.

Given the widespread impact on the GB energy system and the contentious nature of this debate,
we have sought an independent and robagiproach, setting out our assessment process as
transparently as possible. As such, we welcome further stakeholder scrutiny of our methodology
and to test the robustness of our findings.

These modelled benefits are consistent with the experience of other electricity markets that have
transitioned to more locational market designs. Notably, we are not aware of any major electricity
markets that have sought or are seeking to reduce the iocal granularity of their wholesale
electricity markets in recent years.

We trust that this report has been informative for policymakers, industry and consumers. We hope
that the findings can contribute further to discussions on the best approach to delivering Net Zero
on behalf of GB consumers and citizens
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Appendix 1  Detailed modelling results

Al.l Ly GKA& NBLIR NI housePparmiBpeanp&RveramirkeCriode which we
augmented with a nodal representatiai GB and calibrated according to the relevant FES 21
scenario. The model runs on the Plexos Integrated Energy Model platform.

A. Modelling framework

Al.2  This platform is a dispatch optimisation software based on a detailed representation of the market
supply and demand fundamentals at an hourly granularity. Rlades into accounthe power
plant characteristics, minimum generation levels, variable operating expenses, realistic bidding
patterns by generatordpsses on transmission lines, and demand flexikalityong other factors to
allow for the modelling ohew-build capacity?*°

Overview
Al.3 The Plexos model optimises dispatch in {piases
< Firstthelongd SNY o0a[ ¢£€0 Y2RSf Aa dzaSR G2 RSGOSNXNAYS
the combination of generating units that minimises the wholesale cost for consumers. The LT

model uses perfect foresight and a simplified chronological load modedfaproach to perform
this leastcost optimisation exercis& and

< Secondthe shorti SNY o0a{ ¢é¢0 Y2RSt gKAOK (I 1Sa G4KS OFL
determines the leastost generation dispatch and the optimal demand pattern on an hourly
basis. The ST model also estimates flows and losses on the transmission nasnweek, as the
prices at each node. The ST uses a SRMC pricing algaxitfemegenerators bid at a function
of their SRMC and statp costsand will be dispatched if the wholesale pricgisaterthan or
equal to their bid.

LT model

Al.4  As mentioned above, the LT model is used to determine the optimal evolution of generation and
storage capacity across the modelling period. However, in order to ensure a consistent treatment
of the three modelled market designs, thatal capacity of each technology in each year is fixed to
the relevant FES scenario. As a result, the LT is used to optimise the location of assets on the GB
network for this modelling exercise.

Al.5 For the national model (which is based on the current market design), we do not optimise the
build-out of generation and storage capacity. Instead, the size and location of all assets is derived
from the relevant FES 21 scenario, using both the publid&taSets and data confidentially
provided by ESO. The FES capacity forecast is developed with extensive stakeholder engagement
and accounts for the expected impact of current policy drivers (e.g., TNU0S) on asset siting
decisions.

240 Our modelling uses a DC load flow analysis, considering only thermal flows and not voltage levels or stability.
241 A simplified chronological modelling approach refers to the aggregation of hours into blocks when determining the
optimal generation capacity allocation.
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Al.6

Al.7

Al.8

Al.9

Al1.10

Al.11l

For the zonal and nodal markets, the LT model is used to optimise the size and location of
generation and storage assets across the GB network, with assets responding to the impact of
locational pricing signals. Importantly, the abilitynafw assetqthat are not in developmentp

site at different locationss limited by a number of technologgpecific constraints, to ensure that
the new siting under nodal and zonal market arrangements remains both feasible and realistic.

Under nodal market arrangements, the capacity buwild is optimised for each node within these
constraints.

Under zonal market arrangements, the capacity boild is optimised for each zone, but not for
each node. The split of capacity between nodes within a zone is based on FES 21.:

<

For technologies where new sites are available with shorter lead times and adjustable project
sizes (onshore wind, solar, gridnnected storage and distribution connected hydrogen
generation), we split new capacity across the nodes in each zone in piaptotthe split of

new capacity in FES 21 in the same zone.

For technologies where projects are limited to their sites either wholly or to a significant extent
(CCS Biomass, CCS Gas, offshore wind), we rank projects in each zone based on their completion
date in the relevant FES 21. Projects are built in the sanher avithin each zone, but the pace

of build-out is adjusted for each zone to match the results of the zonal LT.

Due to the intensive computing processing power required in the modelling, we have been
presented with two tradeoffs when running the LT model. These are:

<

Thelevel ofgranularity of the load modellingas modelling each hour for the capacity btolak

would be too computing resource intensive, the hours are usually aggregated into blocks which
are then optimised in sequential steps. Increasing the number of blocks in each year allows the
modelling to k@ more precise but also leads to increased resource use and run times.

Thenumber of year®f foresight considereih the modellingthe LTmodel optimises the
capacity built each year by looking into the future for a specified number of years. However,
increasing this time horizon leads to increased computing resource use and run times. The
incremental benefit of increasing the time horizalso diminishes over time, since benefits
beyond the first ten years are heavily discounted.

The optimal approach to managing these traafés may differ across asset types. For example,
generation assets with longer lifetimes would benefit from a longer modelling horizon, which
includes at least tetyear foresight. However, storage assets requiare granular load modelling,

in order to capture price variations within each day, as most of the revenue for storage assets is
derived from arbitrating between low prices at night and high prices at the afternoon peak.

Due to the increased complexity introduced by the nodal representation of the GB transmission
system, it is not possible to run an LT model with at leastyesar foresight and granular enough
load modelling to capture intrday price differences. As suake split the LT model into two parts:

<

<

First, thegeneration LTwhich is used to optimise the build out of new generation assets. This
LT uses a tegear horizon and models demand in 24 blocks per month; and

Second, thévattery LT which is used to optimise the build out of new grid connected storage
assets. This LT uses a fiigar horizon and models demand in 21 blocks per week.
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Al.12

Al.13

Al.14
Al.15

Al.16

Al.17

A1.18

Al1.19

Al1.20

For the LT models, only GB is modelled explicitly to reduce the modelling complexity. The prices in
neighbouring European countries followed a fixed price profile, which is an output of the status
quo national market ST model using the capacity boiltfrom FES 21 and the TYNDP.

ST model

As described above, the ST model finds the least cost generation mix and optimises the demand
patterns on an hourly level. This allows the model to estimate flows and losses on the transmission
network as well as prices and demand levels at each nodeecdytitem. The core ST model is used

to model outcomes on the wholesale market for each market design.

We model each European country explicitly in this stage of the modelling.

All market arrangements are modelled using a full nodal representation for GB, rather than, say,
using only a single GB node for the national model, enabling the analysis of demand and generation
levels at each node across each market design. To diffateriietween market designs within the
modelling, we instead alter the transmission capacity of circuits and transformers between models.
This involves the following:

< For the national model, all intr&B transmission assets have an unlimited capacity, allowing
power to flow freely across the whole GB network.

< For the zonal model, ahltra-zonal transmission assets have unlimited capacity, bunti-
zonalassets have ratings restricted to their assumed physical capacity.

< For the nodal model, all transmission restrictions are enabled.

Losses on the GiBansmission network are only modelled for the nodal market arrangements. In
order to ensure a fair comparison between the market designs, demand levels are uplifted for the
zonal and national market models to include losses on the transmission levels.

The bidding of generators is a function of their SRMC and start costs and they are dispatched if the
market price exceeds their bid.

While we assume that all intermittent renewables have an SRMC of effectively zero, we
differentiate between merchant, CfD and ROC generators to ensure that generators that receive
subsidy support are dispatched ahead of merchant assets.

Redispatch model

As described above, the core ST model is used to model wholesale market outcomes under each
market design. However, under a national or zonal wholesale market this can often lead to a
scheduling of generation and demand that is not compatible with thediofithe transmission

grid. To resolve these constraints under the status quo, generation is constramadd off

through the BM to create a dispatch that is actually feasible. A similar mechanism is assumed to be
in place under a zonal wholesale market

To compare the true system cost under the different market arrangements requires a

comprehensive modelling of the balancing mechanism, given its significant (and increasing) role in

the current market design. To model the BM, we run an augmented ST nio#eS & NE RA & LI (
Y2RSt£0 G2 F2NBOIFIaAld K2¢g (GKS 9{ h aldnding OAy 3 | OG 7
generation mix.
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Al.21

Al.22

Al.23

Al.24

Al1.25

Al1.26

Al.27

In this augmented ST model, we:

< enable transmission limits on each circuit and transformer between nodes to ensure that the
postbalancing dispatch is feasible;

< fix demand at each node to the load profile generated by the relevant wholesale market ST run,
assuming that demand is not able to participate in the BM,;

< fix generation from technologies that are assumed to not take part in the BM (i.e., nuclear and
run-of-river hydro)to the wholesale market outcome of the core ST run; and

<FTRR I GLISYlFfGe LINAOS¢:I tAY{SR (2 GKS YINBAY!l
flows on interconnectors relative to the outcome of the wholesale market ST, in order to ensure
that interconnectors are only constrainamh if there are no lowr cost alternatives available.
CKA& Aa Ay fAYyS GAGK GKS 9{hQad KAAOG2NAROITE {N

We then compare the output of each generator under the wholesale market model and the
redispatch model. The difference in generation for each generator provides the volume of
constrainedon and off generation in each hour.

To calculate payment for these constrained and off generation, we estimate bids and offers for
each technology. We assume that generators base their bids and offers on their true costs, and
they do not reflect market power.

For bids, we assume that each technology is bidding in a way that ensures that they are indifferent
between being constrainedff and getting dispatched.

For offers we assume that generators require a payment to cover the SRMC of their additional
generation. We also apply an additional uplift, calculated based on the historically observed

I SN 3S RAFFSNBEYOS 0SGeSSy 3S yiflifiNginteddeditQcagtuea / |y
the additional costs which may be incurred by generators altering their intended dispatch at short
notice.

2SS KIF@S @GFfARFGISR GKAa Y2RSEfAy3a I LIINRFOK gAGFE
own forecast of congestion costs. As a result, our congestion forecast aligns with the ESO estimates
as discussed in Section 7B.

Offers and bids for each technology participating in the BM is descFlgeate A1l below and are
described in the following paragraphs.
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Al1.28

Al1.29

Figure A1l: Assumed BM bid and offer prices

Cost to ESO Cost to ESQ
Technology Bid Offer
Offer Uplift + Fuel cost + carbon
Fossil fuel - Fuel cost - carbon cost ot
8l
- Fuel cost Offer Uplift + Fuel cost
CCS Biomass B Carbon price — Fuel cost Offer Uplift 4 ;F,-L:i,]wﬂ carbon
'l. (t yretical o o A B
ROCsrenewables /" Rocs' (theoretical only so no price
\ CfD strike price — Wholesale (theoretical only so no price
,‘\. \
CfD renewables l price assumed)
\
Merchant renewables #i" £0 Offer Uplift
Batteries ) - Price Paid Price Received + Offer Uplift
Other Storage Technology[= ) - Marginal Value Marginal Value
Hydrogen generation H; - Marginal Value Marginal Value
Cost of reversing flow Cost of reversing flow
Lo O0—0 €130/ €100° £130/ €100°

Source: FHEnalysis based on discussions with stakeholders and agreement with Ofgem

Note: we assume the following technologies do not participate in the BER, nuclear, hydro

(run-of-river) and smaikcale thermal.

¢ KS ydzYoSNJ 2F wSySéglotS hotAIlLGA2y / SNIAFAOK G
simplicity, we assumed 1.9ROCs for offshore wind and 0.99RQ@@sHore windvhich is the

average per technology from DESNZ.

¢ KS O02aild 2F NBOGSNEAY3I Ft26 LISN) a2 K Aa | aadzySR
Thermal plants (fossil fuel, biomass) bidse assumed to reflect the cost savings associated with

not generating. No uplift is assumed compared to the actual savings, due to contractual terms in

the connection agreement for thermal generators.

Fossil fuel plant offerare assumed to be based on the SRMC of fossil fuel plants (fuel cost plus
carbon price) and on an offer uplift expressed in percentage terms. This offer uplift is calculated by
comparing historic offer prices of gas generators with their historic SR¥MECaiculated based on
historic fuel prices. The uplift applied is ¢.129% and is intended to reiftdifts in the BM offer on

top of the SRMC, which includes other costs, such as start costs and the uplift due to the nature of
the payasbid market of the BV

242 \We have calculated the average offer price by weighing historic offer prices with the volume of accepted bids, using
Elexon data on Offer accepted volumes and Offer prices

243 Since we are estimating this uplift over the SRMC based on historical data, it could include the effect of market
power, if this has been an issue historically on the BM.
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A1.30

Al1.31

Al1.32

Al1.33

Al.34

Al1.35

Al1.36

Al1.37

A1.38

Biomass offersare assumed to be based on the SRMC of biomass (fuel cost) and an offer uplift.
Due to limited data on biomass offers, we have assumed that this is 50% of the historic absolute
uplift for gas generators, which is ¢c.£18.9 per MWh.

CCS biomasds assumed to behave in the same way as biomass, the only difference being is that
the SRMC is reduced by negative emissions costs.

ROC and CfD renewablase assumed to require a payment from ESO to be turned down, which
compensates them for the lost subsidy. In the case of renewables with ROCs this would equal the
ROC payment, while for CfDs this would be difference between the wholesale price andkibe stri
price2*No assumption is made regarditiweir offer prices, as these generators do not get
materialconstrainedon paymentsin practice.

We assume thamerchant renewablesid at their marginal pricevhich is £per MWh andas a
result can be constrainedff without any payments from ESO. However, they require payments
from the ESO to be constrainaxh, which we assumed to be equal to 25% of the absolute
historical uplift for as generators, c.£7.6 per MWh.

Battery bidsare assumed to reflect the cost saved by being turned down through the balancing
mechanism. This is proxied by the average price paid by the given battery for charging on the
wholesale market in the given week.

Battery offersare assumed to reflect the alternative revenue they would otherwise earn on the
wholesale market and an offer uplift. The alternative revenue is proxied by the average price
received by the given battery in the given week. Due to the limited historicfdatzatteries on

the BM, the uplift is assumed to be equal to 50% of the absolute historic uplift calculated for gas
generators (c.£18.9 per MWh).

Forother storagetechnologies offers and bids are assumed to be based on the marginal value of
an extra unit of energy in storage. This is calculated by our model and is used to calculate the bid
prices for storage asset.

Similarly forydrogen generationwe use the marginal value to calculate the bids and offers,
which represents the marginal value of an additional MWh of hydrogen in storage.

We assume that changing flows imerconnectorsd @ 2y S a2 K 0238048 emon AY
2030. This assumption is required as the balancing markets of neighbouring countries are not
modelled explicitly, which would be the basis of offer and bids in practice. However, changing flows
on an interconnectowould likely require constrainingn gas generators in a neighbouring

country. As a result, we have set interconnector offers to a level slightly above the SRMC of CCGT
plants.

244 CfD generators might be willing to pay to be constraioéfif the wholesale price is higher than their strike price,
as this would require them to pay back the difference if they actually generated.
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A1.39 This assumption is also reflective of historical ESO actions to balance thermal constraints on the
grid. Historically, most export constraints have been resolved by turning down wind generation
behind the constraint and turning up gas generation in fronth@ constraint, rather than
reversing interconnector flows. Nearly all interconnector reversals have been undertaken to
resolve import constraint$*

CfD support payment calculation

Al1.40 Generators that hold CfD contracts are guaranteed to receive the same strike price for each unit of
electricity generated. As a result, in theory they would be willing to generate regardless of the
prevailing wholesale market prices. However, as part ef@iD contracts they are required to not
bid negative into the wholesale market if the clearing price has been below zero for at least six
hours.

Al.41 As a simplification, we assume in our modelling that this requirement is present in all hours and
CfD generators bid zero in the wholesale market. However, CfD generators are still dispatched
ahead of merchant generators from the same technology.

Al.42 CfD support payments are calculated outside of the model based on the:

< Actual generationwhich refers to posbalancing mechanistff generation under the zonal
and status quo national market;

< Strike price which is based on the actual strike price for generators that already hold CfD
O2y iNXOla YR .9L{Q&a [/ h9 LINRB2SOGA2Ya FT2N yS
following years; and

< Reference pricewhich is the average price received on the wholesale market by each
generator.

B. GB generation capacity

Al1.43 The primary source for the modelling assumptions regarding generation capacity is FES 21,
augmented with datasets published by ENTES®hen FES data is unavailable.

Capacity and location of generation and storage assets

Al.44 The location and generation capacity E®sets connecting on the distribution grid is based on the
Building Block data of FES 21. This dataset provides the capacitpiufidtween 2020 and 2050
for each technology at each GSP.

Al1.45 The location and generation capacity for assets connecting to the transmission grid is based on a
O2y FARSYGALfT RFEGF&ASG LINPOARSR (2 dza o0& GKS 9{Ft
inputs for the FES modelling and includes capacity, cononisgj date, decommissioning date,
and the connecting node for each existing and forecasted future asset that connects to the
transmission grid directly.

25pD 9{h O6HANHOOI Mgl N)]SGa w2l RYILQ 0
246 As described above, CfD generators that are constragfedn the BM receive a constrainadf payment equalling
their expected CfD support payments.
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Al.46

Al.47

Al1.48

Al1.49

A1.50

Al.51

Al1.52

A1.53

Al.54

Al1.55

The location of new generation capacity is opsed under the nodal and zonal market
arrangements, subject to technologypecific constraints, as described below.

Technical characteristic

For confidentiality reasons, the ESO were unable to share the data used in the FES modelling
regarding the technical specifications of thermal plants and the forecasted climate profiles for
intermittent renewable generation.

As a result, we rely on datasets published by ENES®at form a basis of their various modelling
SESNDOAaSE AyOfdzRAY3a ¢, b5t YR (GKS 9dNRLISIY wSa
Assumptions on thermal plant characteristics are based on the PEMMDB, which provides

efficiency, emission rate, staup cost and typical outage profiles by generation technology and the

age of the assets. Each thermal plant within the FES datasets isadatca category within the
PEMMBD.

Inputs on climate profiles for intermittent renewable generators are based on the PECD, which
provides the hourly capacity factor for each technology across different GB regions, divided into
five onshore and twelve offshore zones. Each intermittent rertde/generator within the FES
datasets is matched to the relevant geographic zone.

Importantly, the forecasted annual capacity factors of renewable generation technologies differ
between the PECD and FES assumptions. In order to ensure that our scenarios remain consistent
with the FES datasets upon which they are based, we have adjitdRECD capacity profiles to
match the FES annual capacity factors. In effect, our climate profiles follow the hourly profile of the
PECD climate forecasts, scaled to reach the annual capacity factor set out in the FES dataset.

Technologyspecific LT constraints

As described above, we reoptisaithe capacity buileut of new generation assets under nodal
and zonal pricing, to reflect the consequences of new price signals. However, there are several
constraints applied to this optirsation to reflect reatworld limitation, such as geography, planning
consents and site availability.

We developed these constraints based on a set of technology specific resources to make sure that
any buildout under nodal and zonal market arrangements remains realistic and feasible. In cases
of uncertainty, we have chosen conservative estimates anddan the existing FES 21

assumptions, as much as possible. The specific constraints by technology are listed below:

Hydro, pumped storage and other renewabl@se not reoptimised as these projects require very
specific geographies and are unlikely to be able to respond to prices by siting at new locations.

Nuclearis not reoptimised, as it can only be built at specific sites and due to theulediche for

new projects, the choice between sites is unlikely to be affected by price signals. While in theory
SMRs (which are included under both LtW and SysTr) coulgporede price signals in their siting
decisions, we also fix these to FES 21, in order to provide a conservative estimate of the impact of
locational pricing on assetsting.
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Al1.56

Al.57

A1.58

A1.59

Non-CCS thermal and biomasse not reoptimised as nearly all of the new capacity for these
technologies is expected to come online in the next few years, under the modelled scenarios.
Consequently, most of the projects are already in progress and would be unable to take pricing
signals into account.

CCS gas and biomasseoptimisedin our modelling subject to several constraints:

<

Only nodes within industrial clusters are available as connection nodes for new generation
capacity;

Clusters are assumed to come online in the year when the first project is built in each cluster
according to FES 21. No new CCS generation capacity is allowed to locate in a cluster before this
date; and

The total generation capacity in each cluster is limited to the total maximum CCS capacity
observed in each cluster in FES 21.

Generation capacity using hydrogen as a figeleoptimisedin our modelling subject to several
constraints:

<

Smaliscale hydrogen capacity, connecting to the distribution grid (included in both LtW and
SysTr) is allowed to site at the GSPs that have hydrogen generation capacity under FES 21, or at
nodes within the hydrogen clusters;

Largescale hydrogen capacity, connecting to the transmission gird (included only under SysTr)
is allowed to connect at nodes within hydrogen clusters; and

Each hydrogen cluster comes online in the year with the first project in FES 21 in the given
clusters and maximum capacity within the cluster is limited similarly to CCS capacity.

Offshore windis reoptimisedin our modelling subject to several constraints:

<

All committed projects (under construction or CfD awarded) must be built under all market
arrangements;

New offshore wind projects can connect at nodes with existing or planned offshore wind
capacity under FES and at other coastal nodes;

Maximum capacity in each sea af&an 2030 is limited to the total capacity already awarded
under Crown Estate and Crown Estate Scotland |é&smsto the total offshore wind capacity
in 2030 in FES 21 in the given area; and

Maximum capacity in each sea area in 2040 is limited to twice the total capacity already leased
out, or the total offshore wind capacity in 2040 in FES 21 in the given area, whichever is higher.

247 We have split the waters around GB into eight zones and assigned all existing leases, excluding cancelled project to
one of them. The areas used were: South Coast, Celtic Sea (including Bristol Chanel), Irish Sea, Western Scotland,
Northern Scotland (ifading Outer Hebrides, the waters around Orkney and Shetlands and the Moray Firth), North
Seac North (area around Firth of Forth), North Seilid (Dogger Bank, Hornsea, Outer Drowsing), North¢Sea
South (waters around East Anglia).

248 The limit for the Celtic Sea is increased to 5GW for 2030 and 10GW for 2040 to accommaodate the forthcoming lease
round in the Celtic Sea, The Crown Estate)
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A1.60 Onshore wind in Scotland and Walésreoptimised in our modelling. New onshore wind can
connect at nodes with onshore wind capacity in FES 21 and is limited to twice the amount in FES 21
at each node.

Al1.61 Onshore wind in Englani fixed to FES 21 in England to reflect challenges in obtaining planning
constraints for new onshore wind farms in England.

Al1.62 Solaris reoptimised in our modelling. New solar capacity is restricted to nodes with solar capacity
in FES 21 and is limited to twice the amount in FES 21 at each node.

A1.63 Grid connected storage assefexcluding pumped storage) are reoptimised in our modelling. New
capacity is restricted to nodes with storage assets in FES21 and new capacity at a node is limited to
400MW every 5 years.

Al1.64 Domestic batteriesare not reoptimised in our modelling, as these are linked to the location of
demand which we treat as fixed across the market arrangements.

C. GB é&mand

Al1.65 Asis the case fageneration capacity, demand assumptions are based on FES 21 wherever
possible, but are augmented with data by ENIES®here necessary.

Al1.66 The location of demand is not optimised under any of the modelled market arrangements and is
taken exogenously from FES 21.

Al1.67 Demand in our modelling is split into four categories:

< Baselinedemand represents consumption from existing sources. Demand from this category is
expected to decrease in the shedrm due to efficiency gainsyhile it is expected to increase
from the late 2020s or early 2030s dependent on the scenario, as a result of increased
electrification;

< EVdemand represents consumption from all types of electric vehicles (cars, buses, HGVs, etc.).
EVs are represented in a separate category, due to the different demand profile compared to
existing demand represented in the baseline category;

< Electric HRlemand represents consumption from electrified heating. HPs are represented in a
separate category, due to the different demand profile compared to existing demand
represented in the baseline category;

< Electrolyserdemand represents consumption from grid connected electrolysers. Due to the
flexibility associated with electrolysers, it is split into a sperate category and modelled
differently compared to other demand types.

Annual demand levels

A1.68 Annual demand levels for baseline, EV and HP demand are based on the FES 21 Building Block data.
This dataset provides GSP level demand data for several demand categories, which were
aggregated into three demand categories mentioned above.

Al1.69 GSP level demand data in the Building Block dataset is presented net of distributed generation at
each GSP. To account for this, we apply an uplift to baseline generation based on the total GB
demand data presented in FES 21. The uplift is calibratecafdr gear, so that the building block
data across GB matches the Total Customer Demand data in FES 21.
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Al1.70

Al.71

Al1.72

Al.73

Al.74

Al.75

Al.76

Al.77

Al1.78

Al1.79

A1.80

A further uplift is applied to baseline, EV and HP demand to reflect losses in the distribution
system, which are not modelled.

Total installed electrolyser capacity per GSP is also provided in the Building Block dataset. We use
this data to develop an assumption regarding the electrolyser capacity at each minor FL3# zone,
which is then split across nodes proportionate to the intermittent renewable capacity installed at
each node. This is necessary since the original FES 21 allocation of electrolysers would have led to
local constraints on the system and very high pricahénareas with high electrolyser capacity.

Each electrolyser has a target capacity factor in our modelling, which is derived based on the total
installed capacity of electrolysers and total electrolyser demand in each year in FES 21.

All four kinds of demand are uplifted in our national and zonal modelling to reflect losses on the
transmissions system, as these were not modelled explicitly under these market arrangements.
However, the same uplift is not added under the nodal modelli@gause transmission losses
were modelled explicitly.

Demand profile

Hourly demand profile data is not available from FES 21. As a,nesulely on the demand profiles
published by ENTSBand publish as part of their ERAA, as an input.

These are used as an input for baseline demand, fixed EV demand and fixed HP demand.
Demand flexibility

FES 21 includes several types of demand flexibility. We implement these in our modelling in various
ways, depending on the way the flexibility is provided.

Smart EV charginig reflected in our model by splitting demand from EVs into twocatiegories:

fixed and flexible. Fixed EV demand follows fixed demand profiles. While flexible EVs optimise their
consumption within each day to minimise the overall price paid. The dailyumption level is set

by the aggregation of the hourly EV demand profile. The proportion of flexible EVs is based on the
share of consumers engaged in smart charging, as per FES 21.

V2Gbhehaves the same way as batteries (charging when prices are low and discharging when prices
are high), so we have modelled them as battery units. The capacity of these batteries is based on
the potential available V2G capacity as presented in the BuiBliogk data of FES 21.

Smart HP consumptiois reflected in our model by splitting demand from HPs into two-sub
categories: fixed and flexible. Fixed HP demand follows fixed demand profiles. While flexible HPs
optimise their consumption within each day to minimise the overall price @did.maximum

weekly and daily consumption levelsist by the aggregation of the hourly HP demand profile. The
proportion of flexible HPs is based on the share of HP units, which are accompanied by various
forms of flexibility technology, as pen¢ FES 21.

DSR reductiorns reflected in our model as a generation technology participating in the wholesale
market. Following bilateral engagements with the FES team we have implemented two tiers of
demand shedding:

249 FLOP zones refer to Flow Optimisation zones and are used in various ESO modelling.
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Al.81

A1.82

A1.83

Al1.84

A1.85

Al1.86

Al1.87

< The first category represents DSR reduction findustrial and commerciatonsumers and is
limited by the number of hours that it can be activated in. Max capacity available to turn down
across GB is based on 1&C DSR impact at peak in FES 21 and is split across nodes based on the
Building Block data describing the number ofusttial and commerciatonsumersat each GSP;
and

< The second tier represents DSR reduction fresidentialconsumers and is activated at a given
price. The price is calibrated in each year, such that it is higher than the SRMC of all generator
units. As a result, this is only dispatched as a last resort, or in cases when the extra generation is
only needed fom few hours and the starting of thermal units would be too expensive due to
start costs. Total capacity available to turn down is based on residential peak shifting in FES 21
and is split across ned based on the Building Block data describing the number of domestic
consumersat each GSP.

Electrolysercapacity and demand is fixed in our model to FES 21 at each node. As described above,
electrolyser capacity per node is based on the Building Block data, and the total electrolyser
consumption across GB is split across electrolysers proportionally toctgeaicity. Based on the
capacity and the target capacity factor, each electrolyser optimises its consumption to minimise

the cost paid across the year.

Intra-GB tansmission network

We have developed a representation of the full GB transmission network for our nodal modelling,
which includes all nodes and assets connecting nodes at or above 275kV in England and Wales and
132 kV in Scotland.

Data sources

We use several resources published by ESO and have complemented this with data received
directly from the ESO, as well as with several bilateral discussions with the ETYS and NOA team.

The representation of the current grid is based on Appendix B of ETYS, which includes detailed
technical data on each line, cable, HVDC, transformer, etc. of the current grid. This includes data on
the topology, seasonal rating and resistance of each as#letf which are necessary for modelling

the flows on the GB transmission grid.

Changes to the transmission grid up to 2031 are primarily based on ETYS, as it also provides
detailed data on the addition of new assets, changes to existing assets and the removals of existing
assets. This data was only changed if project specificatioogropletion dates have changed in

NOAY7 or NOA7 Refresh. Changes up to Year 5 in the ETYS were assumed to be in place by 2025,
while changes up to Year 10 were assumed to be in place by 2030.

We have also crosshecked this data against the relevant NOA for each scenario and if
discrepancies existed, we have updated the data in the ETYS to match the description in the NOA,
including the topology of the project, the new ratings and the datehefimplementation.

Under the SysTr (NOA7) and the LtW (NOAY) scenarios we rely on NOA7 to develop our
representation of GB transmission grid and to crolssck the ETYS data.
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Al1.88 We have received the detailed description of most NOA7 projects, which we use to develop these
assumptions regarding the new, changed and removed assets as part of each project. The
completion date of each project is based on the relevant NOA7 scenadesasbed in the NOA7
report.

A1.89 In cases, where the detailed description is not available, we base the topology of the new assets on
the description of the projects available in the public domain, while the technical data (rating and
resistance) is based on similar projects.

A1.90 Under the LtW (HND) scenario we rely on NOA7 refresh and the HND to develop our assumptions
beyond 2030 and to augment our assumptions up to 2030.

A1.91 Several projects included in NOA7 refresh and HND are also included in NOA7 and allow us to rely
on the same data provided by ESO for these projects, as we did for the other scenarios.

A1.92 However, this scenario included some new projects, where the detailed project description is not
available from the ESO. For these projects, we rely on the project descriptions provided in the
bh! 1t NBEFNBAK NBLEZ2NIX (KS | bdbcretdasitimidiond regRdirg{ h Qa
the topology of each project. Assumptions regarding the technical characteristics of each project
are developed based on similar projects.

Adjustments to ratings

A1.93 Based on discussions with ESO, we have established that ETYS and project specific data includes
post-fault ratings. As we are modelling an intact system, the use ofaurk rating is more
appropriate. We deaate each AC circuit by 0.82 to reflect tA¥8 This approach is identical fai
scenarios.

Al1.94 To reflect contingency constraints-@y on the network, we divide the rating of each double
circuits with the Onshore Security Fac(tr76?°%, on top of the prefault derating. As a result,
each double circuit is dmted by 0.47°2compared to the original ESO pdatilt rating. This
approach is identical fall scenarios.

Zonal transmission modelling

AAAAA

A195 C2NJ GKS T2ylLf Y2RStfAy3dx 6S KI @S aSt SOGSR T2yl
the next ten years, which is developed with the assumption that recommended transmission
reinforcements go aheatf® This ensures that zonal boundaries cover the main existing boundaries
on the systems, as well as ones, which are likely to emerge, as a consequence of mostly already
committed projects. The final set of boundaries used in the modelling were:

< B4-SSEN Transmission to SP Transmis$itom border between the two transmission owners
0a¢haédo Aa F2NBOI &l SR -StdlandBundafyS Y2ad O2y3Sai

250 The derating factor is based on technical guidance published by ESO on current ratings for overheg@i3ines
TGN(E) 026: Technical Guidance Netesrrent Ratings for Overhead Lines)
251 Based on CMP357: To improve the accuracy of the TNUo0S Locational Onshore Security Factor for the RIIO2 Period)
252 (1*0.82)/1.76=0.47
Z3pF GA2yFf DNRAR 9{h OHAHMOSY(HRI SIOBNA OAGE ¢Sy , SN {
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A1.96

Al1.97

A1.98

A1.99

N

B6- SP Transmission to NGHTe transmission border between Scotland and England is
currently the most congested boundary on the system and is expected to remain one of the
most congested boundaries despite significant transmission reinforcements;

< B7a- Upper North of Englandrhe transmission boundary that is expected to become the most
constrained by early 2030s, as reinforcements through the B6 boundary move the constraint
further South and new offshore wind connects in the area;

< B8- North of England to MidlandsSimilarly to B7a, this transmission boundary is expected to
become more constrained, as other boundaries further North are reinforced and large new
offshore wind projects connect in the North of England (Dogger Bank and Hornsea), making it
one of the mosconstrained boundaries on the GB system by the early 2030s;

< B9- Midlands to South of Englan&imilarly to B7a and B8, this boundary becomes more
constrained, as other boundaries are reinforced and new offshore wind generation connects tot
eh system; and

< SCI South CoastThis boundary is expected to remain a constrained boundary until the 2030s
due to mainly the significant number of interconnectors that connect on the Southern side of
this boundary. The boundary can be binding in both ways, depending on whether GB is
exporting or importing in the given hour.

Other assumptions

This section sets out the set of remaining assumptions used in our modelling.
Other European countries

Assumptions regarding generation, demand, markets and interconnection capacity between zones
is primarily based on TYNDP 22.

This Includes the assumptions regarding market arrangements for each European modelled
country. For most countries, this reflects the current market arrangements, however there are
some exceptions. For example, TYNDP 22 models the market in the Repurelanaf and the

market in Northern Ireland as two separate markets with limited transmission capacity between
the two of them. While this does not align with the status quo, we have followed the assumptions
set out in TYNDP 22, as otherwise nodal markeGB could lead to significant congestion within
Ireland, which are likely to be addressed.

Assumptions regarding the interconnection between GB and other European countries follow the
relevant FES 21.

A1.100 Generation and demand data for other European countries is adjusted by the FTI team to better

align with national capacity buildut plant and to ensure security of supply in each country.

Commodity prices

A1.101 The forecast of commodity prices in our modelling is based on a blend of future curves and long

term benchmarks. The choice of these futures and benchmarks follows the choices made by
ENTSGE, as part of their TYNDP modelling.

A1.102 The calibration of prices for the main commodities used in GB was done in the following way:
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< GasLINA 0Sa FI OSR o6& D. 3ISYySNIG2Nm TF2ft24a GKS |
futures until 2025 and is based on the Announced Pledges scenario of the World Economic
hdzif 221 HAHM 6429h HMEODT

< Carbon pricegaid by fossil fuel generators in GB follows the UKA Futures until 2025 and is
based on the Announced Pledges scenario of WEO 21,

< Biomassprices are not fixed exogenously in the modelling. Rather the total available biomass
supply is fixed in each modelled year according to FES 21 and the model optimises the use of
this across biomass and CCS biomass generators; and

< Hydrogenis treated similarly to biomass and the total supply is fixed in each year based on FES
21. The use of hydrogen is then optimised endogenously.

A1.103 Thecalibration of commodity prices faced by European power plants are developed in a similar
way. Gas, carbon, coal and oil prices followed the relevant local future curves antitong
benchmarks, while biomass, hydrogen and biomethane consumption isdimite the model
endogenously optimises the use of them across each year.

A1.104 Commodity prices in our model were calibrated on 20 April 2022.
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Appendix 2 System Transformation (NOARodelling results

A2.1  This appendix sets out our detailed analysis and results for the System Transforstati@mio
which is based on the generation, demand and network assumptions set out in FES 21 and NOA?7.

A2.2  We set out the following outcomes:

< Capacity and generation outcomes, including the:

T

T

T

T

T

capacity mix and its different location under the three modelled market arrangements
(Section A;

generation mix on the wholesale markedéction B;
constrainedon and off generation in the BN&éction
curtailment of renewable generatiorSgction D); and

emissionsassociated with the generation mi$éction

< Pricing and financial outcomes, including the:

T

T

T

T

T

change invholesale electricity prices and cdstced by GB consumerSdction
reduction in thecost of congestiomanagement $ection G;
changes irCfD paymentérom consumers$ection H;

total electricity costor GB consumers which includes intedB congestion rent$Sgéction J;
and

changes iproducer surplu®n the wholesale and balancing mechanisedtion J.

A2.3  We then summarise the key results of the CB&enation K

A. Capacity
A2.4  Figure A2l below shows the aggregate GB installed capacity under the SysTr (NOA7) scenario.
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A2.5

A2.6
A2.7

Figure A2L: Installed capacitg SysTr (NOA7)
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As shown in the figure above, ti8ysTr (NOA7) scenario demonstrates:

< a steady decrease in fossil fuel capacity;

< significant increase in intermittent renewable capacity, especially offshore wind;

< adoption of new generation technologies, such as CCS Gas, SMRs and Hydrogen; and

< high storage capacity (including compressed air and liquid air storage).

This scenario reaches Net Zero by 2050, but with a slower transition compared to LtW (NOA?7).

In line with our other modelling, the overall generation capacity per technology across GB was kept
fixed under the different market arrangementsstated previously for LtW (NOAhe siting of

existing and new generators under the national market (the current market design) is fixed in

each year to the relevant FES scenario, based on a detailed confidential dataset provided by the
ESOGeneration capacity by region can be seeRigure A2 below.

P FFFE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 289

Figure AZ: Installed capacity grouped by zone under the national marksgsTr (NOA7)
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A2.8 Compared to LtW (NOA7), generation capacity by regiater SysTr (NOA7) differs in the
following ways

< Fossil fuel generation capacity reduces across all zones throughout the modelling period, but at
a slower rate in comparison 1aW (NOA?7).

< Offshore wind is deployed in all suitable areas throughout the modelling period, albeit to a
lower rate than under LtW (NOA7Y).

< Solar capacity increases in England across all zaasve to LtW (NOAY)
< Increased nuclear capacity siting across GB6, with a reduction in nuclear capacity in GB3, and

< As inLtW (NOA7)majority of gridconnected storage is forecast to be installed near large
demand centres, with the vast majority installed in GB6.
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A2.9

A2.10

Sitingof new generation assets was reoptimised by Plexos under zonal and nodal market
arrangements, as described in Chaptelbe change in capacity in each zone as a result of moving
from the current wholesale market design to a zonal model urgleTican be seen ifrigure AZ3
below.

Figure A23: Change in location of generation capacity between zonal and national maBksiTr
(NOA7)
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The differences in rsiting observed between the zonal and national market arrangements for
SysTr (NOABAre broadly iHine with the differences observed across the same market
arrangements fot.tW (NOAT7)albeit to a lesser extent. Specifically:

< solar capacity is expected to relocatestmuthern zones;

< onshore wind capacity is expected to relocate away fromsingthernScotland (GBZnd to
northern Scotland (GB1)

< offshore wind capacity is expected to relocate fraorthern zones to the Celtic Sea; and
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A2.11

A2.12

B.
A2.13

< grid-scale batteries relocate away frosouthern zones to Scotland.

The change in capacity in each zone as a result of moving from the current wholesale market
design to anodal modelunder SysTr (NOAZan be seen ifrigure A24 below.

Figure A24: Change in location of generation capacity betweedaland national market SysTr
(NOA7)
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The trends observed iRigure A24 above are idine with those observed in both the evolution
under zonal market designs for SysTr (NOA7), as well as the trends observed under the nodal
market design in LtW (NOAY).

Generation

As discussed in Section 6B, we also compare the despatched generation mix between market
arrangements, for instanc&igure AZ below shows the despatched generation mix under SysTr
(NOATY) under the national market.
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Figure AZ: Generation by technology under the status quo national marBgsTr (NOA7)

< 800

TW

700
600
500
400

300 -

0

2025 2030 2035 2040

M Fossil fuel M Biomass Muclear W CCS Gas M CCS Biomass B Offshore wind

Onshore wind Solar Other renewables M Pumped storage M Hydrogen Battery

Source: FTI analysis

A2.14 The generation mix under SysTr (NOA7) broadly follows the evolution of the capacity mix.
Specifically, we note lower overall levels of generation under SysTr (NOA7) relative to LtW (NOA7)
due to less demand, and more generation by nuclear and CCS gas.

A2.15 Figure A% below shows the expected changetire postbalancinggeneration mix when moving
from the current market design to a zonal or nodanket design, on the left and right,
respectively Asdiscussed previously, the ESO is not required to intervene in order to resolve
congestion on the system under the nodal market design.
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A2.16

A2.17

C.
A2.18

Figure A26: Changes in the zonal and nodal generation mix relative to thelganhcing national
generation mix SysTr (NOA7)
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The changes und&ysTr (NOATpughly correspond to the trends observed undi¢w (NOA7Y)
Specifically, we see that transition to more locationally granular prigaglts in reduced

generation by fossil fuels due to the changes in the siting of intermittent renewable generators and
two-way assets across GB.

This is supported by the increase in wind generation observed across both the zonal and nodal
market designs as shown kigure AZ above.

Congestion impact

As discussed in Chapter 4 and Section 6C, the national market design requires congestion
management by the ESO in response to transmission constriigtge AZ7 below shows the
evolution of constrainegbn and off generation under the status quo national marketSgsTr
(NOAY).
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Figure AZ7: Constrained generation under the national mark8ysTr (NOA7)
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A2.19 The trends observed und&@ysTr (NOAZJosely follow those observed undetW (NOA7)in that
predominantly onshore and offshore wind are constrained off, whilst fossil fuel generators are
constrained on.

A2.20 Fossil fuels are expected to retire later under SysTr (NOA7), which is one of the scenarios key
differences to LtW (NOA7), and therefore fossil fuels can be flexed to manage congestion over the
entire modelling period as opposed to just in the first decatlais results in less need for
interconnectors to manage constraints in SysTr (NOAT7).

A2.21 Similarly, constrainedn and-off generation under a zonal market f8ysTr (NOAT3 shown in
Figure A28 below, and as stated previously, we would expect to see lower constrained volumes
under the zonal market design relative to the national market design due to the increased
efficiency of price signals.
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Figure AZ8: Constrained generation under zonal marke8ysTr (NOA7)
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A2.22 The trends observed in the national model persist under a zonal market design with the increased
need for constraint management across the modelling period, and a similar mix of technologies
being constrained on or off, albeit at lower volume levels.

A2.23 Similar to our findings fdrtW (NOAT7)while the selected zonal boundaries appear to eliminate the
majority of required redispatch actions in the early modelling years, increasing constrained
volumes in the 2030s suggest that new ins@nal boundaries emerge on the system over time,
potentially necessitating reoning at regular intervals to ensure that the zonal wholesale market
continued to reflect the physical network over time.

D. Curtailment

A2.24 As discussed previously, wind generation can be curtailedam@ postgate closure, and we
would expect greater prgate curtailment under locationally granular pricing due to the increased
visibility of transmission constraints under those market design

A2.25 InFigure A2 below, we present both forms of wind curtailment across all three market
arrangements.
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Figure A29: Wind curtailment SysTr (NOA7)
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A2.26 As observed unddrtW (NOA7)more locationally granular pricing results in more efficient
utilisation of wind generation via reducexyerallcurtailment.

A2.27 The reduced proportion of wingeneration under SysTr (NOA7) results in a significantly muted
impact on curtailment from transition to zonal pricing, but a more perceptible decrease in overall
curtailment from transitioning to a nodal market desigwver the B-year modelling period,
moving to nodal markets reduces wind curtailment bl60 TWh, while zonal markets lead to a
¢.52 TWh reduction.

E. Emissions

A2.28 Figure A210below compares the level of emissions under the three market designs under SysTr
(NOAT).
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A2.29

A2.30

A2.31

A2.32

Figure A210: Emissions from electricity generatioBysTr (NOA7)
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By design, SysTr (NOA7) is meant to achieve Net Zero by 2050, albeit at a slower pace than under
LtW (NOATY). As a result, all three market design arrangements result in similar emission levels by
2040. The nodal market design is however still lower in sios than the two less locationally
granular market designs.

This broadly follows the trend observed under LtW (NOA7) as zonal and nodal market designs
reduce emissions to a greater extent in each modelling year relative to the national market design.
This is due to more efficient siting of intermittent renewablengeation and allows more

locationally granular market designs to reddét Zero targets earlier relative to the status quo.

Wholesale electricity price

In this section we discuss the variation of tiweighted annual average wholesale electricity price
across the modelled period, for the different market arrangements. This provides an indicator of
longerterm price trends.

Figure A211 below shows the variation in timeeighted average wholesale electricity price across
the modelled period, for the national market arrangement.
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A2.33

A2.34

A2.35

Figure A211: Wholesale market price under national markedysTr (NOA7)
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As shown irFigure A211, wholesale price in the national market falls from £75.0 per MWh in 2025
to £25.7 per MWh in 2030, displaying the same trend as that seen in LtW (NOA7). This is largely
due to the assumed fall in the gas price, and also due to an increase in renewabtatigen From
2035 onwards the wholesale price increases gradually, to £29.9 per MWh in 2035 and £30.2 per
MWh in 2040. This gradual increase in prices is partly due to increased electricity demand and an
assumed increase in the ¢am price, as explained further in Section 7A.

In 2040, under SysTr (NOA7), the 2040 annual average wholesale price is significantly lower than
under LtW (NOA7) which in contrast has an annual average price of £50.9 per MWh. This is due to
the total demand in GB being lower under SysTr (NOA7), bechloeer electrification of

transport, heating and industrial processes.

A similar trend in wholesale price evolution is seen under the zonal market arrangement. Prices
decrease significantly in 2030, before steadily increasing again in later years. This can be seen in
Figure A212 below.
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A2.36

A2.37

A2.38

A2.39

Figure A212: Wholesale market price under zonal mark8ysTr (NOA7)
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As shown irFigure AZ12, wholesale price in zones GB1 and GB2 are expected to be lower than the
national average price shown lfigure A211 across the modelled period, whereas zones &BY
are expected to have slightly higher prices than the average.

Average annual zonal prices in GB1 are expected to be the same as in GB2 in 2025 and 2030, before
diverging in later years as wind capacity in GB1 increases. For zones in England and Wales, from
2030 onwards average prices in GB4 are the same as in GB&yarmage prices in GB6 are the

same as in GB7. This result is largely due #&itieg of capacity which reduces the price differential
between zones.

Price spreads across GB converge in later years, due to newskzalgetransmission projects
coming online and rasiting of generation to more southern zones. This follows a similar trend to
LtW (NOATY), except with lower prices due to lower total demand.

The evolution of wholesale price under a nodal market is similar to under zonal, as shieigariz
A2-13. The trend is similar to that seen for LtW (NOA7), apart from the lower prices in 2040, as
discussed above.
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Figure A213: Wholesale market price under nodal mark&ysTr (NOA7)
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A2.40 Under a nodal market, there is a larger spread of prices in each year and no two zones have the
same annual average price, as all transmission boundaries and losses on all lines contribute to the
determination of the wholesale market price.

A2.41 As seen in LtW (NOA?7), in 2025 and 2030, B6 is expected to be the main transmission boundary,
but new boundaries emerge in later years (for example, across the Midlands and in Northern
Scotland).

G. Congestion cost

A2.42 Our modelling allows us to assess congestion costs under SysTr (NOA7) for both the national and
zonal market arrangements, similar to our assessments for LtW (NOA7) and LtW (HND). This is
shown inFigure A214 below.
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Figure A214: Constraint costs under national and zonal market arrangeme®ysTr (NOA7)
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A2.43 Forecasts of congestion costs broadly follow the forecasts of congestion volumes. As seen for our
assessment under LtW (NOA7), congestion costs are higher under the national market design than
under the zonal market design, as the zonal wholesale eldgtpdice now incorporates
transmission constraints along the zonal boundary lines. Notably, congestion costs are also lower
under SysTr (NOA7) than under LtW (NOA7), due to the differences in demand profiles, as well as
capacity and generation profiles.

A2.44 Under the national market design, this allows us to observe the distinct increase in congestion
costs in 2040, caused by the increased need to flex interconnectors in order to manage constraints,
as fossil fuels begin to get phased out to allow GB to a&ehiet Zero by 2050 under this FES
scenario.

A2.45 As addressed previously in our assessment of zonal market designs, we observe a distinct increase
in congestion costs partway through the modelling period, which indicates that the boundaries
used to delineate the zones across GB are effective at initeadlycing constraints. However, over
time, the main congestion boundaries move within zones as opposed to between zones. In order to
combat this, the system would need to be periodically reviewed arbred.Our discussion of
the underlying drivers of # estimates can be found in Sections 5D aBd 7

CA".APULT ﬁ CONSULTINITM

Energy Systems



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 302

A2.46

A2.47

A2.48

A2.49

A2.50

CfD support payments

Figure A215below shows CfD payments under a national mar&éD payments are

fundamentally linked to the prevailing wholesale price in each lyg@pecificallywhen wholesale

price is lower than the agreed CfD strike price, producers will be compensated by consumers. CfD
support payments therefore give an indication of how much certain generators will benefit from a
given market arrangement.

Figure A215: CfD support payments under the national mark8ysTr (NOA7)
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Itis clear fromFigure A2L5that under a national market design, there would be significant CfD
support payments from consumers to producers un8gsTr (NOA{Indicated by the positive
value of CfD support payments across the modelled period).

As seen in LtW (NOA7Y), offshore wind generators receive the majority of payments, for the reasons
described in Section 7C. Onshore and solar generators receive smaller amounts of payments, and
nuclear support payments begin in 2030 with the commissionfridiiackley Point C.

UnderSysTr (NOAYED support payments increase from 28250. The significant increase in

the 2030s is driven by a fall in average wholesale prices, as seen in LtW (NOA7). The overall
increase in payments is less significant unggsTr (NOAY7as this scenario is characterised by a
smaller reliance on renewables than LtW (NOAY). In particular, this means a lower reliance on
offshore wind in 2030 and 2035, and therefore a smaller magnitude of support payments for these
generators.

However, undeSysTr (NOATGD support payments remain high into 2040, unlike in LtW (NOA7)
where they reduce in this year. This is becaBgseTr (NOAT3 characterised by lower wholesale
prices in 2040, due to a lower total GB demand profile.
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A2.51

A2.52

A2.53

A2.54

A2.55

A2.56

Figure A216 shows CfD support payments under zonal and nodal market arrangements compared
to a national market arrangement.

Figure A216: Changes in CfD support payments under zonal and nodal relative to a national market
- SysTr (NOA7)
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Figure A216 shows that under nodal and zonal market arrangements, CfD payments to offshore
wind generators increase. However, particularly in later years, this increase is less than that seen
under theLtW (NOAT7)scenario.This is because of the greater renewable rollout under LtW
(NOAY7), and in particular greater offshore wind capacity.

In terms of other forms of generation, trends undgysTr (NOA@&re similar taahose observedn
LtW (NOAT7Jexplained further in Section 7Q@j. particular, this relates to:

< solar CfD support paymesincreasng only slightly under zonal and decréagunder nodal;

< support payments to Hinkley Point C decliegglue to an increase in wholesale price at Hinkley
Point@a 1 2yS IyR y2RSo®
The smaller reliance on renewables in the SysTr (NOA7) scenario compared to LtW (NOA7) causes

the difference between CfD payments under zonal and nodal pricing compared to national to be
smaller under SysTr (NOA7).

Total electricity cost

As assessed for the LtW (NOA7) scenario, adding up wholesale costs, congestion costs and CfD
support payments allows us to estimate the actual variable cost of electricity generated on the
system, in order to therefore understand how much consumers aréngaynder different FES
scenarios and market arrangements.

We do this firstly by assessing the cost under the national market deskggure A2L7 below
followed by the cost under the zonal and nodal market designs, respectivéligtire A218.
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A2.57

A2.58

A2.59

Figure A217: Total variable cost of electricitySysTr (NOA7)
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The trends observed under SysTr (NOAY) are broadly in line with those observed under LtW
(NOA7Y), in that wholesale cost makes up the majority of variable cost across the modelling period.
Notably, the proportion of variable cost that is made up of &iPport paymentost increases
significantly from 2030 onwards, due to the expected increase in the share of generation with CfD
contracts from then onwards.

Additionally, the difference between the wholesale prices observed in those periods relative to the
strike prices results in an increase in the exceptedsdfiport paymentsand therefore in the
proportion of the variable cost that is made up of Giipport paymentsConstraint costs make up
c.8% of the annual cost per MWh over the entire modelling period.

All of the components of total electricity costs change under the zonal and nodal market
arrangements, as described in the previous three sections of the chapter and as seen in
Figure A218 below.
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Figure A218: Changes in the total variable costs of electricity under zonal and nodal mayes$r
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A2.60 The change in total variable electricity costs under locational pricing is similar f8ytieg (NOA7)
and LtW (NOA7Y) scenarios (explained further in SectionT#iy.has the following key features

< reduced constraint costs;

< increasing wholesale costs;

< increased CfD paymentand

< additional intraGB congestion rents which reduce total costs to the consumer.

A2.61 This results in reduced total variable electricity costs across for all years across the modelled
period, under both zonal and nodal market arrangements.

A2.62 As the changes to constraint costs and ifBB congestion rents are less significant urgsTr
(NOATYhan under LtW (NOAY7), the overall reduction in total variable electricity costs from moving
towards locational pricing is smaller f8ysTr (NOAY)

J. Producer impact
A2.63 As stated in Section 7E moving to nodal or zonal prices will ingpadticers through:
< wholesale prices impacting revenues in the wholesale market.
< areduction in congestion costs reducing revenues in the 8id;
< CfD payments, which depend on wholesale and strike pracegiell ageneration volumes.

A2.64 We look at the effect of each of these componeimdividually and in aggregate understand the
full extent of the effect on producers.

Wholesale market

A2.65 As explained in Section 7E, generators will receive different revenues through the wholesale
market under more locationally granular pricing, due to differences in both prices received and the
volume of generation.

A2.66 Figure A219below shows the change in producer surplus in the wholesale market under zonal and
nodal market designs.
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Figure A219: Change in producer surplus on the wholesale market by techno®gir (NOA7)
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A2.67 Figure A219 above shows that wholesale market producer surplus decreases for onshore and
offshore wind generators under a move to more locationally granular pricing. This is because these
technologies site primarily in locations where wholesale prices fall relatitieetaational market.
Additionally, as outlined in Section B of this appendix, generation volumes increase for onshore and
offshore wind under zonal and nodal market models. This implies that the fall in prices outweighs
the increase in genetion volumes.

A2.68 Conversely, nuclear and CCS biomass generators site primarily in locations where wholesale prices
rise, so wholesale market producer surplus increases for these technologies.

Balancing mechanism

A2.69 BM revenues in th&ysTr (NOABcenario decrease under more locationally granular pridiog
to the decreased need to constrain generation either on or off via the BM under both zonal and
nodal marketsFigure A220below shows the change in producer surplus from the balancing
mechanism, by technology, under zonal and nodal market arrangements.

Figure A220: Change in producer surplus from the BSYsTr (NOA7)
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Source: FTI analysis
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A2.70

A2.71

A2.72

A2.73

A2.74

A2.75

Changes in producer surplus arising from the BM primarily affect fossil fuel generators, as is the
case undettW (NOAT7)This impact persists throughout the modelling period because under the
SysTr (NOABcenaridfossil fuelgenerators are online for longénan under LtW (NOA@Nd
therefore face lost BM revenues in all years modelled.

CCS gas #dsoakeytechnology undeSysTr (NOA@Nd is constrainedn underthe national and

zonal market modal Therefore, it faces reduced BM revenues for the same reasons as fossil fuels.
Similar to the behaviour observed under LtW (NOAffshore wind receives constraineaff

payments under a national and zonal market modesulting in lost BM revenue for offshore wind
generatorsunder more locationally granular pricing.

CfD support payments

CfD support payments change under locational priding to changes in thesholesale pricandin

the generation mixChanges in wholesale prices result in chang#isarCfD payment per MWh,
therefore changing thaggregate CfD paymentsade to the CfD contract holddgfigure A21

below shows the changes to producer surplus from CfD payments, by technology, under a change
to a zonal and nodal pricing model.

Figure A221: Change in CfBupport payments SysTr (NOA7)
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Source: FTI analysis

Changes in CfD payments mirror the changes in wholesale market producer surplus for
technologies with CfD contracts, as is the case uhti& (NOA7)Offshore wind generators
receive an increase in CfDpport payment¢o compensate them for the fall in revenue in the
wholesale market.

UnderSysTr (NOA7)here is less offshore wind capacity, relative_tdV (NOA7)Therefore, the
reduction in wholesale producer surplus, and corresponding increase in CfD payments, is smaller
underSysTr (NOAY)

Overall impact on generators

As discussed above, the overall change in producer surplus under a zonal or nodal market model
accounts for changes in producer surplus in both the wholesale and balancing market, as well as
changes in CfD paymentagure A222 below shows the overall impact by technology for each year

modelled.
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A2.76

A2.77

A2.78

A2.79

Figure A22: Change in total producer surplgsSysTr (NOA7)
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Source: Fnalysis

As is the case undétW (NOAT)the most significant effect is on fossil fuel generators, who see a
reduction in their overall producer surplus under a more locationally granular pricing model in all
years modelled. This is almastclusively due to the loss of BM revenues from constraimed
payments.

Although offshore wind generators see a reduction in wholesale market revenues, particularly in
2040, this reduction is reversed by the CfD payments that they receiveCidmonshore wind
generators do not receive higher CfD payments to replace the lbstesale market revenues, so
face a significant decrease in their producer surplus in 2025.

CBA results

Our overall assessment of impact indicates ttietre are bothconsumerbenefitsand
socioeconomic welfare benefits from transitioning to more locationally granular pnizidgr the
SysTr (NOA7Y) FES scendridine with our assessment fatW (NOAY7), benefits are far greater
from transitioning to the nodal system relative to transitioning to the zonal system.

Overall impact of locational pricing

Figure A23 andFigure A24 below show the breakdown of consumer benefits and overall
socioeconomic welfare for both zonal and nodal market arrangements in the SysTr (NOA7)
scenario.

P FFFE.T I

Energy Systems CONSULTING



ASSESSMENT OF LOCATIONAL WHOLESALE ELECTRICITY MARKET DESIGN OPTIONS IN GB 309

A2.80

A2.81

A2.82

A2.83

Figure A223: Overall cost benefit assessment for Zonal SP¢@A 7 yelative to National SysTr
(NOAT7), 20252040
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Figure A224: Overall cost benefit assessment for Nodal S(SDA7)relative to National SysT
(NOAT) ¢ 20252040
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As shown in the above figures, our analysis shows that transitiarztitnal market produces a net
consumer benefit of £5bn and socioeconomic benefits odh whilst transitioningto a nodal
market produces a higher net consumer benefit @Bin and socioeconomic benefits o Zon.

In both the zonal and nodal cases, overall consumer benefits are driven primarily by benefits from
reduced constraint management costs and increased i@Bacongestion rent, and reduced by
higher wholescale cost and larger CfD support payments.

Our overall assessment is based on several conservative assumptions which could increase
consumer benefits and socioeconomic welfare. These assumptions are the same as those detailed
in Section 9A.

Regional impact of locational pricing

As discussed in Section 8 overall consumer benefits can be disaggregated into the seven
designated zones across GB to estimate the benefits to consumers in different parts of GB.
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A2.84 We show the distribution of benefits (and costs) borne by consumers as a consequence of

transitioning to a zonal pricing regimekigure A225 below. This equivalent to a disaggregated
version ofFigure A23.

Figure A225: Distribution of consumer benefits from transitioning to a zonal pricing regBysTr
(NOA7)
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Source: FTI analysis

A2.85 As shown irfFigure A25 above,consumersacross all seven zones benefit from transitioning to

zonal pricing. The extent to which they benefit varies as a result of the wholesale price and
consumeroad across the respective zones.

A2.86 The distribution of benefits aligns to the distribution observed under LtW (NOA7), specifically:

< all zones benefit from a reduction in constraint management, particularly in zones with high
consumeroad. However, this reduction is by a lesser amount than under LtW (NOA7);

< wholesale prices reduce under zonal pricing for Scottish zones (GB1 and GB2) resulting in lower
costs to consumers, but increase for zones in England and Wales, resulting in greater costs to
consumers. Again, these changes are of smaller magnitude thaar Wt/ (NOA7); and

< CfD support payments paid by consumers increase across all zones in GB, but by a smaller
magnitude than under LtW (NOA7Y).
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